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Abstract. We have generated surface-based atlases for cerebral and cerebellar cortex in primates
(human and macaque) and rodents (rat and mouse). These can be used as substrates for representing
and comparing neuroimaging data, cortical partitioning schemes, and many other types of
experimental data. Surface-based registration between species facilitates the objective exploration of
possible homologies and evolutionary divergences. The Surface Management System (SuMS)
database is a repository that is customized for handling the distinctive characteristics of surfacerelated experimental data and for providing easy and flexible options for data entry and retrieval.
Introduction
The dominant structure of the mammalian brain is the cerebral cortex, which has been
intensively studied for more than a century using an increasingly diverse and powerful array of
techniques. Our current state of understanding about cortical organization and function presents a
conundrum for neuroscientists. On the one hand, staggering amounts of experimental data have been
obtained, and conventional scientific publications are seriously limited in their ability to provide
access to vast amounts of valuable data. Moreover, new data are being acquired at an explosive rate,
particularly with the advent of modern neuroimaging techniques. On the other hand, a firm
understanding is lacking on a number of fundamental issues. Most notably, while there is widespread
agreement that the cortex can be subdivided into many distinct areas (~100 – 200 areas in primates)
there is much uncertainty and controversy regarding the precise identity and location of many of these
areas, even for the most intensively studied species. In this regard, cortical cartographers are in a
comparable state to that of 17th-century cartographers of the earth’s surface, who generated many
competing versions of maps of the earth’s major geographical and societal subdivisions, all
fragmentary and imprecise.
In attempting to decipher cortical organization, one major hurdle relates to the extensive
convolutions that give cortex its distinctive appearance. These convolutions make it difficult to
visualize complex spatial relationships among the various cortical nooks and crannies. Another
equally vexing but intriguing problem is that of individual variability. In humans, the pattern of
convolutions in any individual is as distinctive as that of one’s fingerprint patterns. This ‘geographic’
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variability is further compounded by individual differences in the size and in the location of each
cortical area.
Surface-based visualization and analysis methods offer a powerful approach for coping with
the problems imposed by cortical convolutions and their variability. Surface maps of the cortex
provide the same kind of visualization advantages as do two-dimensional maps of the earth’s surface.
In addition, they are extremely valuable for dealing with the issues of individual variability and with
comparisons across species.
Our laboratory is engaged in a two-pronged thrust in computerized cortical cartography. One
effort has been to develop brain-mapping software that is useful for cortical surface visualization and
analysis (Van Essen et al., 2001a). Another is to develop surface-based atlases for several species that
serve as repositories for an increasingly diverse range of experimental data (Van Essen and Drury,
1997; Van Essen et al., 2001b; Van Essen, 2002a,b; 2003). Here we provide a progress report on the
current state of these atlases and the options for making effective use of them. Particular emphasis
will be on an atlas of visual cortical areas, because the visual cortex has been especially intensively
studied and is the best understood functional modality. However, the analyses generalize to all of
cerebral cortex and even to the more highly convoluted cerebellar cortex.
Part I of this chapter introduces the primate and rodent atlases and illustrates multiple ways in
which each of them can be visualized. Part II discusses strategies for mapping experimental data onto
atlases and illustrates a variety of exemplar data sets. One set of examples are from the macaque
monkey, where the data are richest and most diverse, and where many important technical and
conceptual issues can be clearly articulated. Additional examples are included from the human atlas
maps and also from interspecies registration between macaque and human cortex. Part III addresses
the database issues involved in making the atlases and associated data sets readily available to the
neuroscience community and in updating the atlases as information continues to pour in.
Visualizing atlas volumes and surfaces
High-resolution structural MRI provides an invaluable window on many aspects of brain
structure, including the complexity of cortical folds, and it circumvents the problems of physical
distortions and section alignment problems that arise when dealing with tissue sections processed
after conventional histological sectioning. Accordingly, we have used high-resolution structural MRI
as our primary substrate for atlases of human, macaque, rat, and mouse. The macaque atlas brain,
illustrated in Figure 1A by a coronal section through both cerebral hemispheres, has excellent contrast
between gray and white matter that allows accurate visualization of the entire cortical sheet. Because
cortical shape changes significantly from one slice to the next, it takes a complete sequence of
images, i.e., an image volume, to accurately represent the complete pattern of convolutions.
Segmentation and surface reconstruction
Explicit surface reconstructions provide the most compact and efficient way to represent cortical
shape. A key intermediate stage in cortical surface reconstruction involves generation of a volume
segmentation, in which the boundary between black and white voxels represents the shape of the
cortex. The atlases discussed here were generated using the SureFit method for cortical segmentation
(Van Essen et al., 2001a). Figure 1B shows a slice through a segmentation (translucent red) that is
overlaid on the same structural MRI slice (right hemisphere only) shown in panel A. The SureFit
method aims for a segmentation boundary that runs midway through the cortical thickness (i.e.,
cortical layer 4). This estimate is obtained by a multi-stage process that first generates separate
probabilistic maps for the location of the cortical inner boundary (gray-white transition) and the outer
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Figure 1. Segmentation, surface reconstruction and reconfiguration of structural MRI-based macaque brain atlas
generated using SureFit and Caret software. Structural MRI data courtesy N. Logothetis.

boundary (pial surface). The segmentation boundary is then set midway between the most likely
position of the inner and outer boundaries. The segmentation boundary is tessellated to form a
geometrically defined surface, as shown in a cross-section overlaid on the structural MRI (Fig. 1C)
and in a lateral view of the entire fiducial surface (Fig. 1D).
Besides SureFit, a number of other methods for automated or semi-automated cortical segmentation
and surface reconstruction have been developed over the past decade, including Freesurfer (Fischl et
al., 1999a), BrainVoyager (Goebel et al., 1998), and mrGray (Teo et al., 1997). All of these methods
have similar objectives, but they differ in the algorithms used and in the fidelity with which the
resultant surfaces represent the precise cortical shape. Because SureFit targets the cortical midthickness, the surface area of any given patch corresponds closely to the associated cortical volume.
In contrast, the alternative segmentation methods noted above target the boundary between gray and
white matter; the surface area measurements they yield are poorly correlated with associated cortical
volume along the gyral crests and sulcal fundi. As the fidelity of fMRI and other analysis methods
increases, these distinctions will become increasingly significant, making it particularly desirable that
the atlases used as repositories be as accurate as possible.
Surface visualization and manipulation using Caret.
Once a surface has been generated, its shape can be manipulated in a variety of ways that
facilitate visualization. The examples presented in this chapter were processed and visualized using
Caret software developed in our laboratory. Figure 1E-G illustrate the three most commonly used
configurations besides the fiducial surface. In the inflated surface (Fig. 1E), the convolutions are
smoothed out, but a representation of the original shape is preserved by displaying a ‘depth map’ to
indicate the distance from each node from the external hull of the hemisphere, so that deeper sulci
appear darker. In a spherical map (Fig. 1F), the inflated surface is projected to a geometrically
defined sphere, and distortions in surface area (relative to the fiducial surface) are further reduced
while preserving the spherical shape. Spherical maps serve two key roles – first, as a substrate for
defining surface-based coordinates of latitude and longitude, and second, as the preferred substrate for
surface-based registration between an individual and an atlas (see below). The cortical flat map (Fig.
1G) has a standard set of cuts used to reduce distortions, much as is done for flat maps of the earth’s
surface. However, alternate flat map configurations, based on a different set of cuts, are available
when it is desirable to avoid cuts in a particular region of interest, such as prefrontal cortex.
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Figure 2. Structural MRI slides of human, macaque, mouse, and rat brains. Data courtesy C. Holmes
and A. Toga (human); N. Logothetis (macaque); R. Jacobs and A. Toga (mouse); and V. Song (rat).

