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Abstract

Leftward volume asymmetry of the pars opercularis and pars triangularis may exist in the human brain, frequently
referred to as Broca’s area, given the functional asymmetries observed in this region with regard to language expres-
sion. However, post-mortem and magnetic resonance imaging (MRI) studies have failed to consistently identify such
a volumetric asymmetry. In the present study, an analysis of the asymmetry of sulco-gyral anatomy and volume of
this anterior speech region was performed in combination with an analysis of the morphology and volume asymmetry
of the planum temporale, located within the posterior speech region, in 50 healthy subjects using MRI. Variations in
sulcal anatomy were documented according to strict classification schemes and volume estimation of the grey matter
within the brain structures was performed using the Cavalieri method of stereology. Results indicated great variation
in the morphology of and connectivity between the inferior frontal, inferior precentral and diagonal sulci. There
were significant inter-hemispheric differences in the presence of (1) the diagonal sulcus within the pars opercularis,
and (2) horizontal termination of the posterior Sylvian fissure (relative to upward oblique termination), both with
an increased leftward incidence. Double parallel inferior precentral sulci and absent anterior rami of the Sylvian
fissure prevented stereological measurements in five subjects. Therefore volumes were obtained from 45 subjects.
There was a significant leftward volume asymmetry of the pars opercularis (P = 0.02), which was significantly related
to the asymmetrical presence of the diagonal sulcus (P < 0.01). Group-wise pars opercularis volume asymmetry did not
exist when a diagonal sulcus was present in both or neither hemispheres. There was no significant volume asymmetry
of the pars triangularis. There was a significant leftward volume asymmetry of the planum temporale (P < 0.001),
which was significantly associated with the shape of the posterior Sylvian fissure as a unilateral right or left upward
oblique termination was always associated with leftward or rightward volume asymmetry respectively (P < 0.01).
There was no relationship between volume asymmetries of the anterior and posterior speech regions. Our findings
illustrate the extent of morphological variability of the anterior speech region and demonstrate the difficulties
encountered when determining volumetric asymmetries of the inferior frontal gyrus, particularly when sulci are
discontinuous, absent or bifid. When the intrasulcal grey matter of this region is exhaustively sampled according to
strict anatomical landmarks, the volume of the pars opercularis is leftward asymmetrical. This manuscript illustrates
the importance of simultaneous consideration of brain morphology and morphometry in studies of cerebral asymmetry.
Key words Broca’s area; cerebral cortex; diagonal sulcus; inferior frontal gyrus; language.

regions for language expression, the left cerebral hemi-

Introduction

It has often been assumed that leftward structural asymmetry
of the pars opercularis and pars triangularis exists in the
human brain, given the specialisation of these cortical
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sphere’s dominance for language processing, and the left-
ward asymmetry of posterior speech regions, notably the
planum temporale. However, unlike asymmetry of the
planum temporale, asymmetry of the frontal operculum
is not a robust finding. Furthermore, the relationship
between the cortical asymmetries of the anterior and
posterior speech regions is unknown. The present study
sought to assess the asymmetry of the sulco-gyral anatomy
(i.e. morphology) and volume (i.e. morphometry) of the
pars opercularis and pars triangularis, and the relationship
of these measures to the volume of the planum temporale.
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Simultaneous analysis of the volume, morphology and
variability of the brain regions historically associated with
unilateral hemispheric function may provide a structural
basis for the between-human variability observed during
language processing.

The pars opercularis and pars triangularis are frequently
referred to as Broca's area of the cerebral cortex. By
definition, Broca’s area is the region of the cerebral cortex
that mediates expressive speech, and damage to which
causes expressive aphasia of the type Paul Broca observed
in the nineteenth century (Broca, 1861a, 1861b, 1863, 1865).
Based on assessment of gross macroscopic neuroanatomy,
Broca maintained that the crucial region for this human
function was the posterior region of the left third frontal
convolution, corresponding to the left pars opercularis in
particular, and also the pars triangularis. However, given
that the definition of Broca’s area is a clinico-functional
one, and not an anatomical one, it is clear that this ‘area’
cannot be confined to the convolutions of the inferior
frontal gyrus alone as expressive aphasia can occur in the
absence of lesions to this region, and there is a widespread
topology associated with Broca’s aphasia (Mohr et al.
1978; Mohr, 1979; Tramo et al. 1988; Alexander et al. 1990).
Nevertheless, the pars opercularis and pars triangularis are
cortical regions crucial for the production of speech as
shown by a wealth of functional neuroimaging, electrical
stimulation and lesion studies. This functional and clinical
literature has given impetus to anatomical studies of the
asymmetry of this area.

Leftward asymmetry of the posterior regions of the
inferior frontal gyrus is not a robust finding. The literature
generally indicates that in humans, (1) cytoarchitectonic
studies frequently report leftward asymmetry of area 44
and/or area 45 (Hayes & Lewis, 1993, 1995; Amunts et al.
1999, 2003; Uylings et al. 2005, 2006), which are the closest
— but not corresponding — cellular sub-regions to the pars
opercularis and pars triangularis respectively, (2) presence
of the diagonal sulcus in the pars opercularis is more
frequently observed in the left hemisphere relative to the
right, although no significant hemispheric asymmetry has
been demonstrated (Galaburda, 1980; Ono et al. 1990;
Tomaiuolo et al. 1999), (3) post-mortem studies reveal a
leftward asymmetry of the posterior regions of the inferior
frontal gyrus only when the intra-sulcal anatomy is quan-
tified in conjunction with the exterior convexity as opposed
to the exterior convexity alone (Wada et al. 1975; Falzi
et al. 1982; Albanese et al. 1989), and (4) there are great
between-study discrepancies in the reporting of asymmetry
of the posterior regions of the inferior frontal gyrus in MRI
studies (Foundas et al. 1995, 1996, 1998, 2001a, 2001b;
Tomaiuolo et al. 1999; Good et al. 2001; Watkins et al.
2001; Luders et al. 2004; Hervé et al. 2006; Knaus et al.
2006; Hammers et al. 2007). All studies have sought to
determine leftward asymmetry of the anterior speech
region given the functional lateralisation of this area, but
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many have failed to do so. The reasons for this are likely
to be due to differential methodological applications,
anatomical definitions, and sample sizes.

