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An anatomical parcellation of the spatially nor-
malized single-subject high-resolution T1 volume
provided by the Montreal Neurological Institute
(MNI) (D. L. Collins et al., 1998, Trans. Med. Imag. 17,
463–468) was performed. The MNI single-subject
main sulci were first delineated and further used as
landmarks for the 3D definition of 45 anatomical
volumes of interest (AVOI) in each hemisphere. This
procedure was performed using a dedicated soft-
ware which allowed a 3D following of the sulci
course on the edited brain. Regions of interest were
then drawn manually with the same software every 2
mm on the axial slices of the high-resolution MNI
single subject. The 90 AVOI were reconstructed and
assigned a label. Using this parcellation method,
three procedures to perform the automated anatom-
ical labeling of functional studies are proposed: (1)
labeling of an extremum defined by a set of coordi-
nates, (2) percentage of voxels belonging to each of
the AVOI intersected by a sphere centered by a set of
coordinates, and (3) percentage of voxels belonging
to each of the AVOI intersected by an activated clus-
ter. An interface with the Statistical Parametric
Mapping package (SPM, J. Ashburner and K. J. Fris-
ton, 1999, Hum. Brain Mapp. 7, 254–266) is provided
as a freeware to researchers of the neuroimaging
community. We believe that this tool is an improve-
ment for the macroscopical labeling of activated
area compared to labeling assessed using the Ta-
lairach atlas brain in which deformations are well
known. However, this tool does not alleviate the
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need for more sophisticated labeling strategies
based on anatomical or cytoarchitectonic probabi-
listic maps. © 2002 Elsevier Science

INTRODUCTION

One of the major goals of modern human neuro-
science research is to establish the relationships be-
tween brain structures and their functions and to re-
duce the anatomical and functional variability which is
considerable between subjects. To reduce the anatom-
ical variability, the first step of group analysis in acti-
vation studies consists of applying tools for spatial
registration and normalization of brain images taken
from different individuals. This can be achieved using,
in particular, the procedure implemented in the Sta-
tistical Parametric Mapping package (SPM, Friston et
al., 1995b; Ashburner and Friston, 1999). In the
SPM99 package the target brain for spatial normaliza-
tion consists in the average of 152 brains (MNI aver-
age), supplied by the Montreal Neurological Institute
(MNI) (Collins et al., 1994). However, because of the
lack of detailed anatomical features on the average
anatomical image, functional imaging results are usu-
ally overlaid on a high-resolution single-subject T1-
weighted MR, termed the MNI single subject in this
work. Since this brain is not anatomically labeled, most
researchers prefer the use of the Talairach atlas (Ta-
lairach and Tournoux, 1988) to report the localization
of the activations detected in functional imaging stud-
ies, because it offers a detailed anatomical brain de-
scription within the stereotaxic space, including Brod-
mann’s areas (BA). However, assigning a set of
coordinates to an anatomical label using the paper
Talairach atlas is quite inaccurate for several reasons:
1053-8119/02 $35.00
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FIG. 1. (A) Overlay of the Talairach atlas on the T1 average of 152 subjects. (B) Overlay of the Talairach atlas on the T1 average of 152
subjects after the nonlinear correction proposed by the MRC Cognition and Brain Sciences Unit (Cambridge, England, http://www.mrc-
cbu.cam.ac.uk/Imaging/mnispace.html). (C) Overlay of the Talairach atlas on the T1 single-subject template after the nonlinear correction.
(D) Overlay of the cortical gray matter of the T1 single-subject template on the T1 average of 152 subjects. (Cortical strip, blue; Rolando
sulcus anterior cortical bank, light orange; subcortical structures, yellow; cerebellum, orange). The Talairach right hemisphere was computer
graphically created as the mirror image of the left hemisphere. The red dot indicates a region labeled as Broca’s area with reference to
Talairach atlas and insula on the MNI single subject.



275TECHNICAL NOTE
FIG. 2. Sulci definition on the three-dimensional renderings of the T1 MNI single-subject brain: (A) Lateral view; left hemisphere is on
the left. From front to back one finds in the superior part of the hemispheres the following sulci: superior frontal (dark green), inferior frontal
(red), horizontal ramus of the sylvian fissure (light green), vertical ramus (cyan), diagonal sulcus (yellow, not used for the parcellation),
precentral (purple), Rolando (red), postcentral (cyan), intraparietal and intraoccipital (purple), anterior limit of the occipital lobe, corre-
sponding in its inferior part to the anterior occipital sulcus (light green), transverse occipital (yellow), inferior occipital (pink). From top to
bottom, in the inferior part of the hemisphere: sylvian fissure (red), superior temporal (dark green), angular (cyan), and inferior temporal
(dark blue). (B) Parasagittal medial view, from front to back: paracingulate (red), cingulate (orange), anterior rostral sulcus (purple, not used
for the parcellation), paracentral (light green), Rolandic sulcus (red), marginal ramus (orange), subparietal sulcus (yellow), parietooccipital
sulcus (blue), and calcarine fissure (cyan). (C) Superior view: the superior frontal (dark green) runs in the same direction and is symmetric
in an horizontal plane with the intraoccipital sulcus (purple), rolandic sulcus (red), the precentral (purple) and the postcentral (cyan) run
parallel. Inferior view: in the frontal lobe are depicted the orbital (white) and olfactory (red) sulci. In the temporal lobe: rhinal sulcus (light
green), inferior temporal (dark blue), occipitotemporal (yellow), and collateral fissure (red). (The dotted lines represents the extended limits
used for parcellation.)
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the sampling of the Talairach brain is coarse (4 mm), a
single hemisphere is labeled, and there are a lot of
ambiguities when the point defined by a set of coordi-
nates falls in between different brain areas. To im-
prove this procedure, some authors have proposed an
automatic labeling of activations based on the Ta-
lairach atlas (Lancaster et al., 2000), to provide a hier-
archical classification including BA as the cell type.
The principle of this approach is of interest because it
offers a reference frame for activation labeling, but the
loose relationship existing between BA as defined in
the Talairach atlas, and both the functional and the
structural anatomy, is a serious drawback. As a matter
of fact, there is such a large intersubjects’ variability in
cytoarchitectonic areas that one cannot consider such
labeling as reliable (Rajkowska and Goldman-Rakic,
1995) out of the primary cortices (Rademacher et al.,
1993). Moreover a rigorous cytoarchitectonic classifica-
tion requires the use of automated cytoarchitectonic
definition (Schleicher et al., 1999). In addition, even
with the help of an automated procedure, the labeling
of activation based on the Talairach atlas remains in-
accurate since, when researchers refer to this brain
atlas after images spatial normalization, the corre-
spondence between the Talairach atlas brain and ei-
ther the MNI average template (Figs. 1A and 1B) or
the MNI single-subject template (Fig. 1C) is not satis-
factory. There is, indeed, a larger extent of the MNI
single-subject template in the z axis, and Talairach’s
brain shows deformations in its posterior part. As a
matter of fact, this brain is a specimen of a 60-year-
old female brain that had been kept for years in
formol. Thus, one should not be surprised to observe
anatomical differences between this ex vivo prepara-
tion with the in vivo MRI of a young male adult.
Some authors (MRC Cognition and Brain Sciences
Unit, Cambridge, England, http://www.mrc-cbu.cam.
ac.uk/Imaging/mnispace.html) have proposed an em-
pirical algorithm to make the correspondence between
the coordinates obtained from images normalized
with the MNI average template as the target and the
Talairach atlas brain (see Fig. 1B). After such correc-
tion, because of the intrinsic deformation of the brain
labeled in the latter atlas, errors in anatomical labeling
are still present that can be of importance in the inter-
pretation of functional imaging studies. For example, a
region labeled as Broca’s area with reference to Ta-
lairach atlas may correspond to the insula on the MNI
single-subject template because of both the differences
in brain size and the presence of cortical atrophy in the
Talairach atlas’s brain (see Fig. 1B). As the MNI sin-
gle-subject template is provided spatially registered
and normalized to the MNI average template, the over-
lay of these two templates is free from any gross ana-
tomical mismatch. This is shown in Fig. 1D, where a
segmentation of the gray matter of the MNI single-
subject template was overlaid on the MNI average
template. Note for example the good match in the up-
per regions of the brain and in both insula compared to
the poor match exhibited with the Talairach atlas
(Fig. 1B).

In the present study we propose an automated ana-
tomical labeling of activations detected with PET or
fMRI studies, based on an anatomical parcellation of
the MNI single-subject brain using a method developed
in our laboratory (Tzourio et al., 1997). This work does
not aim at solving the question of interindividual ana-
tomical variability which remains from 9 to 18 mm
after an affine stereotaxic normalization, depending on
the brain regions considered (Thompson et al., 1996).
Indeed, the anatomical labeling from a single-subject
MRI does not provide the absolute anatomical localiza-
tion that can only be determined by reference to indi-
vidual anatomy or approximated by reference to ana-
tomical probabilistic maps. Rather, the purpose of this
work was to suppress the confusion existing in the
literature regarding the relationship between a set of
coordinates and its anatomical label. This is an impor-
tant issue, since the strength of the stereotaxic normal-
ization methodology is to provide a common system of
reference in functional imaging research which at
present blurred by the lack of an adapted and conve-
nient tool for the last step in the procedure, namely,
reporting on the localization of activations. We will
first give an overview of the method and then a detailed
description of the anatomical parcellation is provided
along with an application routine.

OVERVIEW OF THE METHOD

MNI Single-Subject Images

The MNI single-subject MRI brain template used in
the present study comes from the Montreal Neurolog-
ical Institute database. This brain template was ob-
tained from the MRI acquisition of a young man whose
brain was scanned 27 times using a T1-weighted gra-
dient echo sequence (TR/TE/FA 5 18 ms/10 ms/30°).
Each acquisition was corrected for inhomogeneities
(Sled et al., 1998) and spatially normalized (Collins et
al., 1994) using a linear nine-parameter transforma-
tion. The average of the 27 acquisitions was provided to
be used with their MNI web brain simulator (Collins et
al., 1998) and with the statistical parametric mapping
package (SPM; Friston et al., 1995b; Ashburner and
Friston, 1999). In addition, a segmentation in eight
classes including gray matter, white matter, cerebro-
spinal fluid, fat, muscle/skin, skin, skull, and glial mat-
ter has been made available. In the SPM package this
data set was given the name “single_subj_T1” and was
sampled in 8-mm3 cubic voxels. For the present work
we used the high-resolution version (1-mm3 cubic vox-
els) after removing nonbrain tissues through the use of
a custom-built software program (Quinton et al., 1997).
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Sulci Delineation

The sulci course was first tracked using both the
three-dimensional hemisphere surface renderings and
the slice displays in the three major incidences (axial,
sagittal, coronal), a method which allows one to cir-
cumvent the anatomical ambiguities present when
working on a single incidence. The sulci were then
drawn on the 3D rendering of the cortical surfaces (Fig.
2). This was performed after applying a software de-
veloped in our laboratory (Voxeline, Diallo et al., 1998)
allowing, as others have shown (Frank et al., 1997), 3D
tracking and drawing of anatomical landmarks both on
the external surface of the hemisphere and on any
incidences.

Regions Drawing

Regions of interest (ROI) were drawn manually ev-
ery 2 mm on axial slices (Figs. 3 and 4) using Voxeline
that includes tools for 2D region of interest manual
delineation. The sulci landmarks were used as the
limits of the ROI on the outer surface of the brain.
Starting from the landmark, inner boundaries were
traced along the sulci internal course. The ROI inter-
nal limit was defined as the 60% isocontour obtained on
the PET template of SPM99, although when, due to
partial volume effect, some gray matter appeared in-
ternally to the isocontours it was included in the ROI.

3D Anatomical Volumes of Interest (AVOI)

Each region was two dimensionally filled using a
four-neighbors connectivity algorithm (edges connec-
tions), and for each anatomical region a 3D AVOI,
including all its 2D pieces, was created. For each AVOI
we created both a 1- and a 8-mm3 sampled volume. As
the initial ROI were drawn every 2 mm in the inferior–
superior direction, the 1-mm3 volume was calculated
using a nearest neighbor interpolation scheme to cre-
ate a 2D region on the untraced axial slices. Each AVOI
was then given a gray-level code and included in the
global templates. We also computed the volume show-
ing only the outline of the anatomical regions.

Automated Anatomical Labeling

We implemented three procedures for the automatic
anatomical labeling of the functional activation map:
(1) local maxima labeling, (2) extended local maxima
labeling, and (3) cluster labeling. Each type of labeling
procedure assumes that the functional map has been
spatially normalized using the MNI template. In the
first step, the functional map is thresholded and then
both the local maxima and the clusters are extracted.
The three procedures are described bellow and graph-
ically illustrated in Fig. 5.

Local maxima labeling (Fig. 5A) is the simple assign-
ment of the label of the AVOI it belongs to. If the local
maxima does not belong to any AVOI, the labels of the
three nearest anatomical regions are listed as well as
the smallest distance between these AVOI and the
local maxima.

In extended local maxima labeling (Fig. 5B), a spher-
ical volume surrounding the local maxima is defined.
The radius of this region is chosen by the user (a
reference value of 10 mm is used in our laboratory, see
Discussion). For each AVOI we compute the number of
voxels overlapping this spherical region. The none null
numbers are expressed in percentage of overlap to the
total number of voxels of the spherical volume and
sorted in a descending order. Note that if some parts of
the spherical volume fall outside any AVOI, a label
“outside” is included in the list.

In cluster labeling (Fig. 5C), we use the same proce-
dure as the extended local maxima labeling, replacing
the spherical volume by the functional cluster.

SPM Anatomical Labeling Interface

The three procedures were coded in Matlab in order
to be compatible with the SPM result data structure.
The procedures are called through different command
lines under the Matlab environment. Each procedure
prompts the user for the Matlab result file to be ana-
lyzed and all the parameters asked in a regular SPM
result analysis: contrast, statistical threshold, and
minimum cluster size, using the “spm_getSPM” rou-
tine of SPM. This routine extracts, for the selected
contrast, the clusters and for each cluster the three
more significant local maxima (separated by more than
8 mm). In the following step, the user chooses an AVOI
template, namely either the 1- or the 8-mm3 templates.
The choice between the two templates is a tradeoff
between resolution (better in the 1mm3) and speed
(faster in the 8mm3). The three labeling methods out-
put are redirected on the “Graphics” window of SPM as
a table (see Fig. 6 in the result section for an example)
including the local maxima stereotaxic coordinates and
its anatomical label. For the cluster labeling, only the
most significant local maxima stereotaxic coordinates
are listed. For the local maxima labeling, the distance
is added to the table and, for the extended local max-
ima and cluster labeling, the percentage of overlap is
shown.

MNI SINGLE-SUBJECT BRAIN PARCELLATION

Sulci Identification

For the purpose of the anatomical parcellation we
identified 31 sulci: 18 on the lateral surface of each
hemisphere (Table 1, Fig. 2A), plus, in the depth of the
cortical mantle, the circular sulcus of the insula and
the deep temporal sulcus, 7 on each of the medial
interhemispheric surface (Fig. 2B) and 6 on each of the
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inferior brain surface (Fig. 2C). We chose to select
constant sulci, primary and secondary sulci in terms of
their apparition during fetal life (Chi et al., 1977). We
made an exception for the inferior temporal sulcus that
develops later in the brain maturation and shows an
important variability in terms of its course, number of
segments, and types of ending (Ono et al., 1990) be-
cause it was identifiable in both hemispheres and al-
lowed the split of the middle and inferior temporal gyri.

In order to document the MNI single-subject brain
anatomy with respect to sulcal variability, we show the
probability as reported in the Ono statistical brain
atlas (Ono et al., 1990) only when a particular anatom-
ical configuration was met (probability ,50%). The
probabilities are given in percentages, in brackets, L
and R referring to the left and right hemisphere, re-
spectively.

Lateral Surface of the Hemispheres

The central region: Rolandic, postcentral, and pre-
central sulci. To identify the Rolandic sulcus (also
termed the central sulcus) we used four criteria: (1) on
upper axial slices, the Rolandic sulcus is characterized
by a typical notch (Rumeau et al., 1994; Sastre-Janer et
al., 1998) and never connects with any of surrounding
sulci that run in a different direction such as the su-
perior frontal sulcus or the intraparietal sulcus (Kido et
al., 1980); (2) it is always located between two parallel
sulci, namely the precentral and the postcentral sulci
(Fig. 2A); (3) on the paramedial sagittal slices, on the
vertex, the Rolandic sulcus forms a notch just in front
of the end of the ascending part of the marginal sulcus
(Steinmetz et al., 1990; Berger et al., 1990; Sobel et al.,
1993); and (4) on lateral sagittal slices, the Rolandic
sulcus is the third sulcus encountered when starting
from the ascending branch of the sylvian fissure and
moving caudally. Identification of the Rolandic sulcus
in both hemispheres was easy: it showed no interrup-
tion but we noted two particularities. On the vertex,
the Rolandic sulci ended with a “y” shape (Fig. 2C, left)
(L 0%, R 28%) and the left Rolandic sulcus showed an
anastomosis with the precentral sulcus at the hemi-
sphere surface (Fig. 2A, left) (0%). Once the Rolandic
sulcus was identified, it was easy to locate the precen-
tral and postcentral sulci that both run parallel, ros-
trally and caudally, respectively. In the left hemi-
sphere, the precentral sulcus showed an uninterrupted
course to the vertex after its anastomosis in its lower
part with the Rolandic sulcus. In the right hemisphere,
it was constituted of two segments, making a “pli de
passage” above its meeting point with the inferior fron-
tal sulcus (Fig. 2A, right). The postcentral sulci were in
two segments in both hemispheres and met the sylvian
fissure on both sides.