Primate and rodent atlases.
Figure 2 shows MRI slices from atlases of four major experimental species. The human
(Fig. 2A) and macaque (Fig. 2B) atlases are illustrated by coronal slices that intersect cerebrum and
cerebellum; the mouse (Fig. 2C) and rat (Fig. 2D) atlases by horizontal slices that intersect
cerebellum, cerebrum, and olfactory bulb. The human, macaque, and rat cerebral cortices were
segmented using SureFit, yielding surface reconstructions that accurately captured the complete
patterns of cortical folds (Figure 3). The rat cerebral cortex was reconstructed in Caret from digitized
section contours.

Figure 3. Cerebral and cerebellar surface reconstructions of human, macaque, rat, and mouse.
Reconstructions are shown to scale on the left and are expanded on the right for clarity
.

The cerebellar cortex was more difficult to segment because it is only about one-third the
thickness of cerebral cortex in each species, and because the human and macaque cerebellum contain
numerous tertiary folds (folia) in addition to the primary and secondary folds (lobules and lamellae).
The folia are barely visible in the macaque atlas MRI and are mostly unresolvable in the human atlas
MRI (cf. Fig. 2). A customized modification of the SureFit segmentation algorithm was used to
obtain a reasonable initial segmentation of the cerebellum, which was then manually edited to
generate a refined segmentation (Van Essen, 2002b). For the mouse and rat, the resultant cerebellar
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surface reconstructions faithfully represent nearly all of its convolutions (except for the flocculus and
paraflocculus, which were poorly resolved in the MRI). The imperfections in the macaque and
human reconstructions are more significant: the macaque reconstruction lacks an estimated one-third
of the folia, and the human reconstruction lacks most of the folia and a few of the smaller lamellae.
Each of the 12 atlas surfaces was processed to obtain a standard set of inflated, spherical, and
flat map configurations, like those already illustrated already for the macaque right cerebral
hemisphere. Figure 4 shows the cerebral and cerebellar fiducial surfaces and flat maps for all four
species. The cerebral hemispheres are colored to indicate the different cortical lobes; the cerebellum
is colored to show the different lobules; buried cortex is indicated by darker shading on all maps. All
surfaces were flattened using a multi-resolution distortion-reduction algorithm in Caret. This process
was fully automated for the cerebral maps (except for manually drawing a standardized set of cuts
that reduce the distortions on the flat maps). For the cerebellum, extensive interactive processing was
needed to deal with the highly complex pattern of intrinsic (Gaussian) curvature of the cerebellum.
The shape of the cerebellum is analogous to that of a rubber glove, insofar as both have numerous
domains of high intrinsic curvature (in a glove, the highly curved fingertips and saddle-points
between fingers). Like a glove, the cerebellum is difficult to flatten without extensive and precisely
placed cuts. The cerebral cortex, in contrast, is analogous to a deflated and crumpled beach ball that
has a low and uniform degree of intrinsic curvature associated with the inflated spherical surface, but
relatively little additional intrinsic curvature associated with crumpling (folding) of the surface.
Consequently, even with extensive cuts, the residual distortions in surface area are much greater on
the cerebellar flat maps than on the cerebral cortical maps.

Figure 4. Fiducial and flat map configurations for human, macaque, and mouse cerebral and cerebellar
surfaces. The surface areas adjoining each flat map represent values for the fiducial surface. For the human,
the fiducial surfaces were registered to the Washington University 711-2B atlas (Ojemann et al., 1997); surface
areas for the fiducial surfaces registered to the MNI-305 atlas are about 15% greater because its atlas brain
dimensions are larger.

Parenthetically, it is noteworthy that the differences in intrinsic geometry between adult
cerebral and cerebellar cortex reflects major differences in how their convolutions arise during early
development. For cerebral cortex, folding occurs long after neuronal proliferation and migration have
established a smooth, embryonic cortical sheet, analogous to the inflated beach ball described above;
folding into the crumpled adult configuration occurs in conjunction with and is probably driven by the
establishment of long-distance cortico-cortical connections (Van Essen, 1997). For cerebellar cortex,
folding occurs co-extensively with massive proliferation and migration of granule cells across the
cerebellar surface. This presumably allows extensive region-specific increases in cortical surface area
that result in many domains having high intrinsic curvature (Van Essen, 2002b).
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The fundamental compactness of surface reconstructions and flat maps is exemplified by the
fact that the entire cortical sheet for three structures in each of four species can be conveniently
displayed in a single illustration (Fig. 4). Figure 4 shows the surface areas (measured on the fiducial
surface) for each cortical structure. The ratio of cerebellar surface area to cerebral surface area (both
hemispheres combined) is an estimated 46% in the mouse and 51% in the rat. In the macaque and
human, these estimates are 25% and 28% respectively, but these are underestimates because many
cerebellar folia were not included in, especially in the human reconstruction. The value of 1128 cm2
for human cerebellar cortex reported by Sultan and Braitenberg (1993) is 59% of total cerebral
cortical surface area and is likely to be a more accurate estimate.
Mapping Data on Individuals and onto Atlases
Among the many types of experimental data that are appropriate for registration to a cortical
atlas, the most basic involve information about the partitioning of cortex into different areas. We first
consider this issue for macaque cerebral cortex, which been intensively studied using a variety of
approaches
Mapping the Macaque Cortex
Architectonic subdivisions in the macaque.
A wealth of data are available for the macaque regarding cortical areas that have been
distinguished on the basis of one or more of the following criteria: (i) architecture (differences evident
in histological sections), (ii) connectivity (distinctive patterns of inputs and outputs), (iii) topography
(maps of sensory surfaces), (iv) single-unit neurophysiology (neuronal response characteristics), and
(v) functional specializations revealed by neuroimaging, including both optical methods and fMRI.
However, even after a century of effort, it can be very difficult to decide what constitutes an ‘area’,
i.e., a neurobiologically distinct domain that differs from neighboring regions in functionally
important and consistent ways. Architectonics is the least directly related to function among the
approaches noted above, yet it remains invaluable as an approach that can be applied systematically
over large cortical expanses in multiple individuals. We demonstrate this by illustrating how a
mosaic of architectonically distinct cortical subdivisions charted in a population of hemispheres can
be registered to the macaque atlas to yield a probabilistic map of cortical organization.
Figure 5 shows a map of cortical areas charted on an individual hemisphere (Case A), using
myeloarchitecture, cytoarchitecture, and chemoarchitecture (SMI-32 immunoreactivity) to delineate
anatomically distinct subdivisions (Lewis & Van Essen, 2000a). The figure illustrates several key
stages in the identification and mapping process. An initial stage is to identify architectonic
transitions on individual sections, as shown on an exemplar myelin-stained section in Figure 5A. The
spatial uncertainty in identifying and localizing architectonic borders is typically 1 – 3 mm and
sometimes more (with only rare exceptions, such as the razor-sharp V1/V2 boundary). This degree of
uncertainty is comparable to the dimensions of some of the cortical areas themselves. Core regions
(labels in Fig. 5A) separated by transition regions (white bars in Fig. 5A) were identified throughout
each of the stained sections in Case A. Information from neighboring sections stained for myelin,
Nissl, and SMI-32 immunoreactivity was then combined, and a composite estimate of core and
transition regions was marked on digitized contours of regularly spaced sections (panel B). A surface
reconstruction was then generated from these section contours (in Case A, the entire hemisphere
except for frontal and occipital poles), and the identified core regions were ‘painted’ onto the
reconstructed surface (panel C). A cortical flat map generated from this surface allows all 79
architectonic subdivisions identified in Case A to be seen in a single view without distortions from
foreshortening (Fig. 5D). Figure 5E shows an expanded view of the intraparietal sulcus and
neighboring regions with visual areas labeled. Most of these subdivisions are likely to represent
genuine cortical areas because they can be distinguished on the basis of additional anatomical or
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functional criteria (Lewis and Van 2000a,b). However, some of them have been categorized as
architectonically distinct ‘zones’ within a larger area (e.g., zones VIPm and VIPl within area VIP);
resolution of whether or not these zones will eventually be regarded as genuinely distinct areas awaits
additional experimental evidence using complementary analysis methods.