One advantage of the present study is with regard to
the combined analysis of inter-hemispheric asymmetry
of volume (i.e. morphometry) and sulcal anatomy (i.e.
morphology). Figure 1 illustrates the external sulcal anatomy
defining the pars opercularis and pars triangularis. The
pars opercularis (po) is demarcated caudally from the ventral
precentral gyrus by the ventral segment of the inferior
precentral sulcus [ipcs(v)], dorsally from the middle frontal
gyrus by the inferior frontal sulcus (ifs) and rostrally from
the pars triangularis (ptr) by the anterior ascending
ramus of the Sylvian fissure (ar). The pars triangularis is
demarcated caudally from the pars opercularis by the
anterior ascending ramus of the Sylvian fissure, dorsally

Fig. 1 The major sulcal contours defining the pars opercularis (po) and
pars triangularis (ptr) of the inferior frontal gyrus. The main image shows
the sulcal contours from the lateral convexity of a brain studied in the
present investigation. The insert presents the major sulcal contours
defining the pars opercularis and pars triangularis schematically
(connections and precise sulcal morphology do not necessarily
correspond to the main image). The pars opercularis is the region of
cortex located between the ventral segment of the inferior precentral
sulcus [ipcs(v)], the inferior frontal sulcus (ifs) and the anterior ascending
ramus of the Sylvian fissure (ar). The pars triangularis is the region of
cortex located between the anterior ascending ramus, inferior frontal
sulcus and the anterior horizontal ramus of the Sylvian fissure (hr). In this
example, a diagonal sulcus (ds) is present, and connects to the ventral
segment of the inferior precentral sulcus. A triangular sulcus (ts) is also
present, and connects to the inferior frontal sulcus. The inferior
precentral sulcus consists of three segments, the ventral segment,

a horizontal segment [ipcs(h)] and a dorsal vertical segment [ipcs(d)].
Cs, central sulcus.
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from the middle frontal gyrus by the inferior frontal sulcus,
and rostro-ventrally from the pars orbitalis by the anterior
horizontal ramus of the Sylvian fissure (hr). The pars orbitalis
lies between the anterior horizontal ramus of the Sylvian
fissure and the lateral orbital sulcus. Within the pars
opercularis there is occasionally a sulcus present called the
diagonal sulcus (ds), which is clearly distinguishable from
the anterior ascending ramus of the Sylvian fissure. More
frequently there is a sulcus present within the pars triangularis
called the triangular sulcus (ts). These sulcal contours are
generally considered to demarcate the pars opercularis and
pars triangularis from surrounding cortex (Duvernoy, 1999;
Petrides, 2006), and are used as anatomical boundaries to
estimate gyral volume of these regions (Wada et al. 1975;
Falzi et al. 1982; Albanese et al. 1989; Tomaiuolo et al.
1999). There is however great inter-individual variability in
the shape, length, and number of these sulcal contours
which gives rise to great variability in size, surface area
and volume of the pars opercularis and pars triangularis.
Therefore, volume estimation of these variably shaped
convoluted structures is more complex than of brain
structures with relatively little between-individual mor-
phological variation, such as deep subcortical nuclei. In the
present study, we sought to estimate volume and determine
volume asymmetries of the pars opercularis and pars tri-
angularis, with simultaneous documentation of morphological
variability of the sulcal contours defining these regions. In
this light, we aim to provide a combined morphological
and morphometric analysis of cerebral asymmetry of the pars
opercularis and pars triangularis, which will enable us to
evaluate the impact of anatomical variability on quantita-
tive measurements.

Using a mathematically unbiased stereological technique,
strict anatomical definitions and combined morphological
and volumetric analyses on magnetic resonance (MR) images,
the following research questions were addressed in the
present study. Firstly, is there a significant hemispheric
asymmetry in the morphology (i.e. variability in continuity,
connections and presence of sulci) of the pars opercularis
and pars triangularis? This study sought to document the
anatomy of the sulcus lying within the pars opercularis
(the diagonal sulcus) and the sulci that define the pars
opercularis and pars triangularis (inferior precentral sulcus,
inferior frontal sulcus, ascending ramus of the Sylvian
fissure, and horizontal ramus of the Sylvian fissure) in the
left and right cerebral hemispheres. Secondly, are there
volume asymmetries of the grey matter of the pars oper-
cularis and pars triangularis, and do such asymmetries
relate to variability of the sulcal anatomy? The intra-sulcal
grey matter was quantified within the pars opercularis and
pars triangularis using the Cavalieri method of modern
design stereology. Thirdly, is the asymmetry of the anterior
speech region related to the asymmetry of posterior
speech regions? To answer this, the volume of the planum
temporale was also determined using stereological methods.

Finally, are these regional asymmetries related to the more
gross fronto-occipital torque asymmetry? Fronto-occipital
torque is the typical frontal-rightward and occipital-leftward
brain asymmetry that appears like an anti-clockwise twist
around the longitudinal fissure (Bear et al. 1986; Toga &
Thompson, 2003).

Methods

Subjects

Twenty females and 30 males of mean (x SD) age 45.2 + 14.1
years were investigated, all of whom were neurologically
and psychiatrically healthy. Subjects were right (n = 37; 13
females, 24 males) or left (n = 13; 7 females, 6 males) handed
following testing with the Edinburgh Handedness Inventory
(EHI, Oldfield 1971). The study had local research ethics com-
mittee approval. All volunteers gave signed informed
consent and were medically screened prior to scanning.

Scanning protocol

T1-weighted images of the brain were obtained for each
subject using a 1.5T SIGNA whole body MR imaging system
(GE Medical Systems, Milwaukee, WI, USA). A spoiled
gradient echo (SPGR) pulse sequence (TE =9 ms, TR = 34 ms,
flip angle = 30°) produced 124 coronal T1-weighted images
with a FOV of 20 cm. Each image refers to a contiguous
section of tissue of 1.6-mm thickness. Acquisition time was
13 min and 56 s for a 1 NEX scan. Image dimensions were
256 x 256 x 124 voxels of side 0.781 mm x 0.781 mm x 1.6 mm.

Assessment of morphology

The morphology of the sulcal contours defining and within
the pars opercularis and pars triangularis was assessed
using a combination of multiple orthogonal MR sections
and rendered surfaces of the cerebral hemispheres using
MRIcro (www.mricro.com, Chris Rorden, University of South
Carolina, Columbia, SC, USA). It is crucial to refer to orthogonal
sections for assessment of sulcal morphology as the full
extent of intrasulcal anatomy cannot be appreciated from
the surface of the brain alone. For example, studies have
illustrated the presence of submerged gyri within the depths
of the inferior precentral sulcus that can only be determined
through examination of the fundus of sulci (Tomaiuolo
et al. 1999; Germann et al. 2005). In particular, Germann et al.
(2005) state that ‘Because superficial associations between
folds are frequent, it is necessary to follow the relations
between these three dimensional sulci in their depth to
establish true connections’ (p. 335), and ‘... the fundi of two
adjacent sulci may remain separated by a sulcal bridge even
though they may appear to be connected on the surface
of the brain’ (p. 336). Therefore the morphology of, and
connections between sulci were exhaustively assessed
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Fig. 2 Location of the lateral frontomarginal
sulcus (Ifms) with respect to the major sulcal
contours that define the pars opercularis and
pars triangularis. This sulcus may give the
impression of an anterior extension of the
inferior frontal sulcus, but navigation through
orthogonal sections clearly differentiates the
two sulci. ar, anterior ascending ramus;

ds, diagonal sulcus; hr, anterior horizontal
ramus; ifs, inferior frontal sulcus; ipcs, inferior
precentral sulcus.

using multiple viewing angles. The morphology of five sulci
(or rami) was assessed.

Inferior frontal sulcus

The length, continuity and connections of the inferior
frontal sulcus are extremely variable between brains. It has
been reported that the inferior frontal sulcus extends
rostrally until approximately the midportion of the dorsal
edge of the pars triangularis (Eberstaller, 1890), which has
been confirmed in subsequent investigations (Petrides &
Pandya, 2004). Furthermore, as Petrides & Pandya (2004)
note, ‘the term “inferior frontal sulcus” has been used
loosely to include additional sulci, such as the sulcus radiatus
and the lateral frontomarginal sulcus’ (p. 954). It is there-
fore important to reliably identify the inferior frontal sulcus,
and its segments, from adjacent and/or adjoining anterior
frontal sulci. The sulcus radiatus [or radiate sulcus of
Eberstaller (Petrides & Pandya, 2004)] and lateral fronto-
marginal sulcus are two relatively short sulci that are
typically located anterior and ventral to the inferior frontal
sulcus and the triangular sulcus, and although these sulci
may give the impression of an additional anterior segment
of the inferior frontal sulcus (Ono et al. 1990), they do not
constitute an extension of the inferior frontal sulcus as
they can be clearly differentiated by virtue of examination
of the sections of the frontal lobe (Petrides & Pandya,
2004). Figure 2 illustrates the location of the lateral fronto-
marginal sulcus, which may be confused with the inferior
frontal sulcus.

The inferior frontal sulcus, in particular the posterior
most regions, is easily identified in the human brain. It is
identified as the first ventral horizontal frontal sulcus
extending from the inferior precentral sulcus (either con-
nected or separated by a bridge of cortex), lying immediately
dorsal to the anterior ascending ramus of the Sylvian
fissure. When the inferior frontal sulcus is continuous in
its extent it ordinarily terminates at approximately the
midportion of the dorsal edge of the pars triangularis
(Eberstaller, 1890; Petrides & Pandya, 2004). When it is
discontinuous and composed of two segments [but see
Ono et al. 1990 who maintained that up to four segments
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could be identified, but may have included the sulcus
radiatus and the lateral frontomarginal sulcus as an anterior
segment of the inferior frontal sulcus (Petrides & Pandya,
2004)], the anterior segment is more difficult to distinguish
from anterior frontal sulci, particularly from the surface of
the brain, but is reliably achieved using assessment of the
intrasulcal connectivity on orthogonal MR sections. We
carefully distinguished the anterior inferior frontal sulcus
from other anterior frontal sulci (e.g. sulcus radiatus/lateral
frontomarginal sulcus/ventral intermediate frontal sulcus).
Furthermore, despite the potential misclassification of the
posterior most region of the inferior frontal sulcus as the
horizontal segment of the inferior precentral sulcus when
both sulci appear to align from the surface of the brain
(Germann et al. 2005), the positioning of the ventral
(vertical) segment of the inferior precentral sulcus and
intrasulcal assessment using orthononal sections enabled
reliable differentiation between the posterior inferior
frontal sulcus and inferior precentral sulcus.