The frontal lobe: Superior and inferior frontal sulci
and ascending and horizontal Sylvian rami. Within
the frontal lobe, the superior frontal sulci started on
the vertex by an anastomosis perpendicular to the pre-
central sulcus and showed no interruption in their
course (L 32%, Fig. 2C, left). The middle frontal sulcus
was clearly seen on lateral sagittal slices, describing a
curve from its anastomosis with the lower third of the
precentral sulcus toward the anterior part of the syl-
vian fissure that it reached neither in the right nor in
the left hemisphere (Fig. 2A). The horizontal ramus of
the sylvian fissure was clearly seen in both hemi-
spheres, as well as the ascending ramus, intercepted
by the diagonal sulcus on both sides (Fig. 2A).

The temporal lobe: Sylvian fissure and superior and
middle temporal sulci. The sylvian fissure was easy
to identify, moving across the brain and following an
uninterrupted anteroposterior course. Its start consti-
tuted the limit between the temporal pole and the
frontal lobe, and it ended caudally by a bifurcation into
two sulci: one ascending and one descending. The ter-
minal ascending segment of the sylvian fissure was
clearly seen on MNI single-subject cortical surfaces in
both hemispheres (Fig. 2A).

The left superior temporal sulcus (t1) started at a
small distance from the pole, showing a vertical ending
parallel to the sylvian fissure. In this hemisphere the
angular sulcus, representing the center of the angular
gyrus, was the posterior parallel of the posterior end-
ing of t1. In the right hemisphere t1 showed a horizon-
tal course, and the angular sulcus was anterior to t1
posterior ending.

The middle temporal sulci started at the temporal
pole, with only one interruption in each hemisphere (R
8%, L 0%). On the left, an accessory sulcus was present
in its midpart, connecting it to a lower segment of t1. In
the right hemisphere it ended caudally by its union
with the anterior occipital sulcus (R 4%), while in the
left side it merged with the inferior occipital sulcus
(L 0%).

The parietal lobe and occipital lobe. The intrapari-
etal sulcus was identified in both hemispheres as a
very deep sulcus starting by a long connection within
the midpoint of the internal–external course of the
postcentral sulcus on the superior view of the brain
(Fig. 2C, left), showing an anteroposterior course in the
parietal lobe and joining the occipital lobe to become
the intraoccipital sulcus. It was divided in two seg-
ments on both sides.

The inferior occipital sulcus (Dejerine, 1980) was in
the continuation of the posterior segment of the middle
temporal sulcus and showed no interruption until its
ending at the occipital pole in the left hemisphere. On
the right, the inferior occipital sulcus was reduced to a
very small segment, symmetrical to the left.

The anterior occipital sulcus was identified in both
hemispheres as the sulcus starting from the inferior
border of the lateral surface of the hemisphere, nearby
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the preoccipital notch (also called Meynert notch), at
the junction between the occipital and inferior tempo-
ral gyri. It followed a short vertical course, forming the
anterior limit of the occipital lobe in its inferior part.

Internal Surface of the Hemispheres

Frontal lobe: Cingulate, paracingulate, and paracen-
tral sulci. The cingulate sulci were present in both
hemispheres, showing two interruptions on both sides.
The anterior origin of the cingulate sulcus showed no
connection with the anterior rostral sulcus (Fig. 2B) in
either hemisphere. In the left hemisphere there was a
continuous paracingulate or intralimbic sulcus dupli-
cating the cingulate sulcus upward (Paus et al., 1996).
In the right hemisphere the paracingulate sulcus was
limited to two small segments. The marginal ramus of
the cingulate sulcus was also identified to serve as the
posterior limit of the paracentral gyrus in both hemi-
spheres.

The paracentral sulcus was identified as the sulcus
anterior to the Rolandic notch on the internal surface
of each hemisphere. It started nearby the posterior
part of the cingulate sulcus and followed a posteroan-
terior course in direction of the vertex. In the right
hemisphere it was a side branch of the cingulate sulcus
(24%), while in the left hemisphere it was connected to
the lateral surface (12%).

In both hemispheres subparietal sulci were located
in a vertical axis, posterior to the corpus callosum
posterior side, as a small free sulcus on both sides (R
4%, L 8%).

Occipital lobe: Parietooccipital sulcus and calcarine
fissure. The parietooccipital sulcus, a constant and
deep primary sulcus, showed a caudorostral and dor-
soventral course that was clearly seen on both internal
hemispheric surfaces (Fig. 2B). The calcarine fissure
started at the occipital pole in the right hemisphere
and followed an uninterrupted course in a caudorostral
and ventrocaudal direction toward its junction with the
parietooccipital sulcus, at its inferior third. In the left
hemisphere its course started at the occipital pole,
showed an interruption, and then had a continuous
course toward the inferior third of the parietooccipital
sulcus.

Inferior Surface of the Hemisphere

Frontal lobe: The third frontal sulcus, the fourth
frontal sulcus, or olfactory sulcus. In the orbital part
of the frontal lobe we identified the third frontal sulcus
(or orbital sulcus), that described a “y” trajectory in
both hemispheres. This sulcus allowed us to limit, in-
ternally, the orbital parts of the inferior and middle
frontal gyri, and externally, the orbital part of the
superior frontal gyrus (Dejerine, 1980). We were also
able to draw the olfactory sulcus that represents the
outer limit of the gyrus rectus and the internal limit of
the orbital part of the superior frontal gyrus and de-
scribes a deep line parallel to the interhemispheric
plane (Fig. 2C).

Temporal lobe: Collateral fissure, rhinal sulcus, and
occipitotemporal sulcus. The collateral fissure was
identified in both hemispheres on sagittal slices as a
deep sulcus showing an anteroposterior uninterrupted
course. It showed a single posterior end and no lateral
side branch in the right hemisphere (24%) as well as in
the left hemisphere (36%). It gave the parahippocam-
pal ramus bilaterally as a side branch of the main
trunk, a frequent pattern that marks the posterolat-
eral end of the hippocampus.

The occipitotemporal sulcus, using the denomination
of Ono, presented three segments in the left hemi-
sphere, with a long posterior end in the occipital pole.
In the right hemisphere it was made of two segments
and ended, as in the left hemisphere, in the occipital
pole.

The anterior part of the rhinal sulcus was short in
both hemispheres and did not show any connection
either with the collateral fissure or with the occipito-
temporal sulcus (Fig. 2C, right). One should note in the
left hemisphere an anastomosis with the anterior end-
ing of the middle temporal sulcus, a configuration not
described by Ono et al. (1990).

Regions Definition

We used the sulci to delineate 45 AVOI in each
hemisphere, as listed in Table 2, although we had to
add arbitrary limits in some cases. The vertical plane
passing by the anterior commissure (VAC) was used as
the posterior limit of the temporal pole, for the superior
and middle temporal gyri. A plane located 20 mm for-
ward and parallel to VAC was used for the anterior
limit of SMA. A horizontal plane, going through the
point where the sylvian fissure starts its verticaliza-
tion and gives a side branch, was used as a limit
between the superior temporal gyrus (ventrally) and
the supramarginalis gyrus (dorsally). The ascending
and horizontal Sylvian branches were prolonged in
order to delineate the opercularis, triangularis, and
orbitalis parts of the inferior frontal gyrus. To define
the limit between the occipital and parietal lobes we
drew a line from the top of the parietooccipital sulcus
descending toward the preoccipital notch. Along its
trajectory, this line met the anterior occipital sulcus in
both hemispheres, providing a good delineation be-
tween the occipital and temporal lobe in the inferior
third of the hemispheres.

Central Region

Precentral gyrus and postcentral gyrus. The pre-
central gyrus was defined as the region limited ros-
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trally by the precentral sulcus and caudally by the
Rolandic sulcus, while the postcentral region ran cau-
dally parallel to it, limited rostrally by the Rolandic
sulcus and caudally by the postcentral sulcus.

Rolandic operculum. The limits of this region were
based on the definition given by Dejerine (1980). It was
constituted by the region lateral to the posterior con-
volutions of the insula for its internal part and by the
union of the precentral and postcentral gyri after the
Rolandic sulcus ends for its lateral part. Neither the
opercular part of the inferior frontal gyrus nor the
posterior part of the parietal operculum belonged to
this region. These are parts of the pars opercularis of
the inferior frontal gyrus and of the supramarginalis
gyrus, respectively.

Frontal Lobe Lateral Cortex

The superior, middle, and inferior frontal gyri. The
superior frontal gyrus was limited by the superior fron-
tal sulcus externally and did not include the cortical
gray matter of the internal surface of the brain that
belonged to the medial superior frontal region. The
middle frontal gyrus was limited caudally by the pre-
central sulcus, ventrally by the middle frontal sulcus,
and dorsally and internally by the superior frontal
sulcus. The inferior frontal gyrus was limited by the
inferior frontal sulcus dorsally and rostrally and by the

FIG. 5. Illustration of the use of the parcellation and the label
outline of the parcellation was overlaid on the MNI single-subject z
the location of the local maximum (stereotaxic coordinates 40, 26, 0 m
a 10-mm sphere radius centered on the local maximum and the AVO
activation cluster and the AVOI parcellation.
precentral sulcus caudally. We subdivided this region
in three parts: the pars opercularis, the pars triangu-
laris, and the pars orbitalis. The rostral limit of the
pars opercularis was the ascending ramus of Sylvius
(the diagonal sulcus although easy to recognize in both
hemispheres was not taken into account as a limit) and
its caudal limit was the precentral sulcus. The pars
triangularis was located in between the inferior frontal
sulcus, the horizontal ramus of Sylvius, and the as-
cending ramus of Sylvius. The pars orbitalis located
ventrally to the horizontal Sylvian ramus.

The medial surface of the frontal lobe: Superior fron-
tal gyrus medial part, supplementary motor area, and
paracentral lobule. The region of the medial part of
the superior frontal gyrus included the gray matter
belonging to the internal surface of the hemisphere
anterior and superior to the cingulate gyrus from
which it was segregated thanks to the paracingulate
and cingulate sulci.

The SMA region included the functional definition of
SMA and pre-SMA. Its posterior limit was the para-
central sulcus, its inferior limit was the cingulate sul-
cus, and we choose to use the Talairach atlas anterior
limit: 20 mm ahead of the VAC plane. This was done
with reference to functional imaging studies that
showed that it corresponded to the anterior limit of
pre-SMA (for a review see Petit et al., 1998).

procedures of functional activation local maxima and cluster. The
mm axial slice. (A) Local maxima labeling: the red cross indicates

. (B) Extended local maxima labeling: percentage of overlap between
arcellation. (C) Cluster labeling: percentage of overlap between the
ing
5 0
m)
I p
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FIG. 6. Illustration of the automated anatomical labeling SPM interface. (A) Maximum intensity projection and corresponding result
table as provided by the SPM result section. (B) Output of the local maxima labeling. (C) Output of the extended local maxima labeling, the
sphere radius was set at 10 mm. (D) Output of the cluster labeling procedure.
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The caudal limit of the paracentral region was the
marginal sulcus, its ventral border was constituted by
the cingulate sulcus, and the paracentral sulcus
formed its rostral end. In the left hemisphere this
sulcus reached the vertex, but in the right side it ended
at distance from it and we drew a line that followed the
sulcus direction and joined the vertex to complete this
rostral limit.

The orbital part of the frontal lobe. In each hemi-
sphere six regions were defined inferior to the AC–PC
plane encompassing the orbital parts of the superior,
middle, and inferior frontal gyri. Within the internal

TABLE 1

List of Sulci Defined in Each Hemisphere

Anatomical description

Central region
Precentral
Rolandic
Postcentral

Frontal lobe
Lateral surface

Superior frontal
Middle frontal
Inferior frontal
Ascending ramus of the sylvian fissure
Horizontal ramus of the sylvian fissure

Medial surface
Cingulate
Paracingulate
Marginal ramus
Paracentral

Inferior surface
Third frontal or orbital
Fourth frontal or olfactory

Insular lobe
Circular sulcus of the insula

Temporal lobe
Lateral surface

Sylvian fissure
Superior temporal
Inferior temporal
Deep temporal

Inferior surface
Rhinal
Collateral fissure
Parahippocampal ramus of the collateral fissure
Occipitotemporal

Parietal lobe
Lateral surface

Intraparietal
Angular

Medial surface
Parietooccipital
Subparietal

Occipital lobe
Lateral surface

Anterior occipital
Intraoccipital
Inferior occipital

Medial surface
Calcarine fissure
TABLE 2

List of the Anatomical Regions of Interest Defined
in Each Hemisphere and Their Label

Anatomical description Label

Central region
Precentral gyrus PRE
Postcentral gyrus POST
Rolandic operculum RO

Frontal lobe
Lateral surface

Superior frontal gyrus, dorsolateral F1
Middle frontal gyrus F2
Inferior frontal gyrus, opercular part F3OP
Inferior frontal gyrus, triangular part F3T

Medial surface
Superior frontal gyrus, medial F1M
Supplementary motor area SMA
Paracentral lobule PCL

Orbital surface
Superior frontal gyrus, orbital part F1O
Superior frontal gyrus, medial orbital F1MO
Middle frontal gyrus, orbital part F2O
Inferior frontal gyrus, orbital part F3O
Gyrus rectus GR
Olfactory cortex OC

Temporal lobe
Lateral surface

Superior temporal gyrus T1
Heschl gyrus HES
Middle temporal gyrus T2
Inferior temporal gyrus T3

Parietal lobe
Lateral surface

Superior parietal gyrus P1
Inferior parietal, but supramarginal and

angular gyri P2
Angular gyrus AG
Supramarginal gyrus SMG

Medial surface
Precuneus PQ

Occipital lobe
Lateral surface

Superior occipital gyrus O1
Middle occipital gyrus O2
Inferior occipital gyrus O3

Medial and inferior surfaces
Cuneus Q
Calcarine fissure and surrounding cortex V1
Lingual gyrus LING
Fusiform gyrus FUSI

Limbic lobe
Temporal pole: superior temporal gyrus T1P
Temporal pole: middle temporal gyrus T2P
Anterior cingulate and paracingulate gyri ACIN
Median cingulate and paracingulate gyri MCIN
Posterior cingulate gyrus PCIN
Hippocampus HIP
Parahippocampal gyrus PHIP

Insula IN
Sub cortical gray nuclei

Amygdala AMYG
Caudate nucleus CAU
Lenticular nucleus, putamen PUT
Lenticular nucleus, pallidum PAL
Thalamus THA
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face of the superior frontal gyrus orbital, we isolated
the medial wall corresponding to the gyrus rectus. It is
noteworthy that, the fourth frontal sulcus or olfactory
sulcus gives a clear demarcation between the gyrus
rectus and the orbital part of the superior frontal gyrus
on the inferior surface of the orbital frontal cortex. The
third frontal sulcus allowed us to segregate, in the
same manner, the middle and inferior frontal gyri or-
bital parts (Dejerine, 1980). Although it represents a
small region, we isolated the olfactory cortices as de-
fined by Dejerine and included in this region the olfac-
tory tubercle, lying in the caudal side of the gyrus
rectus within the two branches of the fourth frontal
sulcus, and the Broca’s olfactory cortex located under
the corpus callosum genu.

Temporal Lobe

Planimetry. The planum temporale surfaces de-
fined using the knife cut method of Kulynych et al.
(1993) were found to be 604 mm2 on the left side and
797 mm2 on the right side, a configuration noted very
seldom. For this reason we did not delineate the pla-
num temporale, a region showing very high interindi-
vidual variability (Westbury et al., 1999) and for which
this brain could not be considered as a reference.

Lateral cortex. The superior temporal gyrus was
limited dorsally by the sylvian fissure and an horizon-
tal plane starting from its bifurcation, ventrally and
caudally by the superior temporal sulcus. We isolated
the Heschl or temporal transverse gyrus within the
superior temporal gyrus using its configuration in the
three incidences and following the criteria used by
Penhune et al. (1996). The sulcal limits were the deep
temporal sulcus caudally and the posterior part of the
circular sulcus of the insula rostrally. The middle tem-
poral gyrus was limited dorsally by the superior tem-
poral sulcus, ventrally by the inferior temporal sulcus,
and caudally by the anterior occipital sulcus. The tem-
poral pole parts of the superior and middle temporal
gyri were isolated as regions anterior to the VAC plane
(see limbic lobe).

The inferior temporal gyrus was limited dorsally by
the inferior temporal sulcus, internally and ventrally
by the occipitotemporal sulcus, and caudally by the
anterior occipital sulcus and the preoccipital notch.

Parietal Lobe

Lateral surface: The superior parietal and the infe-
rior parietal lobules including supramarginal and an-
gular gyri. The limits of the superior parietal gyrus
were rostrally the postcentral sulcus, externally the
intraparietal sulcus, internally the precuneus, and
caudally the occipitoparietal line. Within the inferior
parietal lobule, we delineated the superior limits of the
supramarginal and angular gyri lying around the syl-
vian fissure ascending branch and the angular sulcus,
respectively. The inferior parietal cortex that did not
belong to these regions constituted the third region of
the inferior parietal lobule. It was located above the
supramarginalis gyrus and in between the supramar-
ginal and angular gyri.

Medial surface: The precuneus. The precuneus, on
the internal surface of each hemisphere, was limited
caudally by the parietooccipital sulcus, rostrally and
dorsally by the marginal sulcus, and ventrally by the
subparietal sulcus.

Occipital Lobe

Lateral surface: The superior, middle, and inferior
occipital gyri. The superior occipital gyrus was delin-
eated using the intraoccipital sulcus as its external
border, its internal border being the medial surface
gray matter of the cuneus. The middle occipital gyrus
was limited internally and dorsally by the intraoccipi-
tal sulcus and ventrally by the inferior occipital sulcus.
The inferior occipital gyrus was located between the
intraoccipital sulcus dorsally and internally, the ante-
rior occipital sulcus rostrally, and the inferior or lateral
occipital sulcus ventrally.

Medial surface: The cuneus, calcarine fissure, fusi-
form, and lingual gyri. The cuneus was defined as the
upper part of the medial wall of the occipital lobe,
limited rostrally by the parietooccipital sulcus and ven-
trally by the calcarine fissure. The cortex surrounding
the calcarine fissure and its branches constituted the
region of the primary visual area.

The lingual gyrus was limited dorsally by the calcar-
ine sulcus, externally and ventrally by the collateral
fissure, rostrally by the parietooccipital sulcus, and the
parahippocampal ramus of the collateral fissure.

The fusiform gyrus lateral border was the occipito-
temporal sulcus, the collateral fissure limiting it inter-
nally and ventrally.

The Limbic Lobe

The cingulate regions: Anterior, median, and poste-
rior part of the cingulate gyrus. For the purpose of the
cingulate region definition, we drew a limit starting
with the paracingulate sulcus on the left and the cin-
gulate on the right and following first the paracingu-
late sulcus and then, after the two sulci stopped their
parallel course, the cingulate sulcus. The caudal limit
of the cingulum was set by the subparietal sulcus.

We split the cingulate cortex into anterior, median,
and posterior regions using its intersection with the
corpus callosum. The anterior cingulate was limited by
the paracingulate sulcus rostrally, the white matter of
the corpus callosum caudally (Fig. 3 third row, light
purple region). The median cingulate region was a
continuous region limited dorsally and rostrally by the
paracingulate sulcus, caudally by the subparietal sul-
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cus, and ventrally by the corpus callosum (Fig. 3, third
slice of the second row, green region on the medial
surface of the hemispheres). The median cingulate re-
gion started 32 mm above the AC–PC plane in the right
hemisphere and 34 mm above AC–PC in the left. The
posterior cingulate region was limited by the corpus
callosum rostrally and the subparietal sulcus caudally
(Fig. 3, third row).

The temporal pole. We defined the temporal pole as
the region lying forward to VAC that consisted of two
regions: the anterior parts of both superior and middle
temporal gyri based on the anterior ending of the su-
perior temporal sulcus. The cortex lying between the
pole itself and the amygdala, the temporal operculum,
was included in the definition of the superior temporal
gyrus pole (Mai et al., 1997; Insausti et al., 1998).

The hippocampal and parahippocampal regions.
The hippocampal region was defined on the sagittal
views as the gray matter espousing the ventricles
horns and included the dentate gyrus, the uncus, and
the hippocampus proper. It was limited caudally by the
parahippocampal ramus of the collateral fissure.

The parahippocampal region consisted of the para-
hippocampal gyrus and parahippocampal uncus (Ta-
lairach and Tournoux, 1988) and included both the
entorhinal and the perirhinal cortices. We used for its
caudal limit the parietooccipital sulcus, and for its the
ventral limit the collateral sulcus. To define its rostral
limit we used the criteria of Inausti et al. (1998),
namely the point where the limen of the insula appears
on coronal sections, i.e., a continuous strip of white
matter connecting the frontal and temporal lobes. The
limit between the hippocampus and parahippocampal
gyri in the rostrocaudal and dorsoventral directions
was the retrolimbic plicature, giving the limit between
the hippocampus and the subiculum.

The Insula and Subcortical Gray Nuclei

The region of the insula was limited externally by
the circular sulcus of the insula and included the gray
matter internal to this sulcus. The caudate nucleus,
the thalamus, and the lenticular nucleus were drawn
in each hemisphere using gray matter limits with the
surrounding white matter on axial slices. The lenticu-
lar nucleus was divided into pallidum and putamen.
The amygdala, located rostrally to the hippocampus
and caudally to the uncus of the parahippocampal gy-
rus, was identified using both sagittal and coronal
views.

Application to Functional Activation Labeling

The practical use of our labeling method will be
illustrated using one of our fMRI experiments (Fig. 6).
In this multisubject study of a language-related task,
the functional data were normalized using the MNI
152 subjects template. The functional statistical map
was thresholded to P 5 0.00001 (uncorrected for mul-
tiple comparison, excluding cluster of less than 30 vox-
els). In this protocol four clusters and five local maxima
were identified, as shown on the maximum intensity
projection and the regular SPM table result (Fig. 6A).

With the local maxima approach (Fig. 6B), four of
these maxima turned out to be unambiguously labeled.
One (stereotaxic coordinates in mm, 2, 26, 4) was
localized outside the parcellation, and the three near-
est AVOI were thus listed: the right thalamus was
found at 2.8 mm, the left thalamus at 5.7 mm, and the
right caudate nucleus at 11.7 mm.

The extended local maxima approach (Fig. 6C) was
performed with a 10-mm sphere radius. For example,
the first local maxima (stereotaxic coordinates 242, 8,
22) was localized mainly in the opercular part of the
left inferior gyrus (54%), while the other AVOIs were at
less than 20%. The second local maxima (stereotaxic
coordinates 2 50, 6, 22) was labeled at 46% in the left
precentral gyrus and at 43% in opercular part of the
left inferior frontal gyrus. These close percentages in-
dicate that this local maxima was in the depth of the
precentral sulcus, making it difficult to decide which
bank it lied on.

The cluster approach is illustrated in Fig. 6D. The
first cluster was mainly labeled as opercular part of the
left inferior frontal gyrus (64%) with an extension in
the two nearby regions, rostrally in the triangular part
(20%) and caudally in the precentral gyrus (14%). The
small second cluster was 97% outside the parcellation
and only 3% inside the left thalamus.

DISCUSSION

Anatomical Issues

As our labeling scheme relies on the organization of
a single brain, we will first discuss the characteristics
of the MNI single-subject brain high-resolution tem-
plate.

MNI single-subject brain. This work uncovered
that the MNI single-subject brain showed an absence
of leftward anatomical lateralization of the planum
temporale that makes it out of the range of standard
anatomy. Indeed, the vast majority of right-handers
and more than half of left-handers show a leftward
asymmetry of this structure (Shapleske et al., 1999).
The present brain template was taken from a male
subject, known to have larger left planum temporale
than females. As matter of fact, the MNI brain tem-
plate left planum temporale surface was within the
range of values described by others using the same
method (Kulynych et al., 1994). However, rightward
asymmetry of planum temporale, such as the one ob-
served in this brain template, was found in only 10% of
the subjects described in this former work. In addition
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one should note that several sulcal patterns we de-
scribed have a low probability with reference to Ono’s
atlas of the sulci, for example, the ending on the vertex
of the Rolandic sulci or the presence of an anastomosis
of the precentral sulcus with the Rolandic sulcus in the
left hemisphere. It questions the use of a single subject
as the reference pattern for anatomical localization in
functional imaging studies. However, the purpose of
this work was to give a standard reference frame for
anatomical labeling of activation, being aware of the
importance of interindividual variability, and the
quest for a “standard brain” in terms of anatomical
pattern would be hazardous. Actually, reference to sta-
tistical maps for anatomical labeling in the stereotaxic
space is the most accurate solution, although these
have not been freely available to researchers until re-
cently (Paus et al., 1996; Penhune et al., 1996; West-
bury et al., 1999; Chiavaras and Petrides, 2000).We
believe that the detailed description of landmarks used
to define sulci using a high-resolution MRI in the
present study may be of general interest to the neuro-
imaging community, as they may serve other investi-
gations to parcellate another template.

AVOI definition. In order to delineate the 3D ana-
tomical volumes of interest we chose to extend the
internal limit of the regions beyond the gray matter
layer because of the anatomical variability and because
of the general lower resolution of functional studies
compared to anatomical MRI. Regarding the variabil-
ity, the definition of regions following strictly the gray
matter of this particular brain would have led one to
built an atlas parcellation with some of the drawbacks
of the Talairach atlas. In such an atlas, because of
anatomical gyral variability not accounted for by the
normalization, it occurs that some activated regions
are localized in the white matter. This drawback is
largely avoided with the region definition used in our
approach.

Cerebellar AVOIs, based on the cerebellum parcella-
tion proposed by Schmahmann et al. (1999), were also
included in our computerized parcellation.

Comparison with other parcellations. The present
parcellation included the whole brain gray matter
and is consistent with others that used sulci as land-
marks for regions delineation (Rademacher et al.,
1992; Caviness et al., 1996). A main difference con-
cerns the regions where we did not make any subdi-
vision using arbitrary limits as others did for the
lateral and inferior temporal cortices (Rademacher et
al., 1992; Caviness et al., 1996; Kim et al., 2000). In
the temporal lobe, we did not isolate the planum
temporale region because of its very large interindi-
vidual variability (Westbury et al., 1999). Indeed, the
authors of this probabilistic study of the planum
temporale limits demonstrated no single voxel being
labeled with a probability .65%, which renders the
labeling of this region based on a one subject brain
inaccurate and misleading. In contrast, we isolated
the gyrus of Heschl that had a good overlap on prob-
abilistic maps (Penhune et al., 1996).

Our selected parcellation for the frontal lobe was
close to the one proposed by Crespo-Facorro et al.
(1999), except for the parcellation of the cingulate
gyrus. We segregated it in three regions, anterior,
middle, and posterior cingulate, while these authors
made a large anterior cingulate region including the
anterior half of the middle cingulate region of the
present study. We chose to isolate the caudal part of
the posterior cingulate, namely the retrosplenial cor-
tex, since converging results from functional studies
attributed to this region a role in both episodic mem-
ory and emotion (Buckner et al., 1996; Maddock,
1999). Similarly, we dissociated the most rostral and
inferior part of the anterior cingulate and paracin-
gulate gyri from the median cingulate and medial
superior frontal because recent data indicated a cog-
nitive division of these two regions: the rostral part,
30 mm below AC–PC plane (the present definition of
the anterior cingulate) being implicated in affective
processing (Bush et al., 2000). Finally, the orbital
frontal regions were more detailed since the third
and fourth frontal sulci were clearly seen on the MNI
single-subject brain. As such, the parcellation we
propose is very close to that described in the recent
work of Chiavaras and Petrides (2000).

The parcellation of the occipital lobe was based on
the definition by Dejerine, in which the parietal and
occipital gyri show a continuity and where the occipital
parcellation of the superior and middle gyri follows
that of the parietal lobe. Using this definition, the
superior occipital gyrus is in the continuity of the su-
perior parietal gyrus, and the middle occipital gyrus
follows the inferior parietal gyrus (Dejerine, 1980). The
superior plus the middle occipital regions of the
present study correspond to the superior occipital re-
gion of Rademacher (Rademacher et al., 1992). The
inferior occipital region was limited upward by the
inferior occipital sulcus instead of the transverse occip-
ital that has no role in occipital lobe parcellation in the
present definition.

We identified three regions in the inferior parietal
(supramarginal gyrus, angular gyrus, and some inter-
vening cortex (Salamon et al., 1987)), since in both
hemispheres of the MNI single subject, some parts of
the inferior parietal lobule belong neither to the supra-
marginal nor to the angular gyri. The inferior parietal
lobule shows a very complex and highly variable corti-
cal pattern and its subdivision is highly dependent
from the sulci courses which, from our point of view,
does not fit within arbitrary limits.
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Labelling of Functional Areas

From the three proposed labeling procedures, the
most used in the literature is the simple local maxima
labeling. If this method is reliable in single-subject
studies, based on the individual brain anatomy, it can
lead to some errors in localization in group studies. The
limits of all anatomical parcellation are the sulci,
which variability has been measured to be 8–10 mm
internally and 17–19 mm externally after an affine
stereotaxic normalization (Thompson et al., 1996).
Thus, a simple local maxima labeling can misplace an
activation from one anatomical region to its neighbor
as opposed to the use of the extended local maxima
labeling approach that seems safer. As shown in the
example, a percentage of overlap approximately equal
for two regions will point to the fact that either one, or
the other, or both, of these regions could be the site of
an activation. Following the study by Thompson et al.
(1996), we choose a 10-mm radius value corresponding
to a 20-mm range, the maximal value for variability of
external structures. This value is conservative because
it takes into account the worst-case scenario, but in the
future when quantification of anatomical variability
computed from a very large database will become avail-
able, this value could be lower for some parts of the
brain. Alternately, one can use cluster labeling, but
should be aware of its drawbacks since the size of the
clusters are dependent on the filter size, which can
extend the region in all directions and dramatically
increase the false positive level.

SPM interface. Interfacing our parcellation scheme
with the SPM package makes this work available to
the scientific community with the hope that it will help
to standardize the anatomical labeling of PET and
functional MRI data. The basic parcellation data struc-
ture is simple enough so as to be used in conjunction
with other analysis software and other techniques such
as MEG and EEG.
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