Figure 5. A map of architectonic subdivisions in an individual macaque hemisphere (Case A = 95D.R). A.
Myelin-stained coronal section through the intraparietal sulcus. B. Areal boundaries and transition zones
identified in panel A and transferred to a digitized contour section. C. Computerized surface reconstruction of
right hemisphere generated in Caret from a sequence of regularly spaced section contours. D. Flat map of 79
architectonic subdivisions in case A. E. Visual areas and zones in the expanded transparietal region are labelled
individually.

The same process was used to generate maps of architectonic subdivisions in four additional
hemispheres (Fig. 6) for fiducial surfaces (top row) and flat maps (middle row). In addition, the
lower row shows expanded portions of flat maps for the intraparietal sulcus. In general, the same set
of cortical subdivisions was found in all hemispheres (except for uncharted regions in the partial
hemisphere reconstructions). Each map shows the same basic arrangement of areas, but there are
many differences in detail. These differences can be grouped into three main types.

7

Figure 6. Architectonic maps in 4 individual macaque hemispheres. Upper panels show lateral views of fiducial
surface reconstructions; middle panels show cortical flat maps of the entire reconstructed surface; lower panels
show flat maps of just the intraparietal sulcus. The number of identified subdivisions is 82 in Case B (94C.R),
84 in Case C (93I.R), 64 in Case D (94I.R) and 35 in Case E (95D.R, a much less extensive reconstruction).

1) Geographic variability. The overall pattern of cortical folding in the macaque is strikingly
consistent across hemispheres: a dozen or more major sulci and having consistent relationships to one
another can be reliably identified. Nonetheless, these sulci vary in their precise location, dimensions
(length and width), and trajectory in 3-D (stereotaxic) space. A few additional sulci (e.g. the external
calcarine sulcus) are prominent in some hemispheres, a mere dimple in others, and absent altogether
in still others.
2) Shape and location. Each cortical area varies significantly in its shape and in its location
relative to geographical landmarks, such as the tip of a sulcus or the margins of a gyrus. Interestingly,
most cortical areas tend to be distinctly elongated, with the long axis running approximately parallel
to that of the sulcus or gyrus in which they lie. The degree of variability is difficult to quantify
systematically, but for the elongated areas on the map, the variability is typically several mm or more
along their long axis but less along their short axis (width) of these areas.
3) Size variability. Well-defined cortical areas can vary by two-fold or more in surface area
from one individual to the next, as has been documented most thoroughly for area V1 (Filiminov,
1932; Van Essen et al, 1984; Andrews et al., 1997; Amunts et al., 2000). Differences in areal size are
of particular interest because they may contribute to individual differences in various aspects of brain
function. An important issue is whether there are strong correlations in the sizes of different areas or
whether they tend to vary independently. However, this is difficult to assess from the maps in Figures
5 and 6 because of the experimental uncertainties in identifying areal boundaries.
The registration problem.
Atlases provide a spatial framework for assessing both the commonalities across individuals
and the nature and magnitude of individual variability. Registration to an atlas involves
compensating for some aspects of individual variability. Given the issues raised in the preceding
section, two basic questions are: (1) what should the objectives be when registering an individual to
an atlas, and (2) how can these objectives best be achieved methodologically?
Because the variability related to geography (folding) and that related to functional
organization are not perfectly correlated, and because there are uncertainties associated with both
types of measurement, the notion of compensating simultaneously for all aspects of variability - i.e.,
to register one brain to another so that they are perfectly aligned in all respects – is an unattainable
ideal. Instead, it is necessary to select a subset of the factors giving rise to variability as guides
(constraints) for the registration process. One basic issue is whether to emphasize criteria related to
geography, functional organization, or both. For the examples illustrated below, we have used mainly
geographic criteria when registering individual to an atlas of the same species, and mainly functional
criteria when registering between species.
The many methods available for registering data to an atlas can be grouped into three general
categories: volume-based, slice-based, and surface-based registration. Given the sheet-like structure
of the cortex, surface-based registration has a fundamental advantage, because it inherently respects
the topology of the cortical sheet (Van Essen et al., 1998, 2001; Fischl et al., 1999b; see below).
Hence, for data that have been mapped to surface reconstructions of individual hemispheres, such as
the macaque architectonic maps in Figs. 5, 6, surface-based registration is a preferred approach.
Generating a probabilistic macaque atlas.
The data from the individual maps in Figures 5 and 6 were registered to the atlas using a
standard set of sulcal landmarks that were consistently identifiable in the individual and atlas
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hemispheres. In Figure 7A, B each sulcus is painted a distinct color in order to illustrate the
correspondences between sulci on an individual map (Case A) and the atlas map. Landmark contours
drawn along the fundus of each sulcus were used to register the individual to the atlas. The flat maps
were registered directly to one another using a two-dimensional registration algorithm (Joshi, 1997;
Van Essen et al., 1998). Figure 7C shows the resultant architectonic map of Case A after registration
to the atlas. The same registration process was carried out for the four individual architectonic maps
shown in Figure 6. The deformed architectonic maps from all five cases were superimposed to form
a probabilistic map of cortical areas (Fig. 7D). Saturated colors signify regions where all or nearly all
core areas of a given identity overlap; paler coloration indicates regions of partial overlap. In general,
there is little overlap between differently labeled areas, signifying that the variability in areal location
relative to geographic landmarks does not exceed the uncertainties in identifying areal boundaries.
Thus, major sulcal landmarks provide a reasonably reliable basis for localizing cortical areas in the
macaque.
Using the probabilistic atlas as a guide, the most likely boundaries between
neighboring areas were drawn, thereby generating a ‘standard’ map of Lewis & VE areas (Fig. 6 E).
This includes 72 subdivisions, most of which are considered distinct areas but some that are
consistently identifiable zones within a larger area. This can also be visualized in Caret as an ‘areal
estimation map’ that has fuzzy boundaries semi-quantitatively reflect the uncertainties and
probabilistic nature of the representation.

Figure 7. Surface-based registration and the generation of probabilistic and summary
architectonic maps. A. Landmark sulci and perimeter delineation on the Case A. flat map. B.
Corresponding landmarks on the atlas flat map. C. Architectonic areas from Case A registered
to the atlas using a 2-D surface-based registration. D. Probabilistic map from cases A-E
registered to the atlas. This is an extension of a previous example of a probabilistic map of
architectonically delineated visual areas that were registered to a different (non MRI-based)
macaque atlas (Van Essen et al., 2001). E. Summary architectonic map of the most likely
extent of each cortical subdivision.

A plethora of partitioning schemes.
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Besides the Lewis and Van Essen scheme illustrated in Figures 5 – 7, numerous other
partitioning schemes for macaque cortex remain in widespread use. Some of these schemes cover
only restricted regions, whereas others include the entire hemisphere. Any scheme in which areal
boundaries are represented with reasonable accuracy in relation to gyral and sulcal landmarks can be
brought into register with the macaque atlas using alignment and registration options available in
Caret.

Figure 8. Multiple partitioning schemes and a surface-based coordinate system for macaque visual cortex. A.
Felleman and Van Essen (1991) visual areas. B. Visual areas from the Ungerleider and Desimone scheme
(Ungerleider and Desimone, 1986; Desimone and Ungerleider, 1989). C. Clusters of visual areas common to
the ten partitioning schemes discussed in Van Essen (2003). D. Latitude and longitude isocontours on the
spherical map. E. latitude and longitude isocontours on the flat map. Latitude and longitude, along with the
areal identity according to various partitioning schemes, are part of the readout provided by the node
identification option in Caret.

Using this approach, we have registered schemes from xx published studies to the atlas,
including 10 schemes for parts or all of visual cortex (see also Van Essen, 2003). Figure 8 illustrates
two of these schemes, including that of Felleman and Van Essen in panel A and that of Ungerleider &
Desimone (Ungerleider and Desimone, 1986; Desimone et al., 1989) in panel B. Outside areas V1
and V2, the arrangement of areas differ significantly for most regions just among these three schemes
(Figs. 7E, 8A,B). When the other schemes are included, there is a consensus among investigators
about the basic identity, location, and size of the area for only a few regions of visual cortex.
Specifically, there is a strong consensus regarding areas V1, V2, MT (a.k.a. V5), and perhaps also V4
and V3A. In the case of V3 (V3d) and VP (V3v) there is agreement about the arrangement of
topographic maps, but disagreement as to whether these constitute distinct areas versus separate areas
that each contain partial visual representations (Lyon and Kaas, 2002; Van Essen, 2003). For most of
cortex, the selection of any given location will likely yield at least two and often more areal names
that represent genuinely distinct schemes (e.g. using the node identification option in Caret). Figure
8C shows a composite map, in which major clusters of areas are shown. Each cluster represents a
group of functionally related areas that are consistently identified across studies even though there are
marked differences regarding the arrangement of constituent areas within each cluster.
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A useful way to obtain greater objectivity, specificity, and conciseness in discussions about
partitioning and functional specialization is to use surface-based coordinates (latitude and longitude)
to specify locations on the cortical surface. This is illustrated with latitude and longitude isocontours
defined on the sphere (Figure 8D) and after projection to the flat map (Fig. 8E).
Seeing the connections.
Each cortical area has a complex pattern of connections with other cortical areas and with a
variety of subcortical targets. A wiring diagram of connections in macaque visual cortex reveals
hundreds of pathways among several dozen visual cortical areas (Felleman and Van Essen, 1991).
Such wiring diagrams are useful for a variety of purposes, including the assessment of hierarchical
relationships among different areas, and they have been incorporated into CoCoMac, a text-based
connectivity database for the macaque (Stephan et al., 2001). However, this type of information fails
to portray the full spatial complexity of connection patterns and the wide range in overall strength of
different pathways. Terms like “weak,” “moderate,” and “strong” connections are often used, but
these inadequately reflect variations in connection strength that may span 2 or 3 orders of magnitude.
Figure 9 illustrates an alternative strategy for representing connectivity patterns on the atlas.
In this example, retrograde tracers were injected into two different sites, one centered on area MST
(MSTdp, specifically) and the other centered on area LIPd (but encroaching into neighboring area
7a). The labeling pattern for each case was quantified in terms of connection density (labeled cells
2
per mm ) in the individual experimental hemispheres, and the connection density maps were
registered to the atlas, where they can be compared with one another and also with any of the cortical
partitioning schemes contained in the atlas (e.g., the Lewis and Van Essen borders overlaid in Fig.
9A,B). As shown in Fig. 9C, additional visualization tools available in Caret facilitate comparisons
of different connection patterns by showing an overlay of MST connections in red, LIPd/area-7a
connections in green, and connections to both sites in yellow.

Figure 9. Quantitative maps of connectivity patterns in visual cortex. A. Connection density from a retrograde
tracer injection centered in MSTdp, with Lewis and Van Essen (2000) areal boundaries superimposed. B.
Connection density from an injection centered in LIPd. C. Overlap map showing regions connected with
MSTdp (red), LIPd/7a (green), or both (yellow).

Slice-based registration.
The approach illustrated in Figures 7-9 is well suited for registration of data sets that have
been charted on cortical surface maps. However, there are innumerable cases of valuable data,
especially from older publications, in which the only accessible data are displayed on
photomicrographs or drawings of histological sections. In such cases, data can be mapped from
individual sections onto corresponding slices of the atlas map using a slice-based registration option
available in Caret. This will allow many types of data from published and unpublished studies to be
incorporated into the macaque atlas with reasonable fidelity. Slice-based registration is likely to be
particularly useful for analyses of cerebellar cortex, as it is impractical with current methodology to
generate accurate cerebellar reconstructions for individual experimental brains in the way that can
now be done routinely for cerebral cortex.
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Mapping function onto surfaces.
An enormous amount of information about the functional specialization of different cortical
areas has been obtained by single-unit recordings in the macaque. These single-unit studies are now
being complemented by functional MRI, which can be routinely carried out in macaques (Nakahara et
al., 2002; Van Duffel et al. 2002; Tsao et al., 2003) just as in humans. Obviously, it is desirable to
bring both single-unit and fMRI data into the atlas framework to facilitate a wide variety of
comparisons.
An example of monkey fMRI data mapped to the atlas is shown in Fig. 10. Figure 10A
shows a map of activation by a checkerboard pattern (relative to a fixation-only baseline) on a right
hemisphere flat map from an individual macaque. The activation pattern covers a large region,
including cortex near the artificial cut in occipital cortex. The two-dimensional method for
registering flat maps illustrated previously (Fig. 8) encounters problems in the vicinity of cuts on
either the individual or the atlas flat map. Consequently, we used instead a spherical registration
algorithm, in which landmarks were drawn on the individual and atlas maps (not shown) and then
projected to spherical surfaces (Fig. 10B-E). The spherical map of the individual was then deformed
to bring its landmarks into register with the atlas landmarks, using a multi-cycle registration method
(Caret User Guide Part 2 - online). The registered data can be projected back to the flat maps (and to
other configurations) for easier visualization. The checkerboard-specific activations were then
registered to the atlas where the borders from various partitioning schemes can be overlaid. This is
shown in Fig. 10F for the Lewis and Van Essen scheme, indicating that the activations include much
of area V1, V2, V3, and V4.

