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Abstract

Precise rules for locating the anatomical boundaries of the dorsolateral prefrontal cortex (DLPFC) or its subdivisions, i.e.,
superior, inferior and middle frontal gyri (SFG, IFG and MFG) on magnetic resonance images (MRI), have not been defined. The
present study describes the inter-rater reliability of manual segmentation of the SFG, IFG and MFG using guidelines based on
sulcal–gyral anatomical boundaries as well as the cytoarchitectonic features of the sub-regions of the prefrontal cortex (PFC).
Variations in the application of these guidelines in different subjects to account for normal sulcal variability were developed using
the atlas of Ono et al. (Ono, M., Kubik, S., Abernathey, C.D., 1990. Atlas of the Cerebral Sulci. Georg Thieme Verlag, New York).
Based on previous cytoarchitectonic studies, the coronal plane of the anterior termination of olfactory sulcus (ATOS) was used as a
landmark for delimiting the boundary between the frontal pole (FP) and the frontal gyri. The left hemisphere gray-matter volumes
of the SFG, IFG and MFG were determined using a set of 10 MRIs (5 normal and 5 schizophrenia subjects) by two trained raters
independently. The intra-class correlation coefficients (ICC) for the SFG, IFG and MFG volumes by the two raters were 0.97, 0.94
and 0.93, respectively. Thus, we describe a reliable method of parcellating the SFG, IFG and MFG, which constitute the DLPFC, a
brain region involved in a variety of neuropsychiatric conditions.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Structural and functional abnormalities of the frontal
lobes, and more specifically the prefrontal cortex (PFC),
have been suggested to play a central role in neuropsy-
chiatric conditions such as schizophrenia (Andreasen,
1997) and depression (Drevets, 2000). The PFC, usually
defined as the part of the frontal cortex anterior to the
precentral sulcus (PCS), is the most phylogenetically ad-
vanced area of the cerebral cortex (Brodmann, 1909;
Ariëns Kappers et al., 1960; Poliakov, 1966; Fuster,
1997). In structural imaging studies, the term ‘pre-frontal’
generally refers to that portion of the frontal cortex ante-
rior to the pre-central gyrus (PCG) (Duffy and Campbell,
2001).

The PFC is a heterogeneous region comprising several
areas that are distinct at the cytoarchitectural and func-
tional levels (Brodmann, 1909; Economo and Koskinas,
1925; Sarkisov, 1955; Preuss and Goldman-Rakic, 1991;
Petrides and Pandya, 1999). The lateral PFC, usually
referred to as the dorsolateral prefrontal cortex (DLPFC)
is considered the central executive for cognitive control.
Through its sub-cortical connections, the DLPFC med-
iates attentional processes, memory, language functions,
as well as executive functions that include planning,
working memory, selective attention and set shifting.
Volumetric and neuropathological abnormalities of the
DLPFC have been reported in schizophrenia (Zipursky
et al., 1992; Selemon et al., 2002). The term DLPFC is
commonly used to refer to the lateral convexity of the
frontal lobe and comprises of the inferior frontal gyrus
(IFG), the middle frontal gyrus (MFG) and the lateral
aspect of the superior frontal gyrus (SFG).

Shenton et al. (2001) highlighted the importance of
studying different sub-regions of the PFC with as much
precision as possible, in view of the fact that different sub-
regions of the frontal lobe have quite different and specific
brain functions. Additionally, previous neuropathological
studies in schizophrenia have reported abnormalities in
specific areas within the frontal lobe, providing support to
the above notion (Benes et al., 1986).

Other experts have offered guidelines for the anatom-
ical parcellation of the PFC and its major compo-
nents (Crespo-Facorro et al., 1999; Wible et al., 1997;
Rademacher et al., 1992). However, these studies have
employed varying definitions for defining the sub-
regions. For example, Crespo-Facorro et al. (1999)
included the cortex up to the tip of the frontal pole (FP)
as part of the superior, middle and inferior frontal gyri,
whereasWible et al. (1997) defined the FP as the anterior-
most 10 “slices” of the brain. The variability of these
guidelines highlights the importance of striving for unifor-
mity in the parcellation of the sub-divisions of the PFC,
especially their anterior boundaries.

Previous studies have utilized reference planes to
delimit areas where there are no clear-cut sulcal separa-
tions. The use of reference planes has been justified
because of the tremendous inter-individual and inter-
hemispheric variation in sulcal–gyral patterns, which can
make the application of anatomical landmarks to delimit
the subdivisions of the PFC extremely difficult. More-
over, a clear-cut relationship between gross anatomical
areas defined by the surface patterns of sulci and gyri,
cortical areas delimited by microstructural borders,
cytoarchitectonic areas, and functional domains has not
been conclusively demonstrated (Roland and Zilles,
1998; Wible et al., 1997). However, the use of reference
planes introduces unwanted arbitrariness into the defini-
tion of the sub-regions of the PFC and inconsistencies in
measurements across studies that use different reference
planes (Wible et al., 1997).

Since the anatomical boundaries of the DLPFC have
not been precisely defined, we aimed at defining and
developing a method of parcellating the gyri that con-
stitute the DLPFC, viz., SFG, IFG and MFG. In the
present study, the SFG was demarcated with reference to
its sulcal boundaries, and therefore both themedial aswell
as the lateral parts of the gyrus were delineated. However
it must be borne in mind that DLPFC includes only the
part of SFG on the lateral convexity of the brain. Thus,
in this article, we present a method of parcellating the
SFG, IFG andMFG using sulcal–gyral patterns wherever
possible, and taking into account known sulcal variations
(Ono et al., 1990). Where sulcal–gyral patterns could not
be employed for this purpose, we referred to existing
knowledge of cytoarchitectonic differences within the
various sub-regions to frame rules for parcellation. The
primary objective of this study was to improve the reli-
ability and uniformity of parcellation of the three pre-
frontal gyri – in the absence of a gold standard to prove
validity – using a set of guidelines that has its foundations
in functional neuroanatomy, thereby arriving at precise
and reliable definitions for volumetric comparisons of
these gyri in schizophrenia subjects and healthy controls.

2. Materials and methods

2.1. Subjects

Magnetic resonance (MR) scans acquired from five
healthy control subjects and five subjects with schizo-
phrenia, randomly selected from a pool of subjects
recruited for a longitudinal study of schizophrenia
conducted by one of the authors (J.G.C.), were used for
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the study. We included both schizophrenia subjects and
healthy control subjects in this study to lay the
groundwork for further comparisons of these two groups.
The healthy control subjects were ascertained to have no
present or past neuropsychiatric disorders; in addition,
there was no history of psychotic disorders in their first-
degree relatives. The subjects with schizophrenia were
diagnosed using criteria from the Diagnostic and
Statistical Manual for Mental Disorders-Fourth edition
(DSM-IV) (American Psychiatric Association, 1994)
based on the consensus of a research psychiatrist who
conducted a semi-structured interview and a trained
research assistant who used the Structured Clinical
Interview for DSM-IV (SCID-IV; First et al., 1995).
The exclusion criteria for both groups of subjects
included unstable medical conditions, head injury with
loss of consciousness, and substance abuse or depen-
dence meeting DSM-IV criteria during the 3 months
preceding the study.

Three of the five control subjects were males while all
the five schizophrenia subjects weremales. All the control
subjects were right-handed, whereas among the schizo-
phrenia subjects, three were right-handed and two left-
handed. Themean age of the control groupwas 20.6 (S.D.
=3.1) years while that of the schizophrenia group was
22.7 (S.D.=4.7) years.

2.2. Image acquisition and processing

MR scans were acquired using anMPRAGE sequence
(TR=9.7 ms, TE=4 ms, flip angle=10°, section thick-
ness=1.25 mm, field of view=256×256 mm, ma-
trix=256×256, number of acquisitions=1, number of
slices=128, scanning time=6min, 36s) that acquires
1.25mm×1mm×1mm voxels across the entire cranium.
The raw MR data were reformatted using Analyze™ 6.0
software (Robb et al., 1989) from signed 16-bit MR data
sets to unsigned 8-bit MR data sets, using the voxel
intensities in the corpus callosum (CC) and the lateral
ventricle as limiting values. MR scans were then inter-
polated into 0.5 mm×0.5 mm×0.5 mm isotropic voxels
using trilinear interpolation. The scans were then rotated
into AC–PC coordinates.

The skull in the MR image was removed using an
automated brain extraction program (Sandor and Leahy,
1997; Shattuck and Leahy, 2001) using Brainsuite (Ver-
sion 0.20 alpha). The skull-stripped cerebral images were
then binarized [typically, the threshold values ranged from
90–100 (minimum) to 255 (maximum)] to expose the
cortical sulcal patterns at the approximate pial surface in
3-D view (see Fig. 3B). The sulcal patterns in these
binarized 3-D cerebral renderings as identified by the atlas
texts were then used as a visual guide in manual outlining
of SFG, IFG and MFG.

2.3. Segmentation guidelines

The guidelines for parcellation of the SFG, IFG and
MFG, were developed by two of the authors (J.P.J. and
M.H.G.) using a non-overlapping set of five MR scans
and the brain atlas by Duvernoy (1999). Variations in
the application of these guidelines in different indivi-
duals were developed using the atlas of Ono et al.
(1990), to account for normative sulcal variability. Two
raters (H.K.S. and A.J.M.) were then trained in the
application of these guidelines using the “learning set”
of 5MR scans.More specifically, the raters were trained
to identify the limiting sulci and to apply conventions to
be followed in instances where the limiting sulci were
interrupted. The raters were also trained in the guide-
lines to be followed in relationship to the described
sulcal variations in Ono et al. (1990).

The trained raters performed independent manual
segmentations using the “test” set of 10 MR scans se-
lected from a pool of available MR scans (see above).
Manual outlining of the contours of the gray matter of
SFG, IFG and MFG in the left hemisphere was per-
formed using Analyze™ 6.0 software (Robb et al., 1989)
on successive coronal sections, with frequent reference
to the corresponding axial and sagittal sections, as well
as views of the binarized 3-D cerebral renderings. The
following convention was followed whenever the limit-
ing sulci were discontinuous. When a particular sulcus
could not be visualized in consecutive coronal sections,
the tracing from the coronal section that last contained the
sulcus was copied onto the neighboring sections until the
sulcus could be visualized again. This allowed the joining
of ‘broken’ sulci along straight lines that represented the
shortest distance in the AC–PC plane. Training of the
raters in this “bridging method” was straightforward and
facilitated manual parcellation of neocortical sub-regions
where substantial sulcal variability was encountered.

2.4. Neuroanatomical definitions

2.4.1. Superior frontal gyrus
The SFG is a functionally heterogeneous frontal sub-

region (Passingham, 1993; Roland, 1993), and can be
visualized on the medial, superior and lateral aspects of
the frontal lobe. On the medial aspect, it includes Brod-
mann's area (BA) 6, which is the supplementary motor
cortex. Further rostral to BA 6 on the medial side are (BA
8 and 9. The paracingulate gyrus (PaCiG), which consists
of a cingulo-frontal transitional cytoarchitecture (BA 32
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and 32′) and is known to be cytoarchitectonically distinct
from the cingulate gyrus (CiG) (Stark et al., 2004), was
included as part of the SFG. The lateral convexity is
constituted by BA 6, 8 and 9. However, BA 46 and 9/46
(Rajkowska and Goldman-Rakic, 1995a,b) are also pres-
ent at the transition zone with the MFG. A landmark-
based definition of the anterior extent of the SFGwas used
considering the fact that there are no consistent sulcal
boundaries that delineate the SFG (BA 6, 8, 9, 32, 32′)
from the cytoarchitectonically distinct frontal pole (FP)
(BA 10) anteriorly. The plane of the anterior termination
of the olfactory sulcus (ATOS) was used for this purpose
as detailed later, based on the evidence accrued from
previous cytoarchitectonic studies (Ongur et al., 2003,
Semendeferi et al., 2001, Hof et al., 1995) (Fig. 1A–D).

2.4.1.1. Posterior boundaries. On the lateral convex-
ity of the brain, the superior PCS is the posterior
boundary of the SFG in the typical case of a two-segment
type of PCS, or when the PCS has three segments. If the
superior PCS has a forked termination, the most
posterior of the two limbs is considered as the posterior
boundary of the SFG. The posterior limit of the marginal
pre-central sulcus (MaPCS) forms the posterior bound-
ary of the SFG, when it constitutes the superior-most
segment of the PCS.Medially, the PaCS is used to define
the posterior boundary of the SFG. This sulcus occurs
Fig. 1. (A) Axial, (B) sagittal and (C) coronal sections depicting the plane of th
landmark to define the anterior limit of the frontal gyri. (D) Cytoarchitectoni
2003) (reproduced with permission from Wiley-Liss Inc.).
most commonly as a sulcus from the lateral surface (an
extension of the superior PCS or the medial PCS of
Eberstaller), as a branch of the cingulate sulcus (CiS), or
both (Ono et al., 1990). The PaCS can also be used to
define the posterior border of the supplementary motor
area (SMA) on the medial wall (Crespo-Facorro et al.,
1999). The SMA occupies the posterior part of SFG
(Chainay et al., 2004; Zilles et al., 1996).

2.4.1.2. Infero-lateral boundaries. On the lateral
aspect of the cerebral hemisphere, the inferior boundary
is the superior frontal sulcus (SFS). Posteriorly, the SFS is
almost always connected to the PCS (Ono et al., 1990). In
cases where the two are not connected, the posterior end
of the SFS can be connected to the PCS using the general
procedure for bridging broken sulci described above.
When the SFS is itself present as an interrupted sulcus, the
individual segments are similarly connected to ensure
anatomical continuity of the gyrus.

2.4.1.3. Anterior boundaries. Anteriorly, the SFG is
limited by the posterior extent of the FP. The definition
of the FP is based on cytoarchitectonic features of
subdivisions in the area, since there is no sulcal
delimitation. The FP extends onto the lateral, orbital
and medial surfaces of the cortex, and contains BA 10 in
both monkeys and humans (Chiavaras et al., 2001). The
e Anterior Termination of the Olfactory Sulcus (ATOS) that is used as a
c subdivisions of the human orbital and medial surfaces (Ongur et al.,
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frontal cortex anterior to the termination of olfactory
sulcus (OS) on the orbital and medial surfaces has been
labeled as area 10p by Ongur et al. (2003; ref. Fig. 1D).
BA 10 is bordered by areas 14 and 11 on the ventral
surface, by areas 9, 46 and 47/12 on the lateral convexity,
and by areas 9, 32 and 14 on the sagittal surface
(Chiavaras et al., 2001). Ongur et al. (2003) also describe
areas 10m, 10r and 10p that occupy most of the ventral
half of the medial wall from area 32pl to the anterior tip of
the hemisphere (Fig. 1D). However, from a phylogenetic
evolutionary perspective, area 10p is the equivalent of
area 10o in monkeys and occupies the rostral orbital
region of the FP. This area was designated as 10p by
Ongur et al. (2003), considering its high level of
differentiation as compared to the area 10o of the monkey
brain and because of its position, size and distinct struc-
ture. Semendeferi et al. (2001) have also extensively
studied the cytoarchitectonics of the FP, and their findings
agree with the cytoarchitectonic maps of Brodmann
(1909), Sarkisov (1955) and Economo and Koskinas
(1925) suggesting that in the human, the FP is constituted
by BA 10. Thus, the area comprising the FP (described as
BA10 or BA 10p as mentioned above) is distinct from
neighbouring areas, is phylogenetically more evolved,
and has distinct connections with higher-order association
areas (Semendeferi et al., 2001). These studies form the
rationale for dividing the FP from the three frontal gyri in
volumetric studies of the brain.

Unfortunately, there is no sulcal boundary to delimit
the FP (BA 10) from the frontal gyri. Therefore, land-
marks were identified to demarcate these cytoarchi-
tectonically and functionally heterogeneous areas. We
evaluated the anterior termination of the OS (ATOS) for
this purpose. Based on a careful study of the cyto-
architectonic maps of Brodmann (1909), Sarkisov
(1955) and Economo and Koskinas (1925), as well as
the results of the study of architectonic subdivisions of
the human orbital and medial PFC by Ongur et al.
(2003), Semendeferi et al. (2001) and Hof et al. (1995),
we concluded that the posterior limit of the FP (BA 10)
could be best defined as the coronal section passing
through the ATOS (Fig. 1A–D).

OS is the least variable orbitofrontal sulcus (Chia-
varas et al., 2001), with an overlapping surface in over
90% of subjects (Kringelbach and Rolls, 2004). It is the
first orbitofrontal sulcus to appear during development,
is visible at 16 weeks (Chi et al., 1977) and so is com-
parable to the inter-hemispheric and transverse cerebral
fissures (at 8 weeks), the Sylvian fissure (SF) and
callosal sulcus (at 14 weeks), the calcarine fissure (at 16
weeks) and the central sulcus (at 20 weeks) (Kringel-
bach and Rolls, 2004). The ATOS was chosen as a
reference guide to separate the FP from the rest of the
frontal lobe inferiorly andmedially, based on the fact that
it appears to separate BA 10 in front from BA 11 behind
on the orbital surface and area 10r on the medial surface
(Ongur et al., 2003; ref. Fig. 1D), in the absence of any
naturally occurring sulcal separation between FP and
posterior structures. The study of BA 10 by Semendeferi
et al. (2001) indicates that this coronal plane may be a
useful boundary on the lateral convexity as well.
Therefore, regardless of any naturally occurring sulcal
boundary, the anterior limit of the SFG was defined as
the plane of the ATOS, to maintain conformity.

2.4.1.4. Infero-medial boundaries. Infero-medially,
the CiS forms the boundary of the SFG (Crespo-Facorro
et al., 1999). In case of an interrupted CiS, the segments
are again connected using the general guidelines
described above. Ono et al. (1990, p. 113) state that a
double-parallel type of CiS, enclosing the PaCiG in
between the two segments, is found in 24% of brains on
the right and left sides. However, other researchers report
that the paracingulate sulcus (PaCiS) is present in a
variable percentage of individuals on either hemisphere
(Fornito et al., 2004; Le Provost et al., 2003; Yucel et al.,
2002). The PaCiG, which is enclosed by the CiS and
PaCiS, is cytoarchitectonically distinct from the cingu-
late gyrus (CiG) and consists mainly of a cingulo-frontal
transitional zone (Stark et al., 2004). Thus, in order to
ensure consistency in the definition of the inferior
boundary of the SFG on the medial wall, the CiS is taken
as the inferior limit of the SFG; the PaCiG, if present, is
considered as part of the SFG. More anteriorly on the
medial aspect, the superior rostral sulcus (SRS) con-
stitutes the inferior boundary (Crespo-Facorro et al.,
1999). SRS may have a connection to the CiS or exists
separate from it. If the SRS is unconnected to the CiS, the
inferior boundary of the SFG is completed by extending
the posterior aspect of SRS to intersect the CiS (Crespo-
Facorro et al., 1999).

There may be more than one sulcus running in an
antero-posterior direction on the medial surface of the
anterior part of the frontal lobe. These are variously
described as SRS, the inferior rostral sulcus (Ono et al.,
1990), the susorbital sulcus (Duvernoy, first edition,
1991) and the supraorbital sulcus (Duvernoy, second
edition, 1999). The SRS is the most superior of these
antero-posterior sulci. Crespo-Facorro et al. (2000a,b)
have suggested that when there is difficulty in identify-
ing the SRS, it should be defined as the sulcus most
nearly above the AC–PC axis on the anterior portion of
the medial surface of the cerebrum. However, we defined
the SRS as the superior-most of the supra-orbital sulci,
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andwhich is closest to a line in the mid-sagittal plane that
is parallel to the AC–PC line and passing through the
highest point on the inferior border of the body of the
CC (Fig. 2).

2.4.2. Inferior frontal gyrus
The IFG is identified as the inferior-most of the three

frontal gyri running an antero-posterior course on the
lateral convexity of the frontal lobe. The IFG is sub-
divided by the anterior ascending ramus and the anterior
horizontal ramus (aHR), stemming from the anterior
segment of the lateral part of the SF, into pars oper-
cularis, pars triangularis and pars orbitalis (Ebeling
et al., 1989). The pars opercularis of the IFG is consti-
tuted by BA 44, the pars triangularis by BA 45 and 46
and the pars orbitalis by BA 45 and 47.

2.4.2.1. Posterior boundaries. The posterior bound-
ary of the IFG is the inferior PCS. In cases where the
inferior PCS does not connect to the lateral part of the
SF, the inferior end of the PCS is extended to the SF to
complete the posterior border. In the event of a double
parallel type of PCS, the most posterior of the two limbs
is taken as the posterior limit of the IFG (reference:
http://ucla/loni).

2.4.2.2. Superior boundaries. The inferior frontal
sulcus (IFS) represents the superior boundary of IFG
throughout its length. When the IFS is interrupted, the
segments are connected to complete the superior border.
In cases where the IFS does not connect to the inferior
PCS, the posterior end of the IFS is extended to connect
to the inferior PCS.

2.4.2.3. Anterior boundaries. The anterior limit of the
IFG is defined as the coronal plane at which the IFS joins
Fig. 2. Application of the guideline to iden
the lateral orbital sulcus (LOS) (this is the case in 16% of
left brains and 20% of right brains) or the fronto-
marginal sulcus (FMS) (right: 4%; left: 4%) (Ono et al.,
1990, p. 56). This coronal plane is usually posterior to the
plane of the ATOS. In rare cases, these sulci intersect at a
coronal plane anterior to ATOS. In such instances, the
plane of the ATOS is taken to be the anterior limit of
the IFG. In cases where the IFS does not connect with the
LOS or FMS, the anterior limit of the IFG is defined by
connecting the IFS with the LOS or FMS using the
‘bridging method’.

2.4.2.4. Inferior boundaries. The inferior extent of the
IFG consists of the FMS and LOS anteriorly and the
junction of the anterior, middle and posterior segments
of the lateral part of SF (Duvernoy, 1999) as well as the
circular sulcus of insula (CSI) posteriorly. This
boundary is highly variable anteriorly, and depends
somewhat on the positions of the LOS and the aHR of
the SF. The guidelines presented below consider each of
several possibilities to ensure that the pars orbitalis and
the pars triangularis are preserved within the IFG, as
these are structures of the IFG.

The LOS is present as an uninterrupted sulcus with-
out connections in 32% of right brains and 48% of left
brains (Ono et al., 1990, p. 92). In 20% of brains on
either side, it is connected to the IFS, and the IFG is
enclosed by these sulci. The LOS terminates inferior to
the aHR in 44% of right and left brains (Ono et al., 1990,
p. 93). In these cases, the LOS is extended to connect
with the lateral part of the SF to form the inferior
boundary. In cases where the LOS terminates blindly at
the same horizontal (AC–PC) plane as the aHR (right:
16%; left: 12%), these two are connected to form the
inferior boundary. In cases where the LOS terminates
between the aHR and the ascending ramus (right: 32%;
tify the superior rostral sulcus (SRS).

http://ucla/loni
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left: 36%) (i.e., when the LOS runs into the pars tri-
angularis), the LOS in the coronal plane that contains
the anterior-most extent of the IFG and the anterior end
of the aHR are connected. In the case of an absent LOS
[8% on left and right each, (Ono et al., 1990, p. 92)], the
aHR forms the inferior boundary of the IFG. In these
cases, the anterior end of the aHR is extended ante-
riorly to the coronal plane at which IFS connects with
the FMS. If the aHR is absent [right: 8%; left: 16%,
Fig. 3. A: Contiguous but alternate coronal sections showing the tracings of t
The SFG is depicted in green, the MFG in red and the IFG in yellow. (a) Mid
Three contiguous but alternate coronal sections around the posterior boundary
contiguous but alternate coronal sections depicting the SFG, MFG and IFG.
boundary at the junction with the posterior boundary of the frontal pole (FP); s
case, the plane of the anterior termination of the olfactory sulcus (ATOS) was i
on which the object maps of the left superior, middle and inferior frontal gyri
d — FP; e — inferior frontal sulcus; f — IFG. C: 3-D cerebral renderings wi
subjects generated by the two independent raters.
(Ono et al., 1990, p. 142)], the posterior end of LOS is
connected to the lateral part of the SF.

2.4.3. Middle frontal gyrus
TheMFG lies between the SFG and IFG and constitutes

the major component of the DLPFC (Rajkowska and
Goldman-Rakic, 1995a). It is involved in performance of
executive functions; however, the frontal eye field is
also located within the posterior aspect of the MFG. The
he left superior, middle and inferior frontal gyri (SFG, MFG and IFG).
-line sagittal section (slice no. 120) showing the tracing of the SFG. (b)
; slice no. 162 is the last coronal section containing the SFG. (c) Three
(d) Three contiguous but alternate coronal sections around the anterior
lice no. 307 is the first coronal section containing the frontal gyri. In this
dentified as slice no. 308. B: A typical binarized 3-D cerebral rendering
are superimposed. a — SFG; b — superior frontal sulcus; c — MFG;
th superimposed object maps of the SFG, MFG and IFG for all the ten
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MFG is comprised of BA 46, 9, 9/46 as well as 6 and
8 (Rajkowska and Goldman-Rakic, 1995b; Petrides and
Pandya, 1999).

2.4.3.1. Superior boundaries. The SFS forms the
superior boundary of the MFG. The guidelines to be
followed when the SFS exists as an interrupted sulcus
and when it is not connected to the PCS are described
under tracing guidelines of the SFG.

2.4.3.2. Inferior boundaries. The IFS forms the
inferior boundary of the MFG. The rules to be fol-
lowed to account for the variability in the patterns of
IFS are mentioned under tracing guidelines for IFG.
Anteriorly, the LOS or the FMS constitute the inferior
boundary of the MFG in certain cases, separating it
from the OPFC.

2.4.3.3. Posterior boundaries. This boundary is
formed by the PCS (superior, inferior, and or intermediate
segments) (Ono et al., 1990).

2.4.3.4. Anterior boundaries. The anterior limit of
the MFG is determined by the plane of the ATOS as
described under SFG, regardless of any naturally oc-
curring sulci. This rule was necessitated due to the
fact that no sulcus has been described so far that
consistently delimits the MFG anteriorly and sepa-
rates it from the FP in front. In cases where there is
the unlikely event of a naturally occurring sulcus that
completely delimits the MFG anteriorly, the point
where the FMS or LOS meet the IFS is selected and
extended anteriorly to the coronal plane of the ATOS.
The SFS is also extended anteriorly to this same plane
to complete the superior boundary of the MFG in such
instances.
Fig. 4. Graphical plot of the volumes of the left inferior, middle and superio
The MFG is usually divided into a superior and infe-
rior portion by the middle (intermediate) frontal sulcus
(MFS).

Fig. 3A depicts contiguous coronal sections showing
the tracings of the three frontal gyri around the posterior
boundary (b), the mid-section (c) and around the anteri-
or boundary (d).

2.4.4. Cortical volume measurements and inter-rater
reliability

After manual segmentation, gray matter volumes were
calculated using Analyze™ 6.0 software (Robb et al.,
1989) by multiplying the number of voxels assigned to
each gyrus by 0.125 mm3, which is the volume of one
voxel (0.5 mm×0.5 mm×0.5mm). The inter-rater
reliability of manual segmentation for each of the three
gyri was estimated by calculating the intra-class R
coefficient (ICC) of gray matter volumes generated by
the two raters. The extent of overlap between the two
segmentations was also calculated by superimposing the
manual tracing of the second rater over the first, and
determining the proportion of shared voxels using the
following equation:

Voxel % overlap ¼ Vox1 \ Vox2
Vox1

� 100:

Additionally, the ratio of the intersection and union
(I/U) was determined separately for the SFG, IFG and
MFG by Vox1\Vox2

Vox1[Vox2 � 100:

3. Results

A typical object map of the SFG, IFG and MFG
superimposed on the binarized 3-D cerebral rendering is
shown in Fig. 3B. Fig. 3C shows the 3-D cerebral ren-
derings as an array with the superimposed object maps
r frontal gyri generated by the two raters for each of the ten subjects.
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of the three frontal gyri generated by the two raters for
all the ten subjects.

3.1. Inter-rater reliability of gray matter volumes

The mean cortical gray matter volumes (cm3) of the
SFG, IFG and MFG (averaged across both raters in all ten
subjects) were 17.45 (S.D.=3.82), 9.11 (S.D.=1.91) and
14.76 (S.D.=2.60) respectively. The ICC for the volume
measures were 0.97, 0.94 and 0.93 respectively for the
SFG, IFG and MFG, and the voxel overlap percentages
were 81.2 (S.D.=6.9), 78.9 (S.D.=8.7) and 82.5 (S.D.=
6.9) respectively. The I/U ratio for the SFG, IFG andMFG
for the two raters were 67.8 (S.D.=11.9), 63.8 (S.D.=14.1)
and 68.0 (S.D.=12.0) respectively. The mean percentage
differences in volume (cm3) between the raters were 6.14
(S.D.=3.77), 7.41 (S.D.=5.62) and 7.09 (S.D.=5.69)
respectively for SFG, IFG and MFG. Fig. 4 gives a
graphical plot the SFG, IFG andMFG volumes for each of
the 10 subjects generated from the segmentations of the two
raters. The mean cortical gray matter volumes (cm3) of the
SFG, IFG andMFG averaged across both raters separately
for schizophrenia subjects and healthy controls is given in
Table 1.

4. Discussion

The results of this study extend and refine previous
approaches for sub-dividing the structures that consti-
tute the DLPFC, namely the SFG, IFG and MFG on MR
images (Crespo-Facorro et al., 1999; Wible et al., 1997).
In addition, our approach is a reasonable extension of
the methods suggested for delineation of the prefrontal
gyri in previous parcellation studies of the frontal lobe
and the entire neocortex (Rademacher et al., 1992;
Caviness et al., 1996). However, the scope of the present
study was restricted, in that we attempted to develop
guidelines for parcellation of three specific sub-regions
of the PFC, namely SFG, IFG and MFG; this may be
considered a limitation of the present study in compari-
son to more comprehensive whole frontal lobe parcella-
Table 1
Left SFG, IFG and MFG volume comparisons between the present study an

Present study Wible et al. (1997) Crespo-Facorro

SFG (cm3) C: 19.49
S: 15.40

C: 16.00
S: 15.70

C: 17.80
S: 18.10

IFG (cm3) C: 9.99
S: 8.24

C: 11.40
S: 10.20

C: 9.30
S: 9.30

MFG (cm3) C: 16.71
S: 12.82

C: 12.50
S: 12.10

C: 20.90
S: 20.70

C — Controls; S — Schizophrenia; SFG — Superior Frontal Gyrus; IFG —
tion efforts. These regions were chosen as the focus of
our study because abnormalities of their structure and
function have been implicated in neuropsychiatric con-
ditions, such as schizophrenia (Zipursky et al., 1992;
Selemon et al., 2002). We chose to parcellate the SFG in
its entirety thus including the medial and lateral parts of
the gyrus, in order to stick to our resolve to define the
frontal gyri on the basis of the sulcal patterns with ad-
ditional reference to cytoarchitectonic divisions. How-
ever, as mentioned in the introduction, the DLPFC
comprises only that part of the SFG on the lateral con-
vexity of the cerebral hemisphere. Our data suggest that,
despite the complexity of these frontal structures, rules
could be developed and applied in a highly reliable
manner. Although 10 individuals may not have been
sufficient to encounter all possible neuroanatomical var-
iations, a number of such variations were encountered.

While the present study extended the methods des-
cribed in previous works, our results suggest that greater
accuracy in the neuroanatomical definitions can be
achieved. We constructed our guidelines for parcellation
taking into account naturally existing sulcal–gyral bound-
aries wherever possible. However, since such boundaries
are not always present or reliable enough to define the
limits of prefrontal sub-regions, we also used landmarks
derived from knowledge about the cytoarchitectonic sub-
divisions. Finally, we developed a ‘bridging method’ to
complete the boundaries wherever we encountered broken
or incomplete sulci. A mean of 2.1 bridges per brain were
made for delimiting the three prefrontal gyri; the frequency
of use of this bridging technique was not found to be
different between control and schizophrenia brains as well
as between the two raters. The above strategies allowed us
to overcome problems associated with inter-individual
variability in the sulcal–gyral patterns of the selected
regions (Ono et al., 1990). More specifically, we
developed guidelines to be followed in cases where
such sulcal–gyral variations were encountered. This ap-
proach also enhanced the accuracy of neuroanatomical
measurements by reducing ambiguity in the definition of
cortical sub-regions.
d earlier parcellation studies

et al. (2000a,b) Buchanan et al. (2004) Suzuki et al. (2005)

C: 22.80
S: 22.90

C: 29.64
S: 27.49

C: 10.45
S: 9.70

C: 13.87
S: 12.58

C: 16.10
S: 16.00

C: 27.31
S: 25.87

Inferior Frontal Gyrus; MFG — Middle Frontal Gyrus.
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An important difference between the present study and
previous parcellation studies of the PFC is in the defini-
tion of the anterior extent of the three gyri, which also
defines the FP. The present study defined the anterior
extent of these gyri as the coronal plane containing the
ATOS. Crespo-Facorro et al. (1999, 2000a,b), Buchanan
et al. (2004) and Suzuki et al. (2005) did not separate the
FP from the rest of the frontal sub-divisions and therefore
included BA 10 as part of the SFG and MFG. However,
Wible et al. (1997) parcelled out the FP by defining the
anterior-most 10 slices (1.5 mm) of the brain. While easy
to implement, this approach has limited neuroanatomical
meaning. Finally, Rademacher et al. (1992) defined the
posterior extent of the FP as the anterior termination of the
aHR of the SF. Thus, the definition of the FP in MRI
volumetric studies has been a matter of debate. While
trying to incorporate these previous approaches to defin-
ing the FP, we also took into account all available infor-
mation about the cytoarchitectonic characteristics of the
region and landmarks that had predictable relationships
with such cytoarchitectonic divisions, as detailed in the
Methods section. The ATOS was chosen as the landmark
for these same reasons as described previously. It must be
noted, however, that this boundary is more reliable for
delimiting BA 10 from the other cytoarchitectonic areas
on the orbital andmedial surfaces (Ongur et al., 2003). The
findings of Semendeferi et al. (2001) suggest that this may
be a reliable boundary on the lateral convexity as well.

Considering the differences in the definitions of these
three gyri between our study and previous studies, we
compared the volumes generated by our study with the
results of these earlier studies (Table 1). It should be kept
in mind that in the present study, the volumetric assess-
ments were performed on MR scans collected from five
healthy control subjects and five individuals with schizo-
phrenia. It is interesting to note that those studies that have
not parcellated the FP separately and included the gray
matter up to the anterior tip of the frontal lobe (Crespo-
Facorro et al., 2000a,b; Buchanan et al., 2004; Suzuki
et al., 2005) generally had larger SFG and MFG volumes
as compared to the present study, the exceptions being
SFG volume in control subjects in Crespo-Facorro et al.
(2000a,b) and MFG volume in control subjects in
Buchanan et al. (2004) (Table 1). The study by Wible et
al. (1997), which defined the 10 anterior-most slices of the
brain (employing 2.5 mm coronal cuts) as the FP, expect-
edly showed smaller SFG volumes (in controls) andMFG
volumes (in controls) as compared to our study. Our IFG
volumes were not substantially different from that of
Crespo-Facorro et al. (2000a,b) and Buchanan et al.
(2004) who used a boundary for the anterior extent of the
IFG that roughly corresponded to our definition. The IFG
volumes of Wible et al. (1997) were slightly higher.
Notably, Wible et al. reported substantial difficulties in
visualizing the natural sulcal boundaries in the inferior
aspect of the dorsolateral convexity and so extended the
anterior limit of the IFG to the FP boundary. Suzuki et al.
(2005), who defined the anterior boundary of the IFG as
the fronto-marginal sulcus expectedly reported higher IFG
volumes when compared to our results as well as those of
Crespo-Facorro et al. (2000a,b) and Buchanan et al.
(2004). In fact, the reported volumes of all the three gyri
were substantially higher in Suzuki et al. (2005) when
compared to all the other studies mentioned, including
ours, as shown in Table 1.

Since a major emphasis of the present study was to
develop guidelines for parcellation of the three frontal gyri
taking into account the sulcal variability in the region, it is
appropriate to summarize the sulcal patterns in the region
that we encountered. The patterns, as identified using the
atlas of Ono et al. (1990) as reference, of the important
sulci in the prefrontal region are summarized in Table 2.
The MaPCS, which is a horizontally-oriented sulcus over
the lateral convexity lying between the superior margin of
the hemisphere and the upper end of the superior PCS,
was observed in four out of the five schizophrenia sub-
jects and in none of the control subjects. A two-segment
type of PCSwas observed only in normals (4/5) whereas a
four-segment type of PCS was observed only in
schizophrenia subjects (3/5). The PaCiS was clearly
present on the left side in 6 out of the 10 brains studied
(schizophrenia: 3; normals: 3) and this corresponds to
previous reports of a 30–60% incidence of the sulcus,
with a left preponderance (Paus et al., 1996; Yucel et al.,
2001). There was no relationship between handedness,
gender or diagnosis and presence or absence of PaCiS.
The IFS joined with the LOS in all the 10 brains studied
thus enclosing the IFG, in contrast to the much lower
possibility of such an occurrence as described by Ono et
al. (1990). In 9 out of the 10 brains, these sulci joined
posterior to the coronal plane of the ATOS. Another
interesting observation was that the SFS turned medially
at its termination to join the SRS on the sagittal surface in
5 out of the 10 brains studied. Finally, the SRS was
identified reliably using the proposed guidelines in 9 out
of the 10 brains studied.

As mentioned above, a limitation of the present study
was the small number of subjects assessed. Certainly,
additional variations in sulcal–gyral patterns will be en-
countered as measurements are made in additional sub-
jects, and these variationsmay alter the reliability data and
the average volume measurements reported in this paper.
However, the guidelines for parcellation of the three gyri
were defined a priori taking into account all the described



Table 2
Summary of the observed sulcal patterns in the prefrontal cortex of the left hemisphere

Sulci (left hemisphere) Sulcal patterns: no. of subjects with the described pattern

Precentral sulcus (PCS) 2- segment type: 4 (schizophrenia: 0; controls: 4)
3- segment type: 3 (schizophrenia: 2; controls: 1)
4- segment type: 3 (schizophrenia: 3; controls: 0)
Marginal PCS (MaPCS): 4 (schizophrenia: 4; Controls: 0)
Medial PCS of Eberstaller: 7 (schizophrenia: 4; controls: 3)
Double parallel type of PCS: 1 (schizophrenia)

Paracentral sulcus (PaCS) Absent: 1 (control)
Continuation of superior PCS: 1 (control)
Continuation of medial PCS of Eberstaller: 7 (schizophrenia: 4; controls: 3)
Contribution only from CiS: 1 (schizophrenia)

Paracingulate sulcus (PaCiS) Absent: 2 (schizophrenia: 1; controls: 1)
Rudimentary: 2 (schizophrenia: 1; controls: 1)
Interrupted — 2–4 segments: 6 (schizophrenia: 3; controls: 3)
Present predominantly on the anterior aspect of the SFG: 2 (schizophrenia: 1; controls: 1)
Present almost for the entire length of the SFG: 4 (schizophrenia: 2; controls: 2)

Superior frontal sulcus (SFS) Uninterrupted: 8 (schizophrenia: 4; controls: 4); one interruption: 2 (schizophrenia: 1; controls: 1)
Turns medially, around the SFG to join the SRS: 4 (schizophrenia: 2; controls: 2)
Turns medially, around the SFG to join the infraorbital sulcus: 1 (schizophrenia: 0; controls: 1)

Inferior frontal sulcus (IFS) Uninterrupted: 9 (schizophrenia: 4; controls: 5)
Interrupted: 1 (schizophrenia)

Middle frontal sulcus (MFS) 2 segments: 1 (schizophrenia)
Multiply interrupted: 9 (schizophrenia: 4; controls: 5)

Lateral orbital sulcus (LOS) and IFS Join posterior to the ATOS plane: 9 (schizophrenia: 4; controls: 5)
Join anterior to the ATOS plane: 1 (schizophrenia)

LOS and anterior horizontal ramus (aHR) LOS and aHR present in all 10 subjects; LOS inferior to aHR in all 10 subjects
Superior rostral sulcus (SRS) Correctly identified as per the guideline used in the study: 9 (schizophrenia: 4; control: 5)

Could not be identified exclusively using the guideline 1 (schizophrenia)
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sulcal variations in the prefrontal regions according to
Ono et al. (1990), a substantial majority of which were
encountered in the ten brains that we studied (Table 2).
Also, high inter-rater reliability was achieved despite the
small sample size, which supports the robustness of the
guidelines. Considering these arguments, we suggest that
our sample, although small, was sufficiently representa-
tive with respect to the sulcal variations in the prefrontal
region. Of course, application of the proposed guidelines
in larger samples where greater sulcal variability are
encountered will be needed to confirm our claim.

In view of the fact that the segmentations were re-
stricted to the frontal gyri of the left hemisphere, we
cannot comment on inter-hemispheric variability of the
sulcal patterns in the prefrontal region. Also, while our
measurements of volume in the three gyri of the PFC
were reliable, we did not assess the validity of these
measures. An assessment of their validity would require
a comparison of the measures obtained from MR scans
with analogous measures taken from post-mortem ma-
terial. Finally, the applicability of the ATOS as the
posterior limit of the FP on the lateral convexity awaits
empirical validation. Nonetheless, high reliability of the
measures offered in this study should facilitate the con-
duct of non-biased comparisons of groups of subjects
with and without neuropsychiatric disorders.

In summary, our results demonstrate that the superior,
inferior and middle gyri of the PFC can be reliably defined
and measured in MR scans using guidelines with limited
use of landmarks and relying instead, on naturally
occurring sulcal boundaries and information about
cytoarchitectonic divisions. Our results offer specific
guidelines for parcellation of these regions, taking into
account the substantial variability in sulcal patterns in this
region. It is expected that this approach will provide greater
accuracy and reproducibility for neuromorphological
studies, by reducing ambiguity in the definition of the
multiple substructures of this crucial brain region.
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