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Abstract: The neurons of the human cerebral cortex are arranged in a highly folded sheet, with themajority
of the cortical surface area buried in folds. Cortical maps are typically arrangedwith a topography oriented
parallel to the cortical surface. Despite this unambiguous sheetlike geometry, the most commonly used
coordinate systems for localizing cortical features are based on 3-D stereotaxic coordinates rather than on
position relative to the 2-D cortical sheet. In order to address the need for a more natural surface-based
coordinate system for the cortex, we have developed a means for generating an average folding pattern
across a large number of individual subjects as a function on the unit sphere and of nonrigidly aligning
each individual with the average. This establishes a spherical surface-based coordinate system that is
adapted to the folding pattern of each individual subject, allowing for much higher localization accuracy of
structural and functional features of the human brain.Hum. Brain Mapping 8:272–284, 1999.
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INTRODUCTION

The cerebral cortex is the largest part of the human
brain. Although it is highly folded in many mamma-
lian species, the intrinsic ‘‘unfolded’’ structure of the
cortex is that of a 2-D sheet, several millimeters thick.
In experimental animals, it is well accepted that: (1)
many functional dimensions (e.g., retinotopy, orienta-
tion tuning, ocular dominance, somatotopy, tonotopy)
are mapped on the cortical surface, (2) these mapped

parameters vary much more rapidly in the two dimen-
sions parallel to the surface than they do through the
several millimeters of cortical thickness (i.e., they are
columnar), and (3) different cortical areas are arranged
in a characteristic pattern, or mosaic, across the
cortical surface.
In order to relate and compare anatomical features

or functional activations across subjects, it is necessary
to establish a mapping that specifies a unique corre-
spondence between each location in one brain and the
corresponding location in another—that is, to bring the
two brains into register. Most comparisons of data
across subjects in the human brain have relied on the
3-D normalization approach described by Talairach
and Tournoux [1988] and Talairach et al. [1967]. Al-
though this type of approach has certain advantages
(ease of use, widespread acceptance, applicability to
subcortical structures), it also has significant draw-
backs.
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Improved localization with surface-based registration(?)

of functional data. This is illustrated in Fig. 7, which
shows statistical parametric maps of fMRI repetition
effects in a visual size-judgment task [Dale et al., 1997]
in individual subjects together with the corresponding
average maps computed in Talairach and spherical
coordinates. Several studies have demonstrated a re-
duction of activity in a number of cortical regions
when a task is performed repeatedly on the same
stimulus [Halgren and Smith, 1987; Squire et al., 1992;
Raiche et al., 1994; Rugg and Coles, 1995; Ungerleider,
1995; Gabrieli et al., 1996; Buckner et al., 1998; Schacter
and Buckner, 1998]. However, such repetition effects
are subtle and difficult to detect reliably in individual
subjects, as portrayed in the top row of Figure 7.
Reducing the statistical threshold reveals an extensive
pattern of activation in each subject (second row),
although valid statistical inference cannot be drawn at
such a low significance level. Typically, Talairach-

based cross-subject averaging is used in order to obtain
statistically reliable activation patterns (lower left).
The improved statistical power afforded by averaging
in spherical coordinates results in a more extensive
pattern of activation, as illustrated by the map at the
lower right.

CONCLUSIONS

The use of a 2-D cortical surface-based coordinate
system yields more accurate registration of cortical
functional and anatomical areas across individuals
than can be attained using the more common 3-D
Talairach coordinate system. The reduction in anatomi-
cal variability is due to the explicit use of geometric
features of the cortical surface to drive the registration
procedure. The concomitant improvement in the accu-
racy of functional localization illustrates the frequent

Figure 3.
Mapping of the central sulcus of 11 subjects onto an individual using spherical (top row) and Talairach
(bottom row) coordinates. The white matter (left) and inflated (right) surfaces are given for
comparison purposes.
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association of function with anatomy. The registration
procedure employed here makes use of the pattern of
folding across the entire cortical surface, as opposed to
using a small set of manually defined landmarks. This
obviates the need for manual intervention as well as

eliminating the dependence of the coordinate system
on the somewhat arbitrary choice of landmarks. The
accuracy of the registration and the associated coordi-
nate system can be assessed using functional data and
hand-labeled anatomical data sets. Preliminary results

Figure 4.
Percent blurring of three different sulci resulting from averaging in Talairach and spherical coordinates.

Figure 5.
Pooled visual areas of 11 subjects averaged in spherical (top row) and Talairach (bottom row)
coordinates, painted onto a medial view of an individual inflated surface. Anterior is to the left, the
occipital pole is at the right.
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show that significantly higher localization accuracy
can be achieved for both structural and functional
regions using such a surface-based approach.
The optimal parameters of the morphing procedure

are an empirical issue and depend on the goals of the
coordinate system. As discussed previously, optimal
anatomical alignment does not necessarily result in
optimal functional alignment. Thus the exact weighting
of the preservation ofmetric properties versus anatomi-
cal alignment may change depending on the applica-
tion, and an optimization procedure can be used to
find the optimal parameter values given a set of
specific goals. Similarly, the degree to which secondary
and tertiary folding patterns are predictive of func-
tional properties is an open question that can be
addressed by using curvature to fine-tune the final
alignment. Furthermore, if functional alignment is a
priority, then functional information such as the auto-
matically delineated retinotopic areas can be used to
drive the morphing procedure.
Once the parameter weighting has been fixed, a

canonical surface must be chosen as the target of the
registration procedure. One alternative is to use an
exemplar as the basis for the coordinate system and
map individuals into the exemplar. Although this is a
straightforward procedure, the use of an average
surface has several advantages. Primarily, it prevents
the coordinate system from being biased by atypical
properties of any individual brain. Furthermore, it

allows a direct assessment of the variability of the
cortical folding pattern across individuals. Finally, it
permits the use of the variability to weight the registra-
tion procedure. Thus the alignment of highly variable
regions is primarily driven by the more global metric
properties of the entire cortical sheet, whereas more
stable geometric features are aligned naturally. How-
ever, in order to bootstrap the procedure, we propose
to use the Visible Human as specified by Van Essen
and Drury as the target of the initial alignment, which
now exists in spherical form [Drury et al., 1998]. The
use of the Visible Human coordinate system as the
initial target should facilitate the comparison of data
and reported coordinates across coordinate systems.
This coordinate system is anchored with its origin at
the ventral tip of the central sulcus and oriented such
that the zero meridian is approximately parallel to the
fundus of the central sulcus (see coordinate lines in
Fig. 1). Once the initial alignment of a large number of
cortical surfaces has been accomplished, we can aver-
age the previously aligned surfaces to generate a
probabilistic atlas as the target for the final registration
procedure.
The potential applications of the surface-based coor-

dinate system are varied and important and primarily
derive from the significant increase in the accuracy of
both anatomical and functional localization relative to
Talairach coordinates. This increased accuracy makes
it possible to distinguish nearby cortical areas based on

Figure 6.
Percent blurring of visual areas resulting from averaging in Talairach and spherical coordinates.
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