Figure 10. Monkey fMRI activation patterns (checkerboard stimulus, positive activations only) deformed from
an individual map to the atlas map using spherical surface-based registration (Data courtesy D. Tsao, R.
Tootell).

The options for mapping single-unit neurophysiological data depend on how the data have
been encoded and represented. For example, it is increasingly common to obtain structural MRI
scans of monkeys used in alert recording experiments, and to generate surface reconstructions from
the MRI data. If the 3-D coordinates of recording sites are recorded in conjunction with this, the
recording sites can then be mapped to the individual surface and from there to the atlas.
Mapping Human Cortex.
As with the macaque, there is great diversity in the types of anatomical and functional data
that are suitable for mapping to the human atlas. Currently, the lion’s share of available data for
human cortex derive from noninvasive neuroimaging studies – initially PET, but now dominated by
fMRI. Data from architectonic studies and other anatomical approaches are much less common,
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owing to the obvious difficulties associated with acquiring and processing postmortem histological
data in humans. The options for registration to the human atlas fall into four major categories, each
illustrated by exemplar data in Figures 11 and 12.
(i) Manual transfer of data. Large amounts of experimental data, particularly from older
publications, exist as illustrations that lack explicit spatial coordinates, yet are desirable to incorporate
into the atlas framework. A notable example is Brodmann’s cytoarchitectonic partitioning scheme
for human cortex, which was published only as drawings of lateral and medial views of a single
hemisphere (Brodmann, 1909). Brodmann’s scheme has been mapped onto the surface-based atlas by
manually estimating the location of each subdivision on the atlas surface, using common geographic
landmarks as a guide (but interpolating into buried sulcal regions to provide continuity). The
resultant map of Brodmann areas, shown in Fig. 11A, is only a rough approximation to the actual
pattern of architectonic subdivisions according to Brodmann’s criteria, but it nonetheless provides a
useful representation for a partitioning scheme that remains in widespread use.
(ii) Projection of stereotaxic (Talairach) foci. Neuroimaging data are commonly registered to
Talairach stereotaxic space (Talairach and Tournoux, 1988) in an effort to compensate for individual
variability. Once data have been registered, the spatial pattern of activation in any given experiment
can be summarized by reporting the 3-dimensional (x,y,z) Talairach coordinates of the center of each
activation focus. This strategy has been widely adopted since it was proposed (Fox et al., 1985), and
the number of Talairach foci reported in the neuroimaging literature is very large – perhaps in the tens
of thousands. Because the human surface-based atlas (both the volume and the surfaces) is registered
to Talairach space, activation centers of interest can be readily mapped onto the atlas fiducial surface
and projected onto the atlas flat map. This is illustrated in Figure 11B for a set of 41 activation foci
related to motion processing, reported in 8 publications.
The spatial uncertainty associated with the stereotaxic projection method depends on the
fidelity with which individual brains (including the atlas brain) have been registered to Talairach
space using one or another of the many registration algorithms in current use. These include the
original piecewise linear registration method used by Talairach and Tournoux; other low-dimensional
algorithms such as rigid-body, bounding box, affine transformations, and a number of highdimensional warping methods that compensate for some of the finer-grained aspects of brain structure
(see Toga, 1998). However, even the best of these volume-based registration methods leaves
considerable residual uncertainty, especially in regions where the pattern of convolutions is highly
variable. Typically, the uncertainty associated with volume-based registration is in the range of 10-15
mm radius (Van Essen and Drury 1997). The impact of this uncertainty on the mapping of
stereotaxic foci can be expressed by coloring portions of the map that are within a specified range, as
illustrated in Fig. 11B by shading of all regions within a 10 mm radius of one or another motionrelated focus.
(iii) Stereotaxic mapping of volume data. Reporting just the centers of individual activation
foci fails to represent the complexity of spatial activation patterns typically obtained using fMRI.
Consequently, it is preferable to map the complete activation pattern contained in an fMRI volume
onto the atlas surface. Population-average data (i.e. data from a population of subjects registered to
Talairach space using one of the aforementioned volume registration methods) can be easily and
quickly mapped onto the human atlas surface using an fMRI mapping tool available in Caret. Figure
11C and D illustrate two such examples, from motion processing studies in human cortex, one from
passive viewing of moving textures (Orban et al., 2003), the other from a speed discrimination task
(Lewis et al., 2000). This method has the same types of spatial uncertainties as that described for
stereotaxic projection of individual foci. Hence, in comparing two or more activation patterns
mapped onto the atlas surface, such as those in Fig. 11B-D, it is important to recognize that
differences may include contributions from spatial uncertainties associated with the mapping method
as well as genuine differences associated with the functional activations associated with the different
paradigms.
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Figure 11. Mapping data to the human atlas surface. A. Brodmann’s (1909) cytoarchitectonic areas manually
transferred to the atlas. B. Motion-related Talairach foci projected to the atlas fiducial surface, along with
uncertainty limits (10 mm radius). Coloration of each focus reflects differences in the particular type of motionprocessing task (Van Essen and Drury, 1997). C,D. Motion-related fMRI activations mapped to the atlas from
studies by Orban et al. (2003) and Lewis et al. (2000). The volume data were mapped to the atlas surface by
assigning each node in the surface an intensity value of the fMRI voxel within which the node lies in Talairach
space.

The population-average stereotaxic mapping methods illustrated in Fig. 11 provide an
efficient general way to incorporate unlimited amounts of data into the surface-based atlas
framework. Currently, the primary rate-limiting step in this process is obtaining access to the vast
amounts of relevant volume-based neuroimaging data that are stored in individual laboratories but not
in any publicly accessible repositories (see Part III).
(iv) Surface-based registration from individuals to the atlas. The utility of surface-based
registration for mapping data from individuals to an atlas has already been discussed and illustrated
for the macaque (cf. Figs. 7, 10). The potential of this approach is even greater for human cortex,
given the complexity of human cortical convolutions and the high degree of individual variability.
The reasons why surface-based registration is particularly suitable for analyses of human
cortex can be illustrated by extending the previously raised analogy between cerebral cortex and a
beach ball to include five additional points. (i) The specification of distinct cortical areas occurs early
in development, prior to cortical folding. At this stage the cortex is analogous to a fully inflated beach
ball whose surface is covered by a complex mosaic of distinctly labeled (colored) patches. (ii) A
collection of individual hemispheres is analogous to a collection of beach balls; individual variability
in the size of each cortical area is analogous to diversity in the sizes and precise locations of the
corresponding patches (areas) in different beach balls. (It is as though patches on each beach ball
were painted according to the same general instructions, but with the ‘painters’ having a limited
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degree of artistic freedom in their task.) (iii) Individual variability in the pattern of convolutions in
humans is analogous to having each beach ball deflated and folded in a different pattern, with some
commonality in the major creases but much variability in the finer-grained folds. (iv) Surface-based
registration using spherical maps is analogous to inflating each individual beach ball to a sphere, then
registering one sphere to another using selected geographic and/or functional criteria. This
circumvents the problem of topologically incorrect registration caused by the highly variable patterns
of folding. (v) Volume-based registration is analogous to deforming one crumpled beach ball to
another, striving for a deformation that respects the topology of the cortical surface, but with a severe
risk of topological mismatches and/or severe local distortions. Collectively, this argument supports
the assertion that surface-based registration is inherently better suited than volume-based registration
as a strategy for dealing with individual variability of human cortex.

Figure 12. A. Human Visuotopic and orbitofrontal areas registered from individual flat maps (Hadjikhani et al.,
1998; Ongur et al., 2003) to the atlas surface. B. Eye movement fMRI activation patterns from an individual
subject deformed to the atlas by surface-based registration, visuotopic areas from panel A superimposed. C. Eye
movement activation from a population average mapped by stereotaxic projection from Talairach space onto the
atlas surface. Data for panels B and C from Corbetta et al. (1998)

Figure 12 illustrates two types of experimental data that have been mapped to the atlas using surfacebased registration. In Figure 12A, maps of cortical areas were generated on individual hemispheres
and then registered to the atlas. In occipital cortex, the maps show visuotopically organized areas
(Van Essen, 2003, based mainly on Hadjikhani et al. 1998); in orbitofrontal cortex, the maps show
architectonic subdivisions charted by Ongur et al (2003). For comparison, Fig. 12C shows fMRI
activations from a population of subjects studied with the same eye movement paradigm, but
registered volumetrically to Talairach space before mapping to the atlas. The differences are
pronounced, but it is difficult to assess the relative contributions of genuine individual variability in
structure and function versus technical factors related to the mapping methods (see below).
Once mapped to an atlas, results from different types of analysis can be compared objectively
in a variety of ways, several of which are illustrated in Figure 13. Figure 13A shows motion-related
activations of Lewis et al. (2000) and Orban et al. (2003) in red and green, respectively, with
overlapping regions in yellow, and with visuotopically organized areas superimposed as blue
boundaries. The common activation regions include not only MT+, which has been implicated in
motion analysis in numerous studies, but also the adjoining region LOC/LOP, area V7, the frontal eye
fields (FEF), and major foci in and near the intraparietal sulcus. Comparison with the motion-related
activation focus centers mapped in Fig. 11B shows overlap with some but not all of the major
clusters. The differences may reflect sensitivity and/or experimental design for the paradigms used
in each study.
Figure 13B,C shows two additional examples of comparisons that can be facilitated using
this approach: Figure 13B shows strikingly robust activation of occipital cortex in a population of
subjects blind since early childhood during a task of generating verbs in response to words (nouns)
presented as Braille stimuli (Burton et al., 2002). The overlay of visuotopic and boundaries indicates
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that the activation includes portions of most visuotopic areas. Figure 13C shows a direct comparison
of the Braille activation in Fib. 13B (red) with the eye movement-related activation in normal subjects
illustrated in Figure 12C (green), revealing that both paradigms cause pronounced activation of a
restricted portion of V1 and V2. Overlaying the latitude and longitude isocontours on this map makes
the point that all portions of these complex differential activation patterns can be explicitly and
concisely pinpointed using spherical coordinates.

Figure 13. Comparison across different types of neuroimaging results. A. Maps of motion-related fMRI
activations from Orban et al. (2003), in red; Lewis et al. (2000) in green, and the combination in yellow, with
visuotopic areal boundaries superimposed. B. Extensive activation of occipital cortex in blind subjects when
generating verbs in response to nouns in Braille (Burton et al., 2002). C. Comparison of activations during eye
movements in normal subjects in green (Fig. 12C; cf Corbetta et al., 1998) and the Braille activation of occipital
cortex red.

Despite the intrinsic potential of surface-based registration for coping with individual
variability in human cortex, much remains to be done to establish this as a well-validated general
strategy that can be routinely applied and interpreted. The first prerequisite, obtaining high-quality
surface reconstructions of individual hemispheres, is less of a bottleneck than in the past, but it
nonetheless still requires a significant investment of time and effort. Once surfaces are available,
there are multiple options for registering individual to an atlas. The landmark-based approach
illustrated here has the advantage of allowing selection of just those landmarks that are reliably
identifiable and are likely to represent functionally corresponding regions, but it has the disadvantage
of requiring user interaction and judgment applied to each individual map. An alternative approach
(Fischl et al., 1999b) requires less user interaction (because the registration is constrained by
automatically computed measures of hemispheric shape) but it has the disadvantage that regions of
highly variable geography may distort the registration and reduce functional correspondences. Hence,
it is important to validate each approach systematically and to objectively compare alternate strategies
for surface-based registration, including ones based on functional subdivisions that are routinely
identifiable in all normal subjects.
As with the macaque probabilistic atlas illustrated in Figure 7, surface-based registration
offers the prospect of generating a variety of probabilistic maps of human cortex. These include maps
of geographical variability (gyral and sulcal patterns) as well as functional variability associated with
mapping of cortical areas (e.g., visuotopic areas) and mapping of activation patterns in response to
standardized testing paradigms.
Interspecies comparisons.
Comparisons across species, particularly between macaques and humans, are critical for
elucidating which aspects of cortical organization and function are common across species and which
aspects are species-specific. Some insights on these issues can be gained from side-by-side
comparisons of macaque and human cortical maps. For example, comparison of visual cortical
organization in the macaque (Fig. 7, 8) versus human (Fig. 12A) reveals several areas, such as V1,
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V2, and MT, that can be recognized in both species even though they differ in relative sizes and in
geographic location.
Surface-based registration offers a powerful approach to making interspecies comparisons
systematic and more objective and in exploring the implications of proposed homologies in relation to
the organization of nearby areas. However, geographic landmarks are of limited utility for
interspecies registration because of the aforementioned differences in relationship between cortical
areas and geographic landmarks. For example, neither the calcarine sulcus nor the superior temporal
sulcus is suitable as a geographic landmark because V1 and MT have very different locations in
humans and macaques in relation to these landmarks. On the other hand, a number of functional
areas that are very likely to be homologous across species can be identified in both atlases. These
landmarks, shown in Fig. 14A, B, include boundaries of areas V1, V2, MT, A1, olfactory, gustatory
and somatosensory/motor cortex (3/4), as indicated on the figure.
Registration between the macaque and human maps using these landmarks results in a
deformation pattern that is revealed by comparing the Cartesian grid on the macaque map (Fig. 14C)
to the deformed grid on the human map (Fig. 14D). Overall, human cortex has 10 times the surface
area of macaque cortex. Regions that are expanded much less than this 10-fold average include most
of occipital cortex (e.g., human area V1 is only twice the size of macaque V1), parts of parietal cortex
and motor cortex between the central sulcus and the frontal eye fields. Regions that are expanded
considerably more than average include prefrontal cortex (anterior to FEF), temporal cortex between
MT and A1, and most of parietal cortex.
This standard registration can be used to assess the degree to which other less fully
characterized /higher areas or regions are in register. For example, Fig. 14E shows the deformed
Lewis & Van Essen cortical areas in relation to human visuotopic areas. Deformed macaque V1, V2,
MT, and adjoining areas V3 and VP are reasonably well-registered to their human counterparts, as
expected given the choice of landmarks. On the other hand, deformed macaque V4 (def-mV4) has
virtually no overlap with human V8 (hV4), though the latter has been proposed as a homologue of
macaque V4 (Zeki 2003). Zeki’s hypothesis is not overtly disproven by the mismatch, but is made
much less plausible. Figure 14F shows the same deformed macaque areal boundaries in relation to
the motion-related fMRI activation shown in Figure 11. The prominent motion-related activation in
human parietal cortex is centered on deformed macaque area 5, a predominantly somatosensory area.
Since the actual human homologue of macaque area 5 is unlikely to be involved in visual motion
processing, additional functionally based landmarks will be needed to improve the correspondence in
this region.
A particularly attractive strategy is to compare fMRI activation patterns when similar tasks
are carried out in monkeys and humans. Ideally, one might anticipate seeing activation patterns that
are topologically very similar except for differential expansion that can be compensated by the type of
registration illustrated in Figure 14. However, recent results suggest instead that the fMRI activation
patterns assocated with similar behavioral tasks and stimulation may show considerable species
specificity (Vanduffel et al., 2002).
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Figure 14.. Interspecies surface-based registration. A,B. Landmarks for presumed homologous regions in the
macaque and human flat maps, respectively. C. Cartesian grid on the macaque map. D. Deformed grid on the
human map. E, F. Lewis and Van Essen (2000a) areal boundaries deformed to the human map and overlaid on
the human visuotopic areas (panel E) and human motion-related activations from Orban et al. (2003). G.
Expanded portion of occipito-temporal cortex from panel E. H. Expanded portion of parieto-occipital cortex
from panel F.

Managing and communicating surface-related data
Key characteristics of surface-related data.
Databases will play an increasingly important role in allowing neuroscientists to capitalize on
the explosion of surface-related experimental data becoming available for cerebral and cerebellar
cortex in humans, macaques, and rodents. However, surface-related data sets pose special challenges
that must be addressed in database design and implementation. The primary difficulty is not the
amount of data per se, because surface reconstructions typically yield more compact data sets than the
volume data from which they were derived. Rather, the challenges arise mainly from a combination
of (i) the diverse nature of surface-related data and the associated file types and (ii) the complex
relationships among various data sets, including relationships that result from transformations of data
from individuals to an atlas and from atlases of one species to another. It is useful to elaborate on
these issues before describing the specific database we have developed to address them.
Diversity of data types and file types.
The data types routinely used for surface-based analyses can be grouped into four major
classes. (i) Surface geometry information is used to specify the precise shape, or configuration of
each surface (e.g., fiducial, inflated, and flat maps). (ii) Node attribute information assigns each node
in the surface to various categories (e.g., to a particular cortical area according to one or another
partitioning scheme) and also to various real-valued measures (e.g., activation levels derived from
fMRI experiments, connection densities derived from anatomical studies). (iii) Point and contour
data represent information about arbitrary locations that may lie in between the discrete nodes of the
cortical surface reconstruction and may even lie above or below the surface (e.g., boundaries between
cortical areas or regions or locations of activation focus centers). (iv) Ancillary data includes a
diversity of data types that are not explicitly spatial but are essential for viewing or manipulating
surfaces (e.g., palettes used to assign colors to particular areas or boundaries; matrices used to specify
affine transformations).
Another aspect of data complexity involves the growing use of various ‘composite’ files, in
which the data have a common format but derive from many independent studies. Examples from the
human and macaque atlases include composite ‘paint’ files and ‘border’ files that may contain a
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dozen or more areal partitioning schemes; composite ‘metric’ files that may contain dozens of fMRI
activation patterns derived from many different studies and even different laboratories; and composite
‘foci’ files that may contain coordinates of hundreds of Talairach activation foci related to one or
another aspect of functional specialization. Keeping track of where the data originated and what
scientific information is represented is a substantial challenge for such composite data sets.
The current version of Caret (v. 4.6) supports 28 distinct file types, each having a format that
is useful for representing a particular type of information. Other surface-visualization software
programs, (e.g. FreeSurfer, Brain Voyager) also support a diverse range of file formats, but there is
little standardization of file types and file formats across different software packages. An additional
complication arises from the desirability of including various types of volumetric data (e.g., structural
MRI plus volumetric fMRI activations) in a surface-related database because of the intimate
association between volume and surface representations (e.g., fMRI activations mapped to the cortical
surface).
Complex linkages among files.
A given surface reconstruction can be associated with a large number of distinct data files.
For example, the current publicly available version of the human atlas contains several dozen files
just for the right cerebral hemisphere data set. Exploration of a particular topic of interest with the aid
of the atlas data set may entail using a dozen or more of these files in a single analysis session.
Several strategies are used in Caret to facilitate the efficient identification and accessing of such data
(Dickson et al., 2001). First, the data are organized around the concept of a ‘surface family’, which
includes all of the data (geometry files, ‘paint’ files, ‘metric’ files, etc) that are linked to a specific
surface reconstruction (e.g., a particular atlas surface). Second, a ‘specification file’ is used to list an
organized collection of files from the same surface family and to load subsets of files into Caret that
are convenient to view as an ensemble. Third, each file is routinely given a name that is informative
with regard to the type of file, the type of data, the surface family with which it is associated, and the
date of creation or modification.
These characteristics are particularly important in relation to the growing use of surfacebased registration within and across species. Any given experimental data set can be carried through
many successive transformations that are accessible for visualization and comparison. For example,
the ‘checkerboard’ fMRI activation pattern illustrated in Fig. 10, started as a volumetric fMRI data set
acquired for an individual monkey; it was mapped onto an individual hemisphere surface (Fig. 10A),
deformed from the individual surface to the macaque atlas (Fig. 10F), and deformed again from the
macaque to the human atlas (not shown). An investigator may be interested in viewing the same data
set mapped to more than one surface (e.g., on both the macaque and human atlas, or on the individual
surface as well as the macaque atlas) which puts a premium on having ready access to all of them.
A related consideration is that at each stage of analysis, a given data set may have been
processed in a variety of ways, with results that may differ either subtly or in major ways. For
example, an fMRI volume data set may have been mapped to more than one surface reconstruction
(e.g., to compare SureFit vs. FreeSurfer segmentation methods); the fMRI data on an individual
surface may have been registered to the atlas using more than one set of landmark constraints or
registration parameters; and registration between species may include an evaluation and comparison
of several sets of interspecies registration landmarks. An investigator viewing results for one stage of
analysis (e.g., displayed on the macaque atlas) may need to know exactly what transformations or
other processing steps were associated with the particular data set being viewed. To minimize
confusion and potentially erroneous interpretation of such data, it is important that the numerous steps
in the analysis be encoded in a way that allows tracking of key processing steps.
The Surface Management System (SuMS) database.
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We have developed the Surface Management System (SuMS), a database that is customized
for handling surface-based neuroscience data in a way that addresses the issues raised in the
preceding section. SuMS was designed with six main criteria in mind: (i) Ease of data entry. The
flow of data into a database depends critically on how easily investigators can submit data to the
database. (ii) Support for diverse data types. Given the complexity and ongoing evolution of
surface-related data sets, it is important that the database support a large and evolving set of data file
types. (iii) Robust search capabilities. It is desirable to support a wide variety of searches that key
on many types of information, including that contained in file names, keywords and other metadata,
and on spatial data (coordinates, etc.) contained in many data types. (iv) Flexible download options.
It is important to have flexibility that allows the user to select as few or as many files that are needed
from complex collections of data files and to download these easily. (v) Multiple security levels. A
database should permit multiple levels of sharing, allowing some data to be privately held by the
individual user, other data to be shared among identified collaborators, and other data to be publicly
available. (vi) Multi-site distribution. A single centralized database is impractical for dealing with
the full spectrum of surface-related data, both published and unpublished, in current use in the
neuroscience community. Hence, it is important to design a distributed database that allows users to
store data locally and to allow sharing of data across multiple sites. The current design of SuMS
retains some of the features of a prototype version described previously (Dickson et al., 2001).
However, it has many new features that more effectively meet the design criteria noted above.
Data uploading and processing.
Data entry in SuMS can be carried out easily using a data entry interface or using commandline entries in a unix terminal window. The most general method of data entry involves uploading an
‘archive’ file that is a compressed collection of files, bundled so that the individual file names and
directory structure are preserved. An alternative option allows a specification file and its constituent
individual files to be automatically uploded in a single step.
Uploaded archive files are uncompressed, and the constituent individual files are tested to
determine whether they already exist in the database (by exact file content, not just the file name).
Each archive file as a whole and each of its constituent files are then assigned unique archive
identifiers. Relevant file types recognized by SuMS (currently 51 types) are further processed to
extract relevant metadata from the file header, which allows for searching by keywords and
comments . Metadata processing is customized for a subset of surface-related data types, but SuMS
allows any arbitrary data file to be archived. This includes volume-based data sets (structural and
functional MRI) as well as text and graphics data.
SuMS has three-levels of permission control for accessing data in SuMS: owner, group, and
public (other), just as with Unix file systems. Data are initially accessible only to the owner, but the
read and write permissions can be readily changed for individual files or for all of the files in an
archive.
Data searching.
The current version of SuMS allows metadata to be searched according to a number of
criteria, both generic and surface-specific. The generic options include (i) any text strings contained
in the file name; (ii) date of entry into the database; (iii) keywords anywhere in the data file; (iv) text
string in file header comment; and (v) owner and/or permission category. The surface-specific
options currently include: (i) the file type (e.g. ‘coordinate’ file, ‘paint’ file), (ii) archive category
(e.g., tutorial data, published data sets, or atlas-fMRI data) and (iii) various surface properties (e.g.
coordinate files categorized by their configurtion-inflated, flat, etc.). For example, selection of View
Tutorials in the main SuMS window brings up a listing of the Caret tutorial data sets currently
contained in SuMS (Fig. 15A). Nearly all of the illustrations in this chapter were generated from data
contained in Tutorials 1-4. Next to each archive entry, a pull-down menu provides various options,
such as the ‘show details’ that is selected for TUTORIAL.3 in Fig. 15A. This brings up a complete
listing of the 130 files contained in the archive, including of all the data used to generate the
interspecies registration shown in Figure 14. A portion of this list is shown in Figure 15B, which
20

illustrates options that can be applied to individual files. For example, the ‘text view’ option selected
for the ‘deformation map’ file listed in Figure 15B brings up a view of the file header (Fig. 15C),
which lists all the files used to register the macaque and human right hemispheres (including the
specific landmarks used to constrain the registration).

Figure 15. Exemplar data archives and files contained in SuMS. A. Partial listing of archives obtained from
selecting ‘View Tutorial’. B. Partial listing of files obtained by selecting ‘show details’ of TUTORIAL.3. C.
File header obtained by selecting ‘text view’ option for the deformation map file.

Another mode of searching involves direct hyperlinks from published studies. A growing
number of publications include hyperlinks that connect directly to the relevant SuMS archive
containing the data used for analysis and generation of figures. Figure 16A, for example, shows
results from Astafiev et al. (2003) as seen on a web browser (their Figure 3 and the associated figure
legend). Clicking on the hyperlink at the end of the legend brings up a SuMS search result screen of
the data used to generate this figure. The files (a few of which are listed in fig. 16B) include fMRI
volume data as well as surface data, and they include a registration between macaque and human
cortex that was constrained by a choice of landmarks that differs in several respects from the
registration illustrated in Figure 14 of the present chapter.
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Figure 16. A. Iconified Figure 3 and the associated figure legend from Astafiev et al. (2003). B. A partial
listing of SuMS files in the archive identified by the hyperlink in this figure legend.
(http://brainmap.wustl.edu:8081/SuMS/archive_id=315115)
.

Data selection and retrieval.
Once a file listing is displayed in the SuMS Search Results window, several options are
available for reviewing or downloading the data. These include options to view metadata comments
or the full text. Downloading options include immediate downloading of individual data files;
transfer of a group of filenames to a clipboard that can be downloaded as a group; downloading of
complete archive data sets (e.g., for the various Caret tutorials); and downloading of all of the files
listed in a selected specification file.
Future Directions.
Of the many additional capabilities that are desirable to incorporate into future version of
SuMS, three merit specific mention. (i) Spatially-based queries. Spatially based query options will
allow searches for combinations of node coordinates and node-based attributes. For example, this
might include a search for data sets in which a user-specified location of human cortex (identified,
say, by latitude and longitude or by its identity as area V1) shows fMRI activation levels above a
selected criterion level in a particular type of neuroimaging study (e.g., studies involving visual
attention). Analogous queries could be applied to sterotaxic data, such as neuroimaging activation
foci. (ii) Database federation. It is impractical for any single database to contain the full set of data
that may be of interest to users. Hence, it is important to achieve effective federation with other
databases. For human neuroimaging data, the most important link will be to databases such as the
fMRI Data Center (http://www.fmridc.org) that are customized for volume-related fMRI data,
including large amounts of metadata related to how the data were acquired and analyzed (Van Horn et
al., 2001; http://www.fmridc.org). Federation of SuMS and the FMRI-DC would allow users to
identify and access volume and surface data sets from the same experimental paradigm in a
coordinated way even if they are stored in separate databases. For the macaque atlas, there will be
natural linkages to the BrainInfo atlas (http://braininfo.rprc.washington.edu), to CoCoMac, a database
of connectivity (Stephan et al., 2001; http://www.cocomac.org). For rodent data, a natural link will
be to the Cell-Centered Database (Martone ref; http://pamina2.sdsc.edu/CCDB). (iii) Web-based data
visualization. Currently, users must have Caret or some other surface visualization software available
on their own computer in order to make use of the data sets contained in SuMS. An important
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complementary capability will be to provide web-based atlas visualization capabilities so that results
of a search can be viewed, or at least in a previewed, without the requirement of downloading the data
sets and using visualization software on one’s own computer.

Figure 17. A schematic overview of how surface-based atlases and associated databases provide users
with unprecedented flexibility in exploring diverse aspects of neuroscience data.
Figure 17 summarizes the integrated nature of the atlas and database approach discussed in
this chapter. The investigator or student sitting at a computer terminal has access to a family of
surface-based atlases, each of which provides a flexible viewing substrate for a rapidly growing body
of experimental dta, progressively more of which will reside in SuMS or in databases with which it is
federated, and progressively more of which will be rapidly addressable by hyperlinks contained in
publications. The utility and power of this approach will hopefully counteract the sociological and
other factors that are current impediments to widespread sharing of neuroscience data (Koslow, 2002;
Toga, 2002).
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