Finally, there are three primary forms of connections
between the posterior inferior frontal sulcus and the
ventral (or horizontal) segment of the inferior precentral
sulcus (Ono et al. 1990; Germann et al. 2005): (1) a true
connection refers to the inferior frontal sulcus flowing
fully into the inferior precentral sulcus; (2) a superficial
connection is a connection on the surface of the hemi-
sphere, but a submerged bridge of cortex interrupts this
connection; (3) no connection. Furthermore, a true con-
nection may be divided into two further categories that
are defined based on the morphology of the inferior fron-
tal sulcus (Ono et al. 1990). A “true long’ connection refers
to the anastomosis of the inferior precentral sulcus and a
long continious inferior frontal sulcus, and a ‘true short’
connection refers to the anastomosis of the inferior pre-
central sulcus and a short discontinuous inferior frontal
sulcus. An example of a true long connection can be seen
in Fig. 1 and no connection in Fig. 2.

Inferior precentral sulcus
The precentral sulcus is located immediately anterior
to and roughly parallel to the central sulcus, and marks
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the division between the precentral and three frontal
gyri (superior, middle and inferior). It most typically
consists of two major vertical sulci (a superior and inferior
sulcus), which themselves are frequently comprised of
multiple vertical and horizontal segments (Ono et al.
1990; Germann et al. 2005). Like the inferior frontal
sulcus, the precentral sulcus exhibits a great deal of inter-
individual morphological variation in shape and connections
(see Germann et al. 2005 and Ono et al. 1990 for analysis
of variability of the precentral sulcus). The inferior precentral
sulcus alone may comprise three segments including a
dorsal, transverse and ventral segment (Germann et al.
2005). The ventral most region of the inferior precentral
sulcus, which marks the posterior most border of the pars
opercularis and is thus of primary interest in the present
study, is easily identified as the ventral segment of the
first descending sulcus immediately anterior to the central
sulcus. The inferior precentral sulcus may occasionally flow
into the Sylvian fissure (Ono et al. 1990), although this
was questioned in early anatomical studies (Eberstaller,
1890; Cunningham, 1892). The sulcus may rarely be
bifid in the human (Ono et al. 1990) and in the great
ape (Sherwood et al. 2003) brain. All references to the
inferior precentral sulcus in the present study refer to
the ventral segment that forms the posterior border to
the pars opercularis.

Anterior ascending ramus of the Sylvian fissure

The anterior ascending ramus of the Sylvian fissure, which
marks the division between the pars opercularis and pars
triangularis, is a deep vertical ramus rising up from the
Sylvian fissure into the inferior frontal gyrus, ordinarily
located approximately where the anterior temporal lobe
turns downwards to form the temporal pole. The anterior
ascending ramus is located anterior to the diagonal sulcus,
when present, and infrequently may be submerged within
the inferior precentral sulcus (Tomaiuolo et al. 1999;
Petrides & Pandya, 2004; Petrides, 2006), which requires
three-dimensional navigation through the intrasulcal
anatomy to demarcate the pars opercularis since this
structure cannot be visualised from the cortical surface
(Tomaiuolo et al. 1999).

Anterior horizontal ramus of the Sylvian fissure

The anterior horizontal ramus of the Sylvian fissure, which
demarcates the pars triangularis from the more ventrally
located pars orbitalis, appears like a continuation of the
Sylvian fissure in the lateral-orbital frontal lobe, located
approximately where the temporal lobe ends. There are
several patterns of the anterior horizontal ramus, includ-
ing (1) a positioning over the lateral surface, along the
orbital margin or over the orbital surface, (2) sharing a
common trunk with the anterior ascending ramus, but
more commonly has a separate origin and (3) infrequently
may be absent (Ono et al. 1990).

Diagonal sulcus

The diagonal sulcus is identified as a clear sulcus lying on
the inferior frontal gyrus between the inferior precentral
sulcus and the anterior ascending ramus of the Sylvian
fissure. The morphology of this sulcus does not constitute
a uniform appearance, as it occasionally merges with the
anterior ascending ramus of the Sylvian fissure or extends
from the inferior precentral sulcus or inferior frontal
sulcus. In some cases the diagonal sulcus does not merge
with any of the surrounding sulci and abuts with the
Sylvian fissure. These four configurations of the diagonal
sulcus are shown in Fig. 3, both schematically and from
the surface of three-dimensionally rendered cerebral
hemispheres.

The following sulcal features were recorded for each
cerebral hemisphere studied:

(1) inferior frontal sulcus: continuous (one segment) or
discontinuous (two or more segments); connection with
the inferior precentral sulcus: long connection (where the
inferior precentral sulcus anastomoses with a continuous,
uninterrupted inferior frontal sulcus), short connection
(where the inferior precentral sulcus anastomoses with a
discontinuous, interrupted inferior frontal sulcus), superficial
connection (where a connection is apparent from the
surface of the brain, but a submerged bridge of cortex
separates the sulci) or no connection

(2) inferior precentral sulcus (ventral most region): single
or dual; connection or no connection with Sylvian fissure
(3) anterior ascending ramus of the Sylvian fissure: present
or absent

(4) anterior horizontal ramus of the Sylvian fissure: present
or absent; common or separate origin from the anterior
ascending ramus

(5) diagonal sulcus: present or absent; connection to inferior
precentral sulcus, inferior frontal sulcus or anterior ascending
ramus, or no connection to these sulci.

We also assessed the morphological variability of the
posterior Sylvian fissure by visualising the general direction
of fissure termination. Results were documented accord-
ing to a simple categorisation scheme, namely horizontal
termination or upward oblique termination. These two
fissure configurations are shown in Fig. 4. A more exhaus-
tive analysis of the bifurcation patterns of the posterior
Sylvian fissure is provided elsewhere (Ono et al. 1990; Ide
et al. 1996).

Stereological measurement

Scan re-orientation

MR images were transferred to a SUN Ultra 10 workstation
running NRIA software (Brain Behaviour Laboratory,
University of Pennsylvania, Philadelphia, PA, USA) to allow
viewing, reslicing, and resizing datasets according to multiple
planes. Firstly, NRIA was used to perform a one-stage
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Fig. 3 The four connections of the diagonal sulcus. The connections are shown in subjects studied in the present investigation (left) and are also
schematically illustrated (right). (a) Connection with the ascending horizontal ramus of the Sylvian fissure. (b) Connection with the inferior precentral
sulcus. (c) Connection with the inferior frontal sulcus. (d) No connection with surrounding sulci. ar, anterior ascending ramus; ds, diagonal sulcus;
hr, anterior horizontal ramus; ifs, inferior frontal sulcus; ipcs, inferior precentral sulcus.

Fig. 4 Termination of the posterior Sylvian fissure: horizontal (left) and upward oblique (right).

reformatting process in which the data were interpolated
to isotropic voxels and reformatted to a prescribed plane
via single matrix transformation. The 256 x 256 x 124
acquired voxels of side 0.781 mm x 0.781 mm x 1.6 mm
were linearly interpolated to 256 x 256 x 256 cubic voxels
of side 0.781 mm.

All images were realigned perpendicular to the bicom-
missural plane. On a sagittal section closest to midline, a
line was drawn connecting the anterior commissure and
posterior commissure so that both structures could be

© 2007 The Authors

viewed on the same axial section. To correct for variation
in anterior to posterior roll, an axial plane along the bi-
commissural axis was taken. A coronal plane, orthogonal
to the longitudinal fissure was viewed at the point where
the orbital cavities were at maximum cross-sectional area.
From that coronal plane, a further adjustment to the axial
plane was taken along the superior most aspect of the
orbital cavities to correct for side-to-side pitch. To correct
for deviations from sagittal midline, a plane taken through
the longitudinal fissure of the corrected axial plane was
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taken. Images were rotated so that the bicommissural axis
was positioned at zero degrees (i.e. horizontal).

Half of the scans were randomly selected and flipped
from left to right, and the identity of each case was coded.
Thus, the experimenters were blind to both the laterality
and identity of each case. We did not perform measurements
on MR images automatically transferred to a standardised
reference space, given the effects of automated normalisation
on regional brain morphology. In particular, previous
studies have shown that linear and in particular non-linear
normalisation algorithms may cause an expansion of
regional brain tissue volume (Hammers et al. 2003; Keller,
2004). In particular, it has been recently shown that
application of spatial normalisation increases the volume
of the entire inferior frontal gyrus, and alters the directional
asymmetry of this region from leftward in native MR scans
to rightward in normalised images (Hammers et al. 2007).

Delineation of regions of interest

Pars opercularis and pars triangularis

The delineation of the pars opercularis and pars triangularis
followed the anatomical definitions described by others
(Duvernoy, 1999; Tomaiuolo et al. 1999; Petrides & Pandya,
2004; Petrides, 2006). The sulcal contours defining these
regions were clearly visible on high-resolution T1-weighted
MR images (Fig. 5). The pars opercularis (shown in blue in
Fig. 5) was demarcated caudally from the precentral gyrus
by the inferior precentral sulcus (ipcs), dorsally from the
middle frontal gyrus by the inferior frontal sulcus (ifs) and
rostrally from the pars triangularis by the anterior ascending
ramus of the Sylvian fissure (ar). The pars triangularis
(shown in red in Fig. 5) was demarcated caudally from the
pars opercularis by the anterior ascending ramus of the
Sylvian fissure, dorsally from the middle frontal gyrus by

Fig. 5 The sulcal contours defining the pars opercularis (blue) and pars triangularis (red) on MRI. Orthogonal sagittal (bottom left) and coronal (bottom
middle/right) sections are shown in conjunction with a lateral rendering of the cerebral hemisphere in the same individual. ar, anterior ascending ramus; cis,
circular insular sulcus; ds, diagonal sulcus; hr, anterior horizontal ramus; ifs, inferior frontal sulcus; ipcs, inferior precentral sulcus; ts, triangular sulcus.
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Fig. 6 Defining the posterior most region of the
pars opercularis. The same coronal section is
shown on the right (a—c) indicating the last
section that the frontal operculum can be
visualised in this particular right pars opercularis
(on the left side of image). The crosshairs
indicate the last section on which the
dorsomedial (a) and ventrolateral (b) operculum
can be visualised, immediately anterior to the
inferior precentral sulcus (see corresponding
sagittal sections). (c) is the same sagittal and
coronal sections as (a) without the crosshairs.
Markers were placed to separate the deep
operculum from the laterally overlapping
precentral gyrus (pcg), which are indicated by
the arrows on the coronal section. The broken
white line indicates the point of separation.

ifs, inferior frontal sulcus; ipcs, inferior
precentral sulcus.

the inferior frontal sulcus, and rostro-ventrally by the
anterior horizontal ramus of the Sylvian fissure (hr).

The entire grey matter of the pars opercularis and pars
triangularis was measured on coronal images. White
matter was not measured. To aid this process, the sulcal
contours that define these structures were first marked on
the realigned orthogonal coronal, sagittal and axial sections
using BrainVoyager software (www.Brainvoyager.com,
Brain Innovation, Maastricht, The Netherlands). The posterior
most region of the pars opercularis was first delineated.
Markers were placed deep within the inferior precentral
sulcus to delineate the posterior operculum from the
adjoining precentral gyrus using sagittal and coronal
sections (Fig. 6). On coronal sections, the precentral gyrus
appears to overlap laterally the deeper operculum and
then the two structures merge; navigation using the
orthogonal sections reliably differentiated these two
structures thus providing a posterior limit for measure-
ments of the pars opercularis. The inferior frontal sulcus
was marked on sagittal sections to denote the superior
border of the pars opercularis and pars triangularis. When
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the inferior frontal sulcus was discontinuous, markers
‘connecting’ the discontinuous segments were drawn,
following the pattern and direction of the sulcus, to serve
as the dorsal border and to eliminate any dorsally located
cortex not comprising the inferior frontal gyrus (Fig. 7).
A sagittal section of the Sylvian fissure and its anterior
horizontal ramus were marked to delineate the inferior
border of the pars opercularis and pars triangularis. Tracing
of the anterior horizontal ramus followed the trajectory
of the ramus. The pars opercularis and pars triangularis
were demarcated by placing markers within the anterior
ascending ramus. The dorsomedial (inferior frontal sulcus)
and ventromedial (circular insular sulcus, anterior horizontal
ramus) limits of the pars opercularis and pars triangularis
were not marked. The contours of these sulci were suffi-
ciently viewed on coronal sections for point counting.

Planum temporale

The planum temporale is a triangular region lying caudal
to Heschl’s gyrus on the supratemporal plane within the
Sylvian fissure. The posterior boundary, following the
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method of Anderson et al. (1999), was where the Sylvian
fissure turned to ascend in a more vertical plane or, if it
remained horizontal, at its termination. The medial
boundary was the deepest extent of the Sylvian fissure,
and the anterior boundary was Heschl’s sulcus. In those
cases where there was more than one Heschl’s gyrus, or it
bifurcated at any point along its length, the posterior
gyrus was included in the planum temporale, following
the recommendations of Kim et al. (2000).

Stereological parameters

Unbiased estimates of the volume of the pars opercularis,
pars triangularis and planum temporale were obtained
using design-based stereology. This involved efficient
application of appropriate point counting procedures
(Gundersen & Osterby, 1981; Gundersen & Jensen, 1987;
Gundersen et al. 1999) with in-house developed software
(Easymeasure: Puddephat (1999); contact corresponding
author for software information). This program displayed
scans in a coronal orientation, with a square grid array of
probe points superimposed in random position. Those points
which lie over the structure of interest were indicated with
a mouse-click. The volume of the structure concerned was
calculated from the total number of points counted.
Sectioning and point counting intensities were optimised
to achieve a coefficient of error for the volume of less than
5% (Roberts et al. 2000).

Pars opercularis and pars triangularis

Separation between the grid array test points used for
point counting of the pars opercularis and pars triangularis
was 0.234 cm (i.e. 3 pixels). The slice interval was every

Fig. 7 Connecting the segments of a
discontinuous inferior frontal sulcus. The
orthogonal sagittal and coronal sections at the
top show the point at which a bridge of cortex
interrupts the sulcus (crosshairs). The same
sections below indicate the two segments of
the inferior frontal sulcus (ifs1, ifs2) and the
point at which these segments are connected
(broken white line).

section for the pars opercularis and every second section
for the pars triangularis. The difference in slice interval
between structures was due to the fact that the pars tri-
angularis is usually longer (and thus larger) than the pars
opercularis. An illustration of point counting within the
pars opercularis and pars triangularis is presented in Fig. 8.
Time taken to measure each structure was approximately
10 minutes per structure (x4 per brain, therefore 40 min
per brain), after image realignment and region-of-interest
demarcation that lasted approximately 20 min per brain.
Therefore, total time taken for measurement of the pars
opercularis and pars triangularis in the present study was
approximately one hour per subject.

Planum temporale

For the planum temporale, the grid size was set t0 0.312 cm
(i.e. 4 pixels). At the outset of the study, slice interval for
the planum temporale measures was every section. However,
with progression of the study, and monitoring of the
resultant coefficients of error, this proved to be unduly
labour intensive. From this point forward, the slice interval
was changed to every other section. It should be noted
that due to the nature of the stereology system of measure-
ment, this would have resulted in only alterations in the
variance of the measurements. The unbiasedness of the
stereological estimator would not have been affected.
The mean coefficient of error was always less than 5% for
both measurement protocols for the planum temporale,
and was therefore deemed to be acceptable. Anillustration
of point counting within the planum temporale is presented
in Fig. 8. Time taken for measurement of the planum
temporale was approximately 10 min per structure (x2 per
brain, therefore 20 min per brain).
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3. Planum Temporale

Fig. 8 Point counting for stereological analysis of the pars triangularis (1), pars opercularis (2) and planum temporale (3). The approximate locations
of the coronal sections are indicated on the lateral renderings of the same brain. The section areas of the three structures are indicated by the yellow
points in the left and right hemispheres. ar, anterior ascending ramus; hr, anterior horizontal ramus; ifs, inferior frontal sulcus; ipcs, inferior precentral sulcus.

Automated analysis of fronto-occipital torque

The fronto-occipital torque was calculated using the
automated technique of Barrick et al. (2005). Briefly, after
automated segmentation of grey and white matter (using
SPM2, www.fil.ion.ucl.ac.uk/spm, Wellcome Department of
Imaging Neuroscience, London, UK) and hemisphere extrac-
tion (Maes et al. 1999) a series of fully automated algorithms
estimated the volume of the grey and white matter in
both cerebral hemispheres, and for each parcellated lobe.
Automatically determined asymmetry of the combined
volume of grey and white matter within the frontal lobe
(typically rightward) and occipital lobe (typically leftward)
was used to determine brain torque.

Statistical analyses

McNemar's test was applied to test whether both the incidence
of the diagonal sulcus and horizontal termination of the Sylvian
fissure were associated with side of cerebral hemisphere.
Multivariate analysis of variance (MANOVA) was used to
analyse inter-hemispheric differences in the volume of the
pars opercularis, pars triangularis and planum temporale

© 2007 The Authors

and to test whether the measurements were influenced by
handedness. In particular, we used a two-way nested MANOVA
where the structures (pars opercularis/pars triangularis/
planum temporale) were regarded as a three-dimensional
array. The factors were side (left/right) and handedness (right/
left). Between-hemisphere volume asymmetry of the three
brain structures were calculated from the right (R) and left
(L) volumes using a standard asymmetry formula [(R - L)/
(R + L) x 100], where negative values indicate a larger leftward
asymmetry (and vice versa for positive values), and the larger
the value, the greater the asymmetry. Pearson'’s correlation
coefficients (with multiple-comparisons correction) were used
to investigate the relationships between the asymmetry
coefficients of the pars opercularis, pars triangularis, planum
temporale and fronto-occipital torque.

Results

Morphology

All results from analysis of sulcal morphology are provided
in Table 1, and are provided separately for the left and
right hemispheres.
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Left Hem Right Hem

Table 1 Sulcal variability observed in the

Total present study. ar, anterior ascending ramus;

Inferior frontal sulcus continuous 54% (27)
discontinuous 46% (23)
ipcs connection: long 38% (19)
ipcs connection: short 28% (14)
ipcs connection: superficial 20% (10)
ipcs connection: none 14% (7)
Inferior precentral sulcus  single 96% (48)
bifid 4% (2)
no connection with sf 84% (42)
connection with sf 16% (8)
Anterior ascending ramus present 98% (49)
absent 2% (1)
Anterior horizontal ramus present 98% (49)
absent 2% (1)
ar/hr separate origin 66% (33)
ar/hr common trunk 30% (15)
Diagonal sulcus present 52% (26)
absent 48% (24)
ar connection 8% (4)
ipcs connection 14% (7)
ifs connection 8% (4)
no connection 22% (11)
Sylvian fissure horizontal 70% (35)
upward oblique 30% (15)

100% (50)

hr, anterior horizontal ramus; ifs, inferior
frontal sulcus; ipcs, inferior precentral sulcus;
sf, Sylvian fissure

50% (25)
50% (25)
32% (16)
30% (15)
18% (9)
20% (10)
96% (48)
4% (2)
78% (39)
22% (11)

52% (52)
48% (48)
35% (35)
29% (29)
19% (19)
17% (17)
96 % (96)
4% (4)
81% (81)
19% (19)
99% (99)
1% (1)
98% (98)
2% (2)
68% (68)
29% (29)
36% (36)
64% (64)
6% (6)
7% (9)
5% (5)
13% (16)
52% (52)
48% (48)

0% (0)
98% (49)
2% (1)
70% (35)
28% (14)
20% (10)
80% (40)
4% (2)
4% (2)
2% (1)
10% (5)
34% (17)
66% (33)

Inferior frontal sulcus

The inferior frontal sulcus was found to be a continuous
straight sulcus in 52% of all brains, with no notable inter-
hemispheric differences. The remainder (48%) consisted
of a discontinuous inferior frontal sulcus, comprising no
more than two segments. We observed that when the inferior
frontal sulcus was a continuous straight sulcus, the anterior
end typically terminated half way between the anterior
ascending and anterior horizontal rami of the Sylvian fissure
(i.e. the midportion of the dorsal edge of the pars triangularis).
Such an example is provided in Fig. 1. However, when the
inferior frontal sulcus was interrupted by a bridge of cortex
and was thus discontinuous, the termination of the anterior
end of the sulcus was sometimes located soon after the
anterior ascending ramus of the Sylvian fissure, or may have
extended beyond the triangular sulcus, but never reaching
the anterior horizontal ramus of the Sylvian fissure. There
was a long connection between the posterior inferior frontal
sulcus and inferior precentral sulcus in 38% left and 32%
right hemispheres. There was a short connection in 28%
left and 30% right hemispheres, a superficial connection
in 20% left and 18% right hemispheres, and no connection
in 14% left and 20% right hemispheres.

Inferior precentral sulcus

The ventral inferior precentral sulcus was a single sulcus in
96% left and 96% right hemispheres. There were dual
parallel inferior precentral sulci in 4% left and 4% right
hemispheres. One example of dual parallel inferior precentral

sulci is provided in Fig. 9(a). The ventral inferior precentral
sulcus had no direct connection with the Sylvian fissure in
84% left and 78% right hemispheres. A connection was
observed in 16% left and 22% right hemispheres, and in all
cases this referred to a connection on lateral sections of the
brain but never medially as the bridge of cortex connecting
the frontal operculum and precentral gyrus was always
present. Therefore, this may be considered a superficial
connection. An example of a connection between the inferior
precentral sulcus and Sylvian fissure is provided in Fig. 9(b).

Anterior ascending ramus of the Sylvian fissure
The anterior ascending ramus was identified in 99% of all
hemispheres examined.

Anterior horizontal ramus of the Sylvian fissure

The anterior horizontal ramus could be identified in 98%
of all hemispheres examined. The anterior ascending and
horizontal rami had a separate origin in 66% left and 70%
right hemispheres. Both rami had a common trunk in 30%
left and 28% right hemispheres. An example of a separate
origin can be seen in Fig. 3(b-d) and of a common trunk in
Fig. 3(a).

Diagonal sulcus

We observed the presence of a diagonal sulcus in 52% left
and 20% right hemispheres. There was no observable
diagonal sulcus in 48% left and 80% right hemispheres.
Given the large difference between the presence of the

© 2007 The Authors

Journal compilation © 2007 Anatomical Society of Great Britain and Ireland



Fig. 9 Rare features of the inferior precentral
sulcus. (a) Double parallel inferior precentral
gyrus. (b) Ventral inferior precentral sulcus
connecting with the Sylvian fissure on the
surface of the brain (white arrow). This
connection is lateral/superficial, given that the
posterior frontal operculum always connects
with the precentral gyrus more medially. ar,
anterior ascending ramus; ds, diagonal sulcus;
hr, anterior horizontal ramus; ifs, inferior frontal
sulcus; ipcs, inferior precentral sulcus.

Table 2 Cell frequencies for the presence of the diagonal sulcus in the
50 right and 50 left hemispheres

Asymmetry of the anterior speech region, S. S. Keller et al.

Table 3 Cell frequencies for the presence of an upward oblique
termination of the Sylvian fissure in the 50 right and 50 left hemispheres

Right Hem Right Hem
Yes No Yes No
Left Hem Yes 6 (12%) 20 (40%) Left Hem Yes 8 (16%) 7 (14%)
No 4 (8%) 20 (40%) No 25 (50%) 10 (20%)

diagonal sulcus in the left and right hemispheres, we
applied McNemar's statistical test to determine whether
this was a significant difference. Results showed that the
diagonal sulcus was present significantly more frequently
in the left than the right hemisphere ( xf =12.9, P<0.001).
The cell frequencies for the presence of the diagonal
sulcus are provided in Table 2.

The four sulcal configurations involving the diagonal
sulcus detailed in the methods section were observed in
the 36 diagonal sulci (26 left, 10 right) identified in the
present study. In particular, a connection with the anterior
ascending ramus of the Sylvian fissure was observed in 8%
left and 4% right hemispheres, a connection with the infe-
rior precentral sulcus in 14% left and 4% right hemi-
spheres, a connection with the inferior frontal sulcus in 8%
left and 2% right hemispheres, and no connection with
local sulci in 22% left and 10% right hemispheres.

Posterior Sylvian fissure termination
A horizontally terminating posterior Sylvian fissure was

identified in 70% left and 34% right hemispheres. An

© 2007 The Authors

upward oblique terminating posterior Sylvian fissure was
identified in 30% left and 66% right hemispheres. Given
the large difference in termination type in the left and
right hemispheres, we applied McNemar’s statistical test
to determine whether this was a significant difference.
Results indicated that there was a significant left-
greater-than-right difference in frequency of a horizontal
termination, and a significant right-greater-than-left
difference in frequency of upward oblique termination
(x? =9.63, P =0.002). The cell frequencies for the posterior
Sylvian fissure are provided in Table 3.

Stereological measurement

Prior to measurement of the study cohort (SSK = all pars
opercularis and pars triangularis measurements; JRH = all
planum temporale measurements), inter-rater reliability
of cortical volumes was analysed using intraclass correlation
coefficients (ICC) (Bartko, 1966). The volumes of the left
and right pars opercularis, pars triangularis and planum
temporale were estimated in 10 subjects by two different
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Table 4 Results from inter-rater reliability

Intraclass Correlation Biological Inter-rater analyses
Structure Coefficient v v
Left pars opercularis 0.86 32% 5%
Right pars opercularis 0.86 29% 4%
Left pars triangularis 0.94 35% 2%
Right pars triangularis 0.89 29% 3%
Left planum temporale 0.96 31% 1%
Right planum temporale 0.96 24% 1%
Table 5 Descriptive statistics for structure
Left mean Left range Right mean Rightrange  yolume in the left and right hemisphere.
Volumes are cm®
Pars opercularis 6.86 3.21-11.23 6.08 3.02-10.46
Pars triangularis 6.94 3.54-14.72 7.65 3.59-15.34
Planum temporale 3.90 1.95-6.42 3.14 1.50-5.56
raters for analyses of inter-rater reliability (pars opercularis 100
and pars triangularis measurements contrasted between SSK 75 |
and Jack Taylor; planum temporale measurements contrasted S
between JRH and SSK). Reliability studies were administered g 501 .
prior to the design of the present study, and were performed 8 25 A : E °
on a cohort of healthy controls using identical techniques § 0 § j
including MR imaging acquisition parameters and quantifica- % o5 E g §
tion methods. ICC's indicated that inter-rater variability é ° ;
was approximately 14% of the total data variability for ? 07 ’
all structures (ICC > 0.86). Table 4 indicates the biological =757
coefficient of variation and the inter-rater coefficient of —100

variation (CV) for the pars opercularis, pars triangularis and
planum temporale (CV is defined as the standard devia-
tion divided by the mean of the variable).

Exclusion of cases for morphometry

The morphology of the sulcal contours defining the pars
opercularis and pars triangularis described above pre-
vented delineation of these structures for volumetric
measurement in five of the 50 brains for the following
reasons: absent anterior ascending ramus (one brain; no
anterior/posterior boundary for the pars opercularis and
pars triangularis respectively), absent horizontal ramus
(two brains; no anterior boundary for the pars triangularis),
and double parallel inferior precentral sulcus (two brains;
no posterior boundary for the pars opercularis). Therefore
analysis of pars opercularis and pars triangularis volume
was performed in 45 brains.

Volume asymmetry

Table 5 indicates the descriptive results for the volume of
the pars opercularis, pars triangularