Structure—Function Spatial Covariance in
the Human Visual Cortex

The value of sulcal landmarks for predicting functional areas was
quantitatively examined. Medial occipital sulci were identified using
anatomical magnetic resonance images to create individual
cortical-surface models. Functional visual areas were identified
using retinotopically organized visual stimuli, and positron emission
tomography subtraction imaging with intra-subject averaging.
Functional areas were assigned labels by placement along the
cortical surface from V1. Structure-function spatial covariances
between sulci and functional areas, and spatial covariances among
functional areas, were determined by projecting sulcal landmarks
and functional areas into a standardized stereotaxic space and
computing the 'r' statistics. A functional area was considered to
spatially covary with a sulcus or another functional area if their
geometric centers correlated significantly (P < 0.05) in two or more
axes. Statistically significant spatial covariances were found for
some, but not all comparisons. The finding of significant spatial
covariances within a standardized stereotaxic space indicates that
nine-parameter spatial normalization does not account for all the
predictive value of structural or functional locations, and may he
improved upon by using selected sulcal and functional landmarks.
The present findings quantify for the first time the strength of
structure—function spatial covariance and comment directly on
developmental theories addressing the etiology of structure-
function correspondence.

Introduction

The hypothesis of spatial covariance between sulcal anatomy and
functional boundaries is based on the premise that the same
developmental forces that shape the functional map, also give
rise to the gross anatomical features of the brain. If a substantial
spatial relationship between specific sulci and functional areas
exists, then a useful prediction will be that a normalization
technique incorporating sulcal landmarks will be better able to
reduce intersubject variability of functional areas. This is
important in physiological studies, because one would be able to
determine with a greater degree of certainty as to where (in
terms of functionality) one might be placing a probe in a
normalized framework. The ability to better localize across
individuals is also of paramount importance in neurosurgery and
neurology, where highly visible sulci can greatly enhance the
determination of functional boundaries.

Several developmental theories relating sulcation to the
functional map have been put forward. These theories range
from the theory of gyrogenesis as proposed by Welker (Welker,
1990), and the tension-based theory of morphogenesis by Van
Essen et al. (Van Essen et al., 1997), on one hand, to the
mechanical folding hypothesis by Richman et al. (Richman et
al., 1975), on the other. These theories differ markedly in terms
of the mechanisms involved, and the predictions that they make
about sulcal-functional relationship. This is a rather profound
reflection of the lack of consistent data on sulcal-functional
relationships from which theories can be derived.
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The value of quantitatively examining structure-function
spatial covariance is twofold: (i) for testing the concept of using
anatomical landmarks to improve on current spatial normaliza-
tion techniques, and (ii) for evaluating theories of developmental
relationships between structure and function. The present study
reports the spatial covariance of early visual areas with respect to
their neighboring sulcal landmarks in the occipital lobe, using
the ‘7’ statistic in a rather novel way.

Materials and Methods

Subject Population and Preparation

A total of 11 normal right-handed men, between the ages of 18 and 35
years, were recruited. A medical history battery questioned the subjects
about neurological, psychiatric and cardiovascular history. Handedness
restriction as assessed by history was used to avoid confounds due to
differences in hemispheric anatomy between left- and right-handed
subjects. Informed consent was obtained as approved by the institutional
review board of the University of Texas Health Science Center at San
Antonio.

Spatial Normalization

The bicommisural three-dimensional neuroanatomical coordinate space
of Talairach and Tournoux (Talairach and Tournoux, 1988) is widely used
as a standard stereotaxic reference system in which to report functional
and anatomical data regarding the human brain. Individual brain images
are normalized into Talairach space as follows. The brains are first
translated and rotated to align the individual brain with the major axes of
the Talairach space, defined by the midsagittal plane and the bicom-
misural line connecting the anterior and posterior commisures. The
brains are then scaled in the three axes to match a standardized brain. The
anterior commisure is considered as the origin in this reference space.
The medial-lateral axis is referred to as the x-axis, the anterior-posterior
axis as the y-axis, and the superior-inferior axis as the z-axis. Structures to
the left of the midsagittal plane are assigned negative values along the
x-axis, and those to the right of the midsagittal plane are assigned positive
values, along the x-axis. Structures anterior to the anterior commisure are
assigned positive values along the y-axis, whereas those posterior to the
anterior commisure are assigned negative values along the y-axis.
Similarly, areas superior to the bicommisural line connecting the anterior
and posterior commisures are ascribed positive values along the z-axis,
and those inferior to the bicommisural line are ascribed negative values
along the z-axis. The power of this reference system lies in addressing
brain anatomy in terms of Cartesian coordinates. Thus, a particular
functional area or sulcal landmark can be reported to have a mean
location and a variance about that location in x, y and z coordinates.

Anatomical Magnetic Resonance Imaging (MRI) Data
Acquisition and Cortical Surface Modeling

To acquire the anatomical data, each of the subjects underwent a
T,-weighted MRI brain scan in a 1.9 T Elscint Prestige. A moldable plastic
face-mask system was used to minimize motion during scanning.
Anatomical images were obtained using a high-resolution, three-
dimensional GRASS sequence: Ty = 33 ms; T = 12 ms; flip angle = 60°;
voxel size = 1 mm?; matrix size = 256 x 192 x 192; acquisition time =
15 min. The MRI data sets were normalized into Talairach space. Models
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of the cortical surface, extending from the occipital pole to the
parieto-occipital sulcus, were created for each subject from the MRI data
sets. This was achieved by manually removing the scalp and the skull from
the anatomic images, which were then modeled into continuous surfaces
using the MRX software package (GE Research and Development
Laboratory, Schenectady, NY). As the source MR images had been placed
into Talairach space, the cortical surface models were also referenced
within this space.

Experimental Tasks and Positron Emission Tomography (PET)
Data Acquisition

Subjects were scanned under three experimental settings: fixation point
(FIX), random dots along the horizontal meridian (HM), and random dots
along the vertical meridian (VM). In the FIX (control) condition, subjects
viewed a cross-hair with no other visual stimulation. In the HM and VM
conditions, subjects viewed sectors of random-dots patterns refreshing at
a rate of 8 Hz (Fox and Raichle, 1984). Each stimulation field extended
from 1 out to 18 eccentricity, and spanned 60 of arc around the HM and
VM respectively. Nine scans were acquired for the three test conditions in
the sequence: FIX-HM-VM-FIX-VM-HM-FIX-HM-VM. In all instances
but one, the entire protocol was completed satisfactorily. In that one
subject, only two trials of the FIX condition were obtained due to
cumulative radio-tracer dose constraints.

We employed functional PET (Hasnain et al., 1998) rather than
functional MRI to distinguish the visual areas, because this technique
accurately and easily identified the borders between functional areas as
local maxima in statistical parametric images. A GE/Scanditronix 4096
PET camera was employed: pixel spacing = 2.6 mm; spatial resolution =
5 mm FWHM (full-width at half-maximum) for events occurring within
each emission scan; scan planes = 15; interplane, center-to-center distance
= 6.5 mm; z-axis field of view = 10 cm. Events occurring in different
emission scans were separable at a higher resolution (Fox et al., 1986).
This phenomenon is well known in signal detection theory as Vernier
acuity (Lahti, 1965). Subjects were positioned in the PET scanner such
that the plane of image acquisition was as perpendicular to the calcarine
sulcus as possible. The same head restraint system as used in the MR
imaging was employed for the PET scanner. PET data were acquired as
regional distributions of tracer-associated radiation, using H>">O (half-life,
123 s) as a freely diffusible blood-flow tracer, delivered via an intravenous
bolus (Herscovitch et al., 1983; Raichle et al., 1983; Raichle, 1987).
Arterial blood samples were not drawn, as the statistical significance and
localization accuracy of functional mapping are not affected by
compartmental modeling (Fox and Mintun, 1989). Each scanning session
consisted of one transmission scan (used for attenuation correction),
followed by nine emission scans (separated by 11 min intervals), three for
each of the three conditions, as mentioned above. An emission scan was
triggered by the arrival of the tracer bolus in the field of view of the
camera, and images were acquired in two frames: a 40 s frame
(stimulus-on) followed by a 50 s frame (stimulus-off).

PET Image Processing

Interscan head motions were removed by using a modified version of the
AIR algorithm (Woods et al., 1993). The PET images were also spatially
transformed into the proportional bicommissural space, as defined by the
Talairach-Tournoux atlas (Talairach and Tournoux, 1988), using the
Lancaster algorithm (Lancaster et al., 1995). The dimensions of a
particular individual’s brain along the three axes were derived from MRI
data and the same scaling factors were used to normalize both functional
and anatomical images into Talairach space. The resulting brain contours
in the two data sets were co-registered within 2 mm (one pixel) of each
other in each of the three axes. Images were value normalized by applying
a one-parameter scale factor, setting the whole-brain mean value to an
arbitrary value of 1000 (Fox et al., 1984; Fox and Mintun, 1989).
Following normalization, images were tri-linearly interpolated, resampled
(60 slices, voxel size 8 mm?) and filtered through a Gaussian filter, sized 3
x 3 x 3 voxels.

For each individual, the three repetitions of each condition were
averaged. The three-image averages were then contrasted on a voxel-wise
basis, creating per-subject statistical parametric images (SPD) of task-
induced changes in regional blood flow for each of the two stimulus
conditions (HM and VM), relative to the control state (FIX). For each SPI,

an automated search for local maxima and minima was performed using
a search volume measuring 27 mm® (Mintun et al., 1989). Change
distribution analysis (Fox et al., 1988) was used to assess the statistical
significance of the identified outliers. Post-hoc (regional) tests for
statistical significance were performed by converting SPIs to z-score
images, based on the variance of all local changes within each nine-image
set for each subject. Images were then thresholded to a z-score cut-off of
2 (P <0.05).

Functional Labeling of local maxima

Echoplanar fMRI studies (Sereno et al.,1995; DeYoe et al.,1996) have
demonstrated the possibility of identifying extra-striate areas in the
occipital lobe, using retinotopic stimuli with neuroimaging techniques.
These studies were based on literature describing the retinotopic
organization of pre-striate visual areas in non-human primates (Daniel
and Whitteridge, 1961; Van Essen and Zeki, 1978; Newsome et al., 1986;
Gattass et al., 1988; Felleman and Van Essen, 1991), and also on lesion
analysis data describing visual field deficits in man (Holmes, 1945; Clarke
and Miklossy, 1990; Horton and Hoyt, 1991a,b). Both the imaging and the
lesion-analysis studies indicate that a retinotopic organization similar to
that in the macaque exists in man, such that each of the visual areas V1,
V2v, V2d, VP, V3 and V3a contains a more-or-less retinotopic map. These
areas lay out on the cortical ribbon in a continuous manner, beginning
with V1 and moving along a dorsal-ventral axis to V1. The visual areas
border one another at their HM and VM representations. Thus, the
meridian stimuli allow us to define the borders of functional areas, and the
order of occurrence of these borders on the cortical surface establishes
the identity of the visual areas.

Labeling of functional areas was performed by superimposition of
regional activations as detected by PET-derived z-score images, on the
surface models for the occipital lobes, and by following the cortical
surface along a dorso-ventral axis from V1 HM representation. The cortical
surface was followed using the MRX software package (GE R&D
Laboratory), while being viewed in the three orthogonal dimensions,
utilizing a customized three-dimensional visualization tool kit (Lancaster
et al., 1995). The calcarine sulcus has been established as the typical site
of the HM representation in the primary visual cortex (V1) of man.
Therefore, the HM activation in V1 [V1(H)] was identified by reference to
the calcarine sulcus. Extrema showing positive blood flow changes were
analyzed. All HM-condition extrema that formed a contiguous cluster of
activation (z-score > 2) and were within 6 mm of the calcarine sulcus were
included as part of VI(H). Following the cortical surface ventral to the
calcarine sulcus, the next HM activation site was identified, and all
extrema within this activated area were considered to be part of the
V2v/VP border. Similarly, following the cortical surface dorsal to the
calcarine sulcus, the HM activation site immediately dorsal to V1(H) was
identified and all extrema contributing to this activation site were
considered to be part of the V2d/V3 border. The extrema forming V1(H),
the V2v/VP border and the V2d/V3 border were mutually exclusive. The
above predefined criteria identified V1(H), V2v/VP and V2d/V3 in all but
two right hemispheres, in which no HM activation lay within 6 mm of the
calcarine sulcus. For these two cases, V1(H) was defined post hoc as the
HM activation which lay closest to the calcarine. A z-score of 2.5 was used
to raise specificity because V1(H) was frequently the most robust
activation. Overlaid on the cortical surface this post-hoc analysis correctly
identified V1(H) as the middle activation in a pattern of three horizontal
meridian activations centered on and lying along a dorsal-ventral axis to
the calcarine.

The VM representations were analyzed such that the VM activation
site immediately ventral to VI(H) was labeled as the V1/V2v border. VM
representation immediately ventral to the V1/V2v border was identified as
the anterior border of area VP. Likewise, the VM activation site
immediately dorsal to V1(H) was labeled as the V1/V2d border, and the
next VM representation dorsal to the V1/V2d border was identified as the
V3/V3a border.

Extrema coordinates within each visual area border were averaged
together to yield the coordinates for the geometric center of that border.
The coordinates for the geometric center of a particular visual area were
obtained by averaging those for the area’s borders, e.g. the center of V2v
was obtained by averaging the coordinates for its borders V1/V2v and
V2v/VP. Note that the above-mentioned functional areas were identified
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Figure 1. (a) Axial view of the brain showing the collateral sulcus (Coll). X marks the approximate center of the posterior limb of the collateral sulcus. (b) Sagittal MRI view of the
brain illustrating relative locations of occipital sulci identified in the study. CAL, calcarine sulcus; DS1, first dorsal sulcus to the calcarine; DS2, second dorsal sulcus to the calcarine;
VS1, first ventral sulcus to the calcaring; VS2, second ventral sulcus to the calcarine; IL, intralingual sulcus; CSAG, cuneosagittal sulcus. X marks the approximate center of a sulcus
used in the correlation analysis. (c) Para-sagittal views of four hemispheres 8 mm from the midline, illustrating the variability in the shape of the calcarine sulcus.

without relying either on the secondary sulci or on previously reported
Talairach coordinates.

For the ‘color-sensitive’ area (V4v) as identified by Zeki et al. (Zeki et
al., 1991), a directed local-maximum search strategy was performed
because the retinotopy in this area is not well defined. The search was
implemented within a fixed radius of 2 cm of the previously reported
mean coordinates for area V4v as follows: a pair of HM and VM activation
sites, each with a z-score > 2 (P < 0.025), separated by <10 mm (the
reported dimensions for this area are approximately 15 x 15 mm), and
lying closest to the mean coordinates previously reported (Zeki et al.,
1991) for area V4v, were identified. Except for the anterior VP border
(which may be part of area V4v), responses identified as V1, V2v, V2d, V3
and V3a were excluded from this directed local-maximum search. The
area was considered to have failed detection in an individual if no paired
responses meeting the above criteria were found. This approach, first
implemented by Fox and Pardo (Fox and Pardo, 1991), and a comparable
approach used by Hunton et al. (Hunton et al., 1996) in their analysis of
functional-anatomical variability in neuroimaging studies, has been
shown to resolve group activations that are not closely clustered.

Labeling of Occipital Sulci
Sulcal designations were based on order and orientation with respect to

the calcarine sulcus as visualized on the cortical surface models. The
calcarine sulcus was identified (Fig. 1), using two atlases (Ono et al.,
1990; Duvernoy, 1991) as guides. In all but one case (21 out of 22), the
calcarine sulcus was easily defined as the only major sulcus extending
from the occipital pole to the junction with the parieto-occipital sulcus. In
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the remaining one case there were two sulci that fitted the above criteria.
In this particular case cross-validation from independent observers was
sought to help determine which of the two sulci should be labeled as the
calcarine. Starting from the occipital pole, the first and the second sulci
immediately dorsal to the calcarine with their origins on the posterior
surface of the brain were marked. These were labeled as ‘the first dorsal
sulcus’ and ‘the second dorsal sulcus’ respectively. Similarly, starting from
the occipital pole, the first and the second sulci immediately ventral to the
calcarine with their origins on the inferior surface of the brain were
identified, and labeled as ‘the first ventral sulcus’ and ‘the second ventral
sulcus’ respectively. The collateral sulcus was also identified using the
two atlases (Ono et al., 1990; Duvernoy, 1991) as guides. This sulcus was
usually the only sulcus starting from the inferior-medial surface of the
occipital lobe and extending midway into the temporal lobe. Again,
independent observers were asked to cross-validate when there was any
doubt in designation. In cases where the posterior limb of the collateral
sulcus also happened to be the first or the second ventral sulcus, the
sulcus was given both designations and counted in the analysis for both
sets of sulci. To avoid labeling the dorsal sulci twice, a sulcus immediately
dorsal to the calcarine without extension to the posterior surface was
named the cuneosagittal sulcus. Similarly, a sulcus immediately ventral to
the calcarine without extension to the posterior surface was named the
intralingual sulcus.

A concept similar to that of the center-of-mass of an activation in PET
data was used to assign a reference value to a given sulcus in an individual.
The length of each sulcus was determined using the cortical surface
model. The point midway between the sulcal lip and the sulcal fundus, at



Figure 2. Right posterio-lateral (a), and left posterio-lateral (b) views of a brain model, using ellipsoids centered at the mean locations of the early visual areas in Talairach space. The
radius of an ellipsoid in a particular axis represents the positive standard deviation of the area in that axis. ac, anterior commisure; pc, posterior commisure.

mid-length, was chosen as the center of the sulcus. This point was
henceforth used as the reference point for that sulcus in correlation
analysis. In case of the collateral sulcus, the center of its posterior limb
was taken as the reference point.

Sulcal-Functional Spatial Covariances

The locations of functional areas for each of the subjects were overlaid
onto the corresponding anatomical MR images and the sulcal landmark
closest to a given area was identified. The center-to-center distance of a
given area from the closest sulcal landmark was calculated in each subject.
Pairwise correlation analysis was carried out for each area and sulcus
within each hemisphere. An area was considered to significantly covary
with a sulcus or another area only if the pair had positive spatial
correlations with a P < 0.05 (r = 0.6 for a sample size of 11) in at least two
axes.

The number of pairs examined, looking for covariance between seven
functional areas, their borders and six sulci in each hemisphere, was 175
(k). Given the large number of multiple comparisons, we calculated the
probability of making a type I error in our analysis. If we assume that any
statistically significant correlations were due to chance alone, it follows
that these randomly occurring ‘significant’ correlations in the three axes
would be independent of each other. In such a case we can apply the
multiplicative rule of probabilities, and the odds of a sulcus and a
functional area having significant correlations in two of the three axes by
chance alone (W) is 01 in 400 or P < 0.0025. Correcting for multiple
comparisons, the probability of making a type I error at least once [ar =
1 - (1 - W¥] in our analysis of 175 comparisons is 0.45 (a probability con-
sidered acceptable for large number of comparisons).

Results

Frequency of Observations

Functional Areas

The results of observations on the early visual functional areas in
terms of their locations and locational variability in Talairach
space are summarized in Table 1 (Fig. 2). Briefly, regions of
activation alternating between those due to the HM stimulus and
those due to the VM stimulus were observed extending
outwards from the V1 HM representation [VI(H)]. This pattern
of activation continued up to area V3a in the dorsal occipital

Table 1
Mean location and standard deviation of early visual areas

Area Talairach coordinates Frequency
Mean location (mm) Standard deviation (mm) ?etection
(%)
X y z X y z

Right hemisphere (n= 11)

Vi 6.2 -79.9 0.9 26 5.7 5.0 100

Vv 78 =71 -3.3 4.0 5.9 5.9 100

vad 8.2 -87.6 6.1 35 43 45 100

P 12.9 —-69.7 -7.3 44 5.7 5.4 100

V3 12.0 -87.6 10.3 5.9 55 42 100

V3a 17.4 -84.1 15.9 9.3 6.1 3.4 91

Vay 19.4 -72.6 -12.0 33 5.6 29 100

Left hemisphere (n = 11)

Vi -72 -82.5 -1.9 33 53 75 100

Vv -1.7 -75.3 -75 42 5.1 49 100

V2d -11.7 -915 2.7 4.6 43 8.6 91

VP -13.7 —72.2 -10.2 2.0 7.6 5.1 100

V3 -17.9 -89.6 59 59 5.0 75 91

V3a -25.7 -83.8 1.0 29 49 6.1 82

Vv -21.8 —-65.8 -99 45 5.0 36 100

x-axis = medial-lateral axis; positive values indicate location to the right, and negative values
location to the left from the midsagittal plane, in millimeters. y-axis = anterior—posterior axis;
positive values describe location anterior to, and negative values location posterior to the anterior
commisure, in millimeters. z-axis = superior—inferior axis; positive values are location superior to,
and negative values are locations inferior to the bicommisural line connecting the anterior
commisure and the posterior commisures, in millimeters.

cortex, and down to the anterior border of area VP in the ventral
occipital cortex. The frequency of detection for a given area
ranged between 82 and 100%.

Area V4v was usually found to be adjacent to area VP, but not
always (Fig. 3). The mean distance between area V4v and the
corresponding Zeki coordinates (Zeki et al., 1991) was 5.2 mm
in the left hemisphere, and 10.4 mm in the right hemisphere.
The fact that area V4v, designated as the ‘color-sensitive’ area
in humans by Zeki et al. (Zeki et al., 1991), also responded to
our random dot stimulus is interesting in itself. For example, in
the macaque, area V4 plays a role in both hue and pattern
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Figure 3. Left and right hemispheres of three subjects illustrating the relative positions of the early visual areas in the occipital lobe. Area locations and shapes are approximate due
to the folded sulci of the brain model (e.g. area V4v was usually found inside the folds of the sulcus it is painted on). The resolution of our PET camera was [b mm, and the images
were interpolated to 8 mm3 voxel size. The figure is based on the interpolated images.

discrimination (Heywood and Cowey, 1987). When this area is Talairach x,y,z coordinates: 23, -11, -74) to a black and white

lesioned in macaque, the predominant loss is in form dis- reversing checker-board pattern (Schneider et al., 1993). In
crimination (Heywood and Cowey, 1993). In humans, Schneider agreement with this result, we found activation at this more
et al. reported activations in the fusiform-lingual area (mean advanced stage of processing with a relatively simple stimulus.
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Table 2
Mean location and standard deviation of the centers of sulci in the medial occipital lobe

Area Talairach coordinates

Frequency of

Mean location (mm)

detection (%)
Standard deviation (mm)

X y z X y z
Right hemisphere (n = 11)

Calcarine sulcus 7 78 2 1.8 49 5.4 100
Collateral sulcus (posterior limb) 14 -70 -9 2.1 6.6 42 91
First dorsal sulcus 5 —-86 7 23 5.1 5.3 100
Second dorsal sulcus 8 -85 13 32 5.0 6.0 100
First ventral sulcus 8 =77 -9 3.2 5.0 6.3 100
Second ventral sulcus 1 —69 -7 3.0 6.8 45 100
Cuneosagittal sulcus 2 -82 1 1.3 1.3 5.9 27
Intralingual sulcus 3 -76 -3 2.6 35 5.3 27
Left hemisphere (n = 11)

Calcarine sulcus -7 -81 0 22 34 5.3 100
Collateral sulcus (posterior limb) -13 -73 -1 34 76 46 100
First dorsal sulcus -6 -87 5 2.3 6.7 8.4 100
Second dorsal sulcus -5 -87 1 1.8 3.0 8.9 100
First ventral sulcus -8 -79 -12 3.4 47 4.6 100
Second ventral sulcus -1 -7 -9 38 53 5.1 100
Cuneosagittal sulcus -3 -78 10 1 3.7 7.9 27
Intralingual sulcus -6 -76 —4 9

x-axis = medial-lateral axis; positive values indicate location to the right, and negative values location to the left from the midsagittal plane, in millimeters. y-axis = anterior—posterior axis; positive values
describe location anterior to, and negative values location posterior to the anterior commisure, in millimeters. z-axis = superior—inferior axis; positive values are location superior to, and negative values are
locations inferior to the bicommisural line connecting the anterior commisure and the posterior commisures, in millimeters.

Sulcal Landmarks

The calcarine sulcus, the first and the second ventral sulci, as
well as the first and the second dorsal sulci were found in all 22
hemispheres (Table 2). The posterior limb of the collateral
sulcus was identifiable in all 11 left hemispheres and in 10 out of
11 right hemispheres. In the right hemisphere, the posterior
limb of the collateral sulcus also happened to be the first ventral
sulcus in one individual, and the second ventral sulcus in four
individuals. In the left hemisphere, the posterior limb of the
collateral sulcus was the same as the first ventral sulcus in three
cases, and the same as the second ventral sulcus in six cases. The
cuneosagittal sulcus was present as a distinct entity in only three
left and three right hemispheres. The intralingual sulcus was
present as a distinct entity in only one left and three right
hemispheres. Consequently these two sulci were not included in
any further analysis

Sulcal Variability

The standard deviations of the sulcal centers were in the same
range as the standard deviations of the functional areas for the
y- and z-axes (5.5 mm). However, the average of standard
deviations for the occipital sulci in the x-axis (2.7 mm) was
significantly less than the average of standard deviations for
functional areas in the x-axis (¥4.3 mm) (P < 0.001). The average
of standard deviations for the sulci in the x-axis was also
significantly less than the average of standard deviations for the
sulci in the y- and z-axes (P < 0.001). This was true in both
hemispheres. The most likely explanation is the orientation of
the sulci being examined (most being parallel to the x-axis), and
the fact that the sulcal depths of medial occipital sulci (which
occur along the x-axis) varied from 1 to 4 cm. Thus, the range in
which a central point for a sulcus could vary on the x-axis was
limited to <30 mm. Our findings of asymmetry between the
standard deviations of sulcal central points in the three axes
mirror those of Thompson et al. (Thompson et al., 1996), who
found that occipital sulci exhibited greatest variance in the
z-axis, and reported an even greater degree of asymmetry than

encountered in our analysis [a number of other studies have
recently investigated sulcal variability (Ono et al., 1990;
Steinmetz et al., 1990; Rademacher et al., 1993; Rajkowaska and
Goldman-Rakic, 1995; Ide et al., 1996; Paus et al., 1996; Zilles et
al., 1997; Leonard et al., 1998; Lohmann et al., 1999)].

Primary Visual Cortex

Right Hemisphere

The geometric center of V1 in the right hemisphere lay closest to
the calcarine sulcus in 8 out of 11 subjects (mean distance, d =
7.5 mm). Of the remaining three subjects, two had the geo-
metric center of right V1 over the cuneosagittal sulcus, and one
had the geometric center of right V1 over the first ventral sulcus
on the medial surface of the occipital lobe. However, in all 11
subjects the calcarine sulcus was included within the boundaries
of right V1.

We also compared the location of the contralateral HM repres-
entation in right V1 [V1(H)] with that of the calcarine sulcus. Of
the 11 individuals in our study, nine had the center of the right
V1(H) located within the calcarine sulcus (d = 8.7 mm). In four
of these nine individuals right V1(H) was centered in the fundus
of the calcarine sulcus. Of the remaining five individuals, four
had the right V1(H) activation centered midway between the
fundus and the lip of the calcarine, and one had the center of
right VI(H) on the dorsal lip of the right calcarine. In six out of
nine subjects, the center of right VI(H) was halfway up the
length of the calcarine sulcus from the occipital pole. Out of the
remaining three subjects, one had the right V1(H) center
one-third of the way up the length of the calcarine sulcus, and
two had it one-quarter of the way up from the occipital pole.
This variance in location was despite the fact that the same HM
stimulus out to 18 eccentricity was used in all subjects.

Quite unexpectedly, in two of the 11 individuals the calcarine
sulcus was not the closest sulcus to the right V1(H) activation
site. In these two individuals, one had right V1(H) centered
around the cuneosagittal sulcus, whereas in the other it was
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Table 3
Areas and sulci with significant positive correlations in atleast two axes (P < 0.05 in each axis)

Area—sulcal correlations (r)

Area-area correlations (r)

X y z X y z
Right hemisphere
V1 V1(H)-second ventral sulcus 0.681 0.734 0.252 Vi-vad 0.316 0.816 0.671
V1-V2v 0.895 0.945 0.861
V1-VP 0.733 0521 0.640
V1(H)-V2v/\V/P 0.439 0.705 0.714
v2d V2d—calcarine 0.246 0.648 0.648 V2d-V3 0.801 0.788 0.782
V2d—second dorsal sulcus 0.091 0.629 0.706
V3 V3—calcarine 0.042 0.707 0.718 V2d/V3-V3/N3a 0.717 0.770 0.768
V3/V3a-calcarine -0.074 0.724 0.611
V3/V3a—second dorsal sulcus -0.108 0.618 0.657
V2v V2vfirst ventral sulcus -0.297 0.657 0.679 V2v-VP 0.768 0.612 0.830
V2v—second ventral sulcus 0.260 0.755 0.663
V2v/VP-second ventral sulcus 0.423 0.828 0.761
Left hemisphere
Vi V1—calcarine 0.728 0.855 0.904 V1-vad 0.761 0.589 0.893
V1-second dorsal sulcus 0.580 0.741 0.901 V1-V2v 0.499 0.764 0.972
V1(H)-second dorsal sulcus 0.376 0.828 0.835 V1-Vav 0.629 0.704 -0.342
V1/N2d—calcarine 0.616 0.875 0.873 V1(H)-V1/v2d 0.750 0.452 0.904
V1/NV2v—calcarine 0.462 0.699 0.797 V1(H)-V2d/N3 0.696 -0.083 0.688
v2d V2d—calcarine 0.431 0.909 0.816 V2d-V3 0.791 0.783 0.868
V2d-second ventral sulcus -0.515 0.692 0.867 VIN2d-VIN2v 0.115 0.737 0.783
V1/V2d-first ventral sulcus 0.608 0.436 0.780
V3 V3—calcarine -0.121 0.679 0.698 V2d/V3-V3/N3a 0.741 0.720 0.629
V3—second ventral sulcus -0.671 0.639 0.843
V2d/V3—second ventral sulcus —0.542 0.638 0.856
V2v V2v—calcarine 0.501 0.833 0.838 V2v-VP 0.085 0.714 0.830
V2v—second ventral sulcus 0.248 0.697 0.770
V1/V2v-second dorsal sulcus 0.446 0.655 0.806
VP V2v/VPfirst ventral sulcus 0.623 0.439 0.728 V2v/VP-antVP —0.734 0.686 0.714
V2v/NVP—second ventral sulcus 0.077 0.619 0.816

Correlation coefficient (r) of 0.6 has a significance of P < 0.05 forn = 11.
x-axis = medial-lateral axis; y-axis = anterior—posterior axis; z-axis = superior—inferior axis.

centered around the superior extent of the first ventral sulcus.
This led to an absence of significant spatial correlation of the
right calcarine sulcus with right V1, or with any of the borders
of right V1 in any of the axes. The lack of significant spatial
covariance was despite the fact that the calcarine was used to
help define V1(H), and was the closest sulcus to right V1 in eight
out of 11 individuals. The only significant area-sulcal spatial
covariance for right V1 occurred between right V1(H) and the
second ventral sulcus. Area V1 spatially covaried with area V2d
and with area V2v (Table 3). This is as expected because both
these areas are adjoining areas. Right V1 also covaried signi-
ficantly with right VP. Looking closer at this relationship, it was
V1(H) representing the contralateral HM that covaried with the
contralateral HM representation at the right V2v/VP border.
Intriguingly, both these representations also spatially covaried
with the second sulcus ventral to the calcarine.

Left Hemisphere

In contrast to the right hemisphere, the calcarine sulcus was the
closest sulcal landmark to the geometric center of V1 in the left
hemisphere of all 11 subjects (d = 6.4 mm). The center was
located within the calcarine sulcus in six individuals, and around
the lip of the calcarine sulcus on the medial wall of the occipital
lobe in five individuals.

We also compared the location of the left V1(H) to that of the
calcarine sulcus in the left hemisphere. Again, in contrast to the
right hemisphere, left V1(H) was centered inside the calcarine
sulcus in all 11 subjects (d = 6.6 mm). The center of left V1(H)
was located midway between the fundus and the lip of the
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calcarine in seven individuals, whereas four subjects had the
center located in the fundus. Starting from the occipital pole, the
center of left VI(H) activation was located one-quarter of the
way up the length of the calcarine sulcus in two individuals,
one-third of the way up in five individuals, one-half of the way up
the length of the calcarine in three subjects and two-thirds of the
way up the length of the calcarine in one subject.

As a whole, the left primary visual cortex spatially covaried
with the calcarine sulcus in all three axes (Table 3). Although the
calcarine was used to define the HM activation in V1, VI(H) did
not show significant covariance with the left calcarine sulcus
except on the z-axis. Most likely, this was due to variance as to
where V1(H) activation fell with respect to the length of the
calcarine. Nevertheless, the border regions of V1/V2d and
V1/V2v did spatially covary with the calcarine sulcus. Instead of
covarying with the second ventral sulcus as in the right hemi-
sphere, there was a significant spatial covariance of V1 (H) and
left V1 as a whole with the second dorsal sulcus. As in the right
hemisphere, left V1 spatially covaried with the adjoining areas
left V2d and with left V2v. Left V1 also covaried with left V4v.
The dorsal and ventral borders of left V1 spatially covaried with
each other, and the central left V1(H) region covaried with the
dorsal border of V1, indicating a regular structure within left V1.
Left V1(H) spatially covaried with the HM representation at the
dorsal left V2d/V3 border, as compared to the right VI(H) co-
variance with the HM representation at the ventral right V2v/VP
border.

Overall, there were more significant spatial covariances
between left V1 and corresponding sulci, than between right V1
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Figure 4. Three-dimensional scatter-plots of neighboring areas around the coregistered centers of the calcarine sulcus and sulci dorsal to the calcarine in eleven subjects. d = mean
distance between respective areas and sulci in millimeters, after normalization into Talairach space.

and sulci in the right hemisphere. Right V1 was more variable in
terms of its location with respect to the calcarine. There was a
bias towards spatial covariance of left V1 with the dorsal sulci
and area borders, as compared to covariance of right V1 with the
ventral sulci and area borders, in their respective hemispheres.

Areas Dorsal to the Primary Visual Cortex

The first dorsal sulcus was the sulcal landmark closest to the
V1/V2d border and to V2d. In more than half the subjects the
second dorsal sulcus was the closest sulcus to the V2d/V3
border, area V3, the V3/V3a border and area V3a, across both
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hemispheres. The areas and borders dorsal to the primary visual
cortex had a tendency to move progressively posterior and
superior to the calcarine sulcus such that the V1/V2d border was
located dorsal to the calcarine, usually on the exposed surface of
the medial occipital lobe (in 18 out of the 22 hemispheres), V2d
was located on the medio-posterior curve adjacent to the sagittal
sinus, and both V3 and V3a were located on the posterior surface
of the occipital lobe (Figs 2 and 3).

Area V2d

Unlike right V1, right V2d spatially covaried with the calcarine
sulcus, and with the second dorsal sulcus. There was also spatial
covariance with adjoining areas right V1 and right V3. Right
V2d/V3 border did not covary with other HM representations at
right V1(H) or at the right V2v/VP border.

Area V2d in the left hemisphere was identifiable in 10 out of
11 subjects. Like right V2d, left V2d spatially covaried with the
calcarine sulcus in its corresponding hemisphere, and with its
adjoining areas left V1 and left V3. It also covaried with the
second ventral sulcus. Looking closer, it was the left V2d/V3
border that covaried with the second ventral sulcus. This sulcus
had significant spatial covariance with the left V2v/VP border as
well (both V2d/V3 and V2v/VP borders represent the contra-
lateral HM). In addition, the HM representation at the left
V2d/V3 border significantly covaried with left V1(H). These
spatial covariances lend some support to the hypothesis that
sulcal formation optimizes axonal distances during morpho-
genesis.

Area V3
Right V3, like right V2d, significantly covaried with the calcarine
sulcus. Looking closer, it was the right V3/V3a border that had
significant spatial covariance with the calcarine. The right
V3/V3a border also spatially covaried with the second dorsal
sulcus (the second dorsal sulcus was most often the closest
sulcus to right V3 and right V3a). Moreover, the V3/V3a and
V2d/V3 borders of V3 covaried with each other in all three axes,
suggesting a regular structure. Significant covariance was found
between right V3 and adjoining area V2d, but not with right V3a.
In general, left V3 was found on the posterior surface more
often than right V3 (Fig. 3). Left V3, like its right hemisphere
counterpart, spatially covaried with the calcarine sulcus, with
V2d, and its borders covaried with each other. In addition, left
V3 had significant spatial covariance with the second ventral
sulcus.

Area Via

V3a was the last dorsal area that we were able to identify based
on the retinotopic organization of the early visual areas. This area
was detectable in 10 out of 11 subjects in the right hemisphere.
The left V3a was identifiable in nine out of 11 subjects. The
border region between V3 and V3a spatially covaried with the
calcarine, and with the second dorsal sulcus in the right hemi-
sphere. However, as a whole neither the right V3a nor the left
V3a had any significant spatial covariance with any of the sulci.
This may be because on average, none of the selected sulci lay
within 1.4 cm of V3a (Fig. 4).

Areas Ventral to the Primary Visual Cortex

The visual areas immediately ventral to the primary visual cortex
had a tendency to be located progressively inferior and anterior
to the calcarine (Fig. 3). The ventral border of V1 with V2v was
located inferior to the calcarine sulcus, usually on the exposed
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surface of the occipital lobe (in 19 out of the 22 hemispheres).
When data was pooled together across both hemispheres, the
V1/V2v border was closer to the calcarine sulcus than was the
V1/V2d border (P < 0.05). In contrast to the right hemisphere
where the second ventral sulcus tended to be the closest sulcus
to area V2v, in the left hemisphere it was the first ventral sulcus
that was the closest sulcal landmark to area V2v. Furthermore,
the second ventral sulcus was the closest sulcus to the V2v/VP
border in the right hemisphere in most subjects, whereas in the
left hemisphere there was an equal division of subjects between
those with the first ventral sulcus, and those with the second
ventral sulcus as the closest sulcal landmark to the V2v/VP
border. Thus, there was a tendency for the visual functional areas
ventral to the calcarine in the left hemisphere to be closer to the
more posterior sulcus, when compared to the right hemisphere
(Figs 2 and 3). Both area VP and V4v were closely associated with
the posterior limb of the collateral sulcus, such that area VP was
usually found at the medial lip, and V4v was found within the
posterior limb of the collateral sulcus (in 19 out of 22 hemi-
spheres).

Area V2v
The right V2v spatially covaried with both the first ventral
sulcus, and with the second ventral sulcus. It also covaried with
adjoining visual area V1, and with area VP. The contralateral HM
representation at the right V2v/VP border had significant spatial
covariance with the contralateral HM representation in right
V1(H). Both VI(H) and the V2v/VP border covaried with the
second ventral sulcus. These spatial covariances again suggest
that there may be some substance to the hypothesis that sulcal
formation optimizes axonal distances during brain development.
There was a tendency for V2v in the left hemisphere to be
closer to the more posterior sulcus when compared to the right
hemisphere. Like in the right hemisphere, the left V2v spatially
covaried with the second ventral sulcus. The left V2v also
covaried with the left calcarine sulcus, and with adjoining areas
left V1, and left VP. Delving closer into this relationship, it was
the left V1/V2v border that spatially covaried with the calcarine
sulcus, and the left V2v/VP border that covaried with the second
ventral sulcus. Thus, significant spatial covariance was found
between the V2v/VP border and the second ventral sulcus in
both hemispheres. The left V2v/VP border also covaried with the
first ventral sulcus and with the left anterior VP border.

Area VP

In six out of 11 subjects, right VP was located well within the
posterior limb of the collateral sulcus, whereas in another
individual it was located at the medio-posterior lip of the
collateral sulcus. Right VP spatially covaried with right V1 and
with right V2v. However, despite a close association with the
posterior limb of the collateral sulcus in seven individuals, there
was no significant spatial covariance with the center point of the
posterior limb of the collateral sulcus.

Like the right hemisphere, left VP was centered well within
the collateral sulcus in six out of 11 subjects, and located on the
medio-posterior lip of the posterior limb of the collateral sulcus
in another. Left VP, like its counterpart in the right hemisphere,
spatially covaried with area V2v in its corresponding hemi-
sphere. In addition, the borders of left VP covaried with each
other, suggesting a regular structure for the area. As mentioned,
the V2v/VP border had significant spatial covariance with the
second ventral sulcus in both hemispheres.



Area V4v

Area V4v was identified using the coordinates for the ‘color-
sensitive’ area from Zeki et al. as a reference (Zeki et al., 1991).
This area was also closely associated with the collateral sulcus. In
the right hemisphere, the posterior limb of the collateral sulcus
was the closest sulcal landmark in 10 out of 11 subjects (d =
9.7 mm, Fig. 5). The area was located well within the collateral
sulcus in these individuals. The left V4v was also closely asso-
ciated with the collateral sulcus. The area was well within the
posterior limb of the collateral sulcus in nine out of 11 subjects
(d =15.1 mm, Fig. 5).

The only significant spatial covariances for area V4v were
between left V1 and left V4v. The lack of spatial covariance
between area V4v and the posterior limb of the collateral sulcus
was surprising, because it was despite the fact that this area was
found well within the posterior limb of the collateral sulcus in 10
out of 11 subjects in the right hemisphere, and in nine out of 11
subjects in the left hemisphere. In order to further substantiate
this lack of significant spatial covariance, data from both
hemispheres were pooled to increase the power of the analysis.
The correlation coefficient between the center of area V4v and
the center of the posterior limb of the collateral sulcus in the
pooled data was 0.048 on the y-axis with a 95% confidence
interval of -0.392 to 0.470, and 0.086 in the z-axis with a 95%
confidence interval of -0.359 to 0.500. This lack of correlation,
reflects that despite an association of area V4v with the posterior
limb of the collateral sulcus, there was no strict spatial
covariance between the center of area V4v and the center point
in the collateral sulcus.

Interhemispheric Covariances

We examined interhemispheric spatial covariances to assess if
the location of functional and sulcal landmarks in one hemi-
sphere affected the placement of the corresponding landmarks
in the opposite hemisphere during morphogenesis. The left V1,
the left V2v and the left calcarine stand out when comparing
areas and sulci between hemispheres (Table 4). The left V1
spatially covaried with areas V2d, V2v, V3 and V3a in the right
hemisphere. Area V2v in the left hemisphere had significant
spatial covariance with right V2v, right VP and right V3. The left
calcarine sulcus spatially covaried with the areas right V1, right
V2d, right V2v and right V3. This was in contrast to the right
calcarine, which covaried only with the right V2d and the right
V3, and had no significant spatial correlation with right V1
(Fig. 6).

Discussion

Because sulci not only increase the cortical area but also sub-
divide the cortex into gyri, a question often posed is whether
sulci parcellate the functional map into different areas, i.e. if
sulci serve as boundaries for functional areas. Even though this
question has not been definitively answered, clinicians routinely
use surface anatomy to guide interpretation of lesion locations,
and to prognosticate the effects of proposed surgical inter-
ventions. Spatial normalization algorithms based on surface
landmarks (Van Essen and Drury, 1997) make the same
assumption, and lesion-deficit research, such as led by Antonio
and Hanna Damasio, is entirely predicated upon this premise
(Damasio and Damasio, 1989). Several developmental theories
relating sulcation to functional parcellation of the cortex have
been put forward, but the hypothesis of sulcal-functional
correspondence has only been tested in a qualitative manner.
The primary purpose of the present study was to quantify and

statistically examine sulcal-function covariance, with both
theoretical and practical implications.

Implications for Theories of Sulcation and Gyrogenesis

The Theory of Gyrogenesis

Sanides reported that junctional zones between adjacent micro-
anatomical fields run along the beds of major or minor sulci
(Sanides, 1962). In their study of sulci in the somatosensory
cortex of the family Procyonidae, Welker and Campos observed
that sulci reliably predicted boundaries between afferents from
different body areas (Welker and Campos, 1963). A functional
difference between sulci and gyri was also hinted upon by
Preuss and Goldman-Rakic, who found that the crowns of gyri
often had a strong contingent of radial myelin fibers in contrast
to the sulcal depths, where horizontal fibers predominated
(Preuss and Goldman-Rakic, 1991). These reports can best be
explained by the theory of gyrogenesis as proposed by Welker
(Welker, 1990), which suggests that areas of rapid growth
(e.g. the center of a functional zone) will form gyri, so that
boundaries between functional areas will tend to lie along sulcal
pits. Data in support of this theory come from developing ferret
and raccoon brains, showing that the cortices enlarge without
the sulcal fundi moving away from the subcortical white matter
(Smart and McSherry, 1986) or getting closer to each other.

The Tension-based Theory of Morphogenesis and Compact
Wiring

Another theory about sulcation is that sulci form so as to
minimize the aggregate axonal distances between strongly
connected functional areas (Van Essen et al., 1997). Because
early visual areas tend to be retinotopically connected, this
means that sulci should form so as to minimize the axonal
distances between regions representing the same retinotopic
space. For example, because the HM representation in V1 is most
often present at the calcarine sulcus, the obvious way to
minimize axonal distances between this representation and the
HM representations at the V2d/V3 border dorsally, and at the
V2v/VP border ventrally, would be for these two borders to be
within adjacent sulci.

The Mechanical Hypothesis of Cortical Folding

On the other hand, several investigators have argued that sulcus-
function correspondences are generally weak or non-existent.
Brodmann (Brodmann, 1909) and more recent studies such as
those by Zilles et al. (Zilles et al., 1997) found that except in the
case of primary sensorimotor cortices, sulci did not reliably mark
architectonic boundaries. Moreover, the secondary sulci did not
occur predictably. These observations are best explained by the
mechanical hypothesis of cortical folding (Richman ez al., 1975).
According to this hypothesis, the differential growth between
the supragranular and granular/infragranular layers causes the
cortical surface to buckle under mechanical stress. Thus, sulci
should form more or less randomly. Although this hypothesis
fails to account for the predictable appearance of the primary
sulci, it correctly predicts that microgyria, a condition in which
there are numerous shallow gyri, has a greater than normal
surface of outer layers as compared to inner layers. Conversely, in
lissencephally the surface of outer layers as compared to inner
layers is decreased, and the brain surface is relatively smooth
with no tertiary gyri. Additional evidence for this hypothesis
comes from Zilles et al. (Zilles et al., 1989) and Armstrong et al.
(Armstrong et al., 1991), who observed that in normal rhesus
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Figure 5. Three-dimensional scatter-plots of neighboring areas around the coregistered centers of sulci ventral to the calcarine, in 11 subjects. Notice the marked asymmetry
between left and right hemispheres in the distribution of functional areas around the first ventral sulcus. d = mean distance between areas and sulci in mm, after normalization into
Talairach space.

monkeys, both the maximal degree of cortical folding and the

theories of sulcal/gyral development (Armstrong et al., 1991,
maximum surface of outer layers as compared to inner layers 1995)].
occur over the posterior parietal and anterior occipital regions In our analysis, except for area V4v and the HM representation
[see papers by Armstrong et al. for a discussion on dominant

in V1 (which were usually found within the posterior limb of the
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Table 4
Interhemispheric correlations with significance in atleast two axes (P < 0.05 in each axis)

Area—sulcal correlations (r)

Area—area correlations (r)

X y z X y 7
Left V1 LV1-right second ventral sulcus 0.477 0.805 0.767 LV1-Rv2v 0.015 0.731 0.680
LV1-Rv2d -0.020 0.916 0.632
LV1-RV3 -0.007 0.719 0.676
LV1-RV3a -0.058 0.633 0.601
Left V2v LV2v-right second ventral sulcus 0.078 0.731 0.811 LV2v-RV2v -0.431 0.770 0.685
LV2v-RVP -0.206 0.658 0.736
LV2v-RV3 0.137 0.610 0.666
Left calcarine RV1—left calcarine 0.477 0.698 0.601
RV2v-left calcarine 0.354 0.688 0.682
RV2d-left calcarine -0.201 0.892 0.656
RV3—left calcarine -0.282 0.701 0.655

Correlation coefficient (r ) of 0.6 has a significance of P < 0.05 forn = 11.
x-axis = medial-lateral axis; y-axis = anterior—posterior axis; z-axis = superior—inferior axis.

[ Calcarine Sulcus
: First Ventral Sulcus

Dcclpital
e pnll.‘-?

d Dorsal Sul
Second Ventral Sulcus

Figure 6. Right posterio-lateral (a) and left posterio-lateral (b) views of a brain model, illustrating sulcal-functional correlation by lines joining the mean locations of sulcal centers

(cubes) with spatially covarying functional areas (ellipsoids) in Talairach space.

collateral sulcus and the calcarine respectively), there did not
seem to be any consistent preference of an area or a border to be
located within a sulcus or on the exposed surface of the brain.
Testing the hypothesis generated by the tension-based theory of
morphogenesis and the theory of gyrogenesis, our study found
that the V2d/V3 border was located within a sulcus in six out of
11 right hemispheres, and within a sulcus in two out of 10 left
hemispheres. The V2v/VP border was located within a sulcus in
eight out of 11 right hemispheres, and within a sulcus in six out
of 11 left hemispheres. Pooling data across both hemispheres,
the HM representation at the V2d/V3 border occurred within a
sulcus in only eight out of 21 cases, and the HM representation at
the V2v/VP border occurred within a sulcus in 14 out of 22
instances. Similarly, even though the spatial location of the HM
representation in area V1 covaried significantly with that at the
V2d/V3 border in the left hemisphere, there was no such spatial
covariance in the right hemisphere. Conversely, the HM repres-
entation in area V1 covaried significantly with that at the V2v/VP
border in the right hemisphere, yet the corresponding correla-

tion was absent in the left hemisphere. In brief, although there
was some evidence for the hypothesis of minimal axonal
distance and the theory of gyrogenesis based on covariance
analysis, this evidence remains inconclusive due to a relative
dearth of consistent covariances across both hemispheres.

An alternative explanation may be that only one of the HM
representations at the V2d/V3 or the V2v/VP borders in a given
hemisphere is able to minimize the aggregate axonal distance
through sulcation due to the competitive nature of synapse
formation (Rakic, 1988). If so, this still does not explain the
formation of sulci which did not have either the VM or the HM
representations within them. As mentioned above, with the
exception of V1(H) and area V4v, there did not seem to be any
consistent preference of an area or a border to be located within
a particular sulcus or on the exposed surface of the brain. Lack
of absolute correspondence between the calcarine and the HM
representation in V1 in the right hemisphere is the starkest
example of this inconsistency. The considerable variation among
subjects in the location of the center-of-activation in V1 with
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respect to the length of the calcarine sulcus is another. This lack
of strict correspondence has also been reported another group
(Aine et al., 1996).

In summary, based on our analysis, none of the theories in
their present form sufficiently explain the observed selected
structure-function covariance, or lack thereof, due to a relative
dearth of consistent covariances which were present in both
hemispheres between a specific functional area and secondary
sulcus. We propose that the timing of formation is more
important in determining whether a sulcus will spatially covary
with functional architecture, than the overall ‘compactness’ of
the cortical connections. Formation of the primary sulci in mam-
mals occurs during the second trimester, as neurons migrate
along glial radials from the ventricular proliferative centers to the
cortical surface (Rakic and Singer, 1988). During this stage of
radial growth of the cerebral cortex, the development of sulci
and functional areas may be tightly linked as witnessed by the
relatively constant relationship between primary sulci and
functional areas. Thus, the theory of gyrogenesis as proposed by
Welker (Welker, 1990), which suggests that areas of rapid
growth (e.g. the center of a functional zone) will form gyri, so
that boundaries between functional areas will tend to lie along
sulcal pits, best explains the linkage at this stage of ontogeny. By
the beginning of third trimester the radial neuronal migration is
complete. During the third trimester and for some time after
birth, the cortical development is predominated by the matura-
tion of the neuropil (Berry, 1982). Moreover, neurons may
migrate tangentially at these later stages of corticogenesis (Rakic,
1990). Hence, tangential growth of the cerebral cortex continues
after radial migration of neurons is completed. The differential
tangent growth of outer cortical lamina when compared with to
inner cortical layers as postulated by Richman et al. must occur
at these later stages because the outer layers are the last to form
during radial migration of neurons (Richman et al., 1975). Thus,
the formation of secondary and tertiary sulci during the third
trimester and during the immediate postnatal period may be
more influenced by simple mechanical folding of the cortex.
This more or less random buckling may actually distort and
displace the original placement of the functional areas and
would account for the more variable appearance of the
secondary and tertiary sulci. In short, sulcal landmarks that form
during a period when the radial growth of the cerebral cortex is
predominant are more constant and covary with functional
areas. On the other hand, sulci that form later during a predom-
inantly tangential growth phase are more variable both in their
appearance and in their covariance with functional areas.

Spatial Distribution of Significant Structure-Function
Covariances

Although no strict correspondence was present between the
boundaries of the early visual areas and the sulcal locations, a
certain pattern was present in the distribution of significant
sulcal-functional covariances. The majority of functional areas
covaried with the calcarine sulcus, the second dorsal and the
second ventral sulci (Fig. 6). The only spatial covariances found
for the first ventral or the first dorsal sulci were between V2v and
the first ventral sulcus in the right hemisphere, and between the
V1/V2d and V2v/VP borders and the first ventral sulcus in the
left hemisphere. There was a relative abundance of significant
area-area as well as area-sulcal spatial covariances in the left
hemisphere, when compared to the right hemisphere. Because
selected neurons send axons across the corpus callosum even
while they are migrating to the cortical surface during mor-
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phogenesis (Schwartz et al., 1991; Auladell et al., 1995), we
examined interhemispheric covariances to assess if the location
of functional and sulcal landmarks in one hemisphere affected
the placement of the corresponding landmarks in the opposite
hemisphere. Intriguingly, left V1, left V2v and the left calcarine
sulcus covaried significantly with more areas in the contralateral
hemisphere than right V1, right V2v and the right calcarine
sulcus in their own hemisphere (Table 4). One explanation
would be that because the two hemispheres share the confines
of the same skull, it is likely that the areas in the two hemispheres
will covary. Still, it is hard to explain why the interhemispheric
spatial covariances should be more numerous than the intra-
hemispheric spatial covariances for area V1, area V2v and the
calcarine sulcus in the right hemisphere. For example, the left
calcarine not only covaried with area V1, area V2v, area V2d and
area V3 in its own hemisphere, but also covaried with these same
areas in the contralateral hemisphere. These relationships did
not hold true for the right calcarine sulcus. Similarly, the left
primary visual cortex not only spatially covaried with areas V2v,
V2d and V4 in its own hemisphere, but also with area V2v, area
V2d, area V3 and area V3a in the contralateral hemisphere
(Tables 3 and 4). In contrast, the only significant interhemi-
spheric spatial covariance for the right primary visual cortex was
with the left calcarine sulcus. These findings could be explained
if right V1 and the right calcarine sulcus were more variable in
Talairach space, when compared to their left counterparts.
However, the variability of the calcarine and V1 in the two hemi-
spheres was not statistically different in any of the axes (Tables 1
and 2).

Alternatively, one could hypothesize that the primary func-
tional areas and structures in one hemisphere may differentiate
before those in the other hemisphere, thus determining domin-
ance and handedness, as well as influencing the placement of
functional areas and sulci in the non-dominant hemisphere more
strongly than the other way around. Thus, the relative timing of
corticogenesis may result in the interhemispheric asymmetry of
covariance between sulcal and functional structures, as well as
the intrahemispheric pattern present in the distribution of
significant sulcal-functional covariances. Interpreted in this
manner, the pattern and apparent asymmetry of covariances
would support the premise that functional areas and sulci
developing early enough during ontogeny will influence the
placement of subsequently maturing functional areas.

It was also interesting to note that more significant spatial
covariances occurred on the z-axis than on any of the other two
axes. This may be due to the fact that the sulci and areas in the
medio-posterior occipital lobe are organized more or less along
the z-axis, and can be classified as being ventral (inferior) or
dorsal (superior) to the primary visual cortex or the calcarine. In
contrast, there were relatively few significant spatial covariances
on the x-axis, which is more or less perpendicular to the length
of the sulci in the medio-posterior occipital lobe. Again, this
observation argues that sulcal and functional organizations are
interlinked.

Application to Spatial Normalization Algorithms

The practical implications of this study are also notable. The
reliability of structure-function relationships is of fundamental
importance to pre-operative planning and lesion-deficit re-
search. In addition, spatial normalization is widely used for
neuroimaging research, both functional and structural. The
great majority of published reports employ linear trans-
formations, which make little or no use of surface anatomy. If



surface anatomy has strong predictive value for functional
localization, it could be a valuable addition to present spatial
normalization techniques. Ideally, an analysis of structure-
function covariance would identify the surface features with
the greatest predictive value, for selective incorporation in
normalization strategies. Analogously, it has often been
suggested that functional areas can serve as landmarks for
adjacent functional areas. Many brain-mapping studies, for
example, include tasks, which reliably activate well-known
areas, to localize new areas by reference. The following are some
of the spatial relationships that could be used towards the goal of
improving upon linear normalization transforms.

Spatial covariances that were consistent across both hemi-
spheres included significant covariance among adjoining areas,
reflecting their common borders. Area V2d and area V3 spatially
covaried with the calcarine sulcus in both left and right
hemispheres. Also of note was the significant covariance of area
V2v and of the HM representation at the V2v/VP border with the
second ventral sulcus. These correlations in the inferior occipital
lobe were the only notable ones that existed between adjacent
sulci and visual areas in both hemispheres. Strong spatial
covariance existed between the borders of V3, indicating a
regular structure. No other area exhibited this trait across both
hemispheres.

If a sulcus and a functional area covary across a population, it
follows that, in general, the displacement of one structure from
its mean in a particular individual will predict the displacement
of the other from its mean in that individual. One method of
applying the above findings to better localize an area in a
particular individual would be to first identify a sulcus that is
known to significantly covary with that area in a particular axis.
The second step would be to compute the vector distance
between the coordinates for that sulcus and the reported mean
coordinates for that sulcus in a stereotaxic space. This vector
could then be used to translate the reported mean coordinates
for the functional area at issue, thus increasing the probability of
localization of the area in that particular individual. For example,
the vector distance between the center of the calcarine in a given
individual, and the reported mean coordinates for the calcarine
on the y- and z-axes could be calculated. These vectors can then
be applied to translate the reported mean coordinates for
extra-striate visual areas V2d and V3 on the y- and z-axes, in order
to better localize these areas in that particular individual.

Conversely, this concept can be summarized mathematically
by recalling the definition of sample variance:

n-1

If S? is the sample variance of a functional area in a stereotaxic
space on a particular axis, this variance can be reduced by
adding a correctional vector C; to the mean location X, for that
functional area in each of the individuals based on a sulcus that
has been found to covary with that area:

§2= [(Xm +C;) _Xi]z
n-1

In our example, this correctional vector is the displacement of
the center of the calcarine in a given subject from the mean
coordinates for the calcarine on the y- and z-axes.

Even though the geometric center of primary visual cortex
significantly covaried with the calcarine sulcus in the left
hemisphere only, the calcarine was always found to be within
the bounds of V1. In addition, area VP and area V4v were closely

associated with the posterior limb of the collateral sulcus, such
that area VP was usually found at the medial lip of the posterior
limb, and area V4v was found within the posterior limb of the
collateral sulcus (in 19 out of 22 subjects). These findings can be
used to provide limits for a search of these areas in a particular
individual.

In summary, the fact that significant spatial correlations
between selected sulci and functional areas were obtained
suggests that these functional and sulcal landmarks contain
information about the structure of the functional map, which is
not obviated by nine-parameter normalization. This residual
covariance can be used to improve upon the linear normalization
algorithms, and may serve as a test for the ‘goodness’ of spatial
normalization techniques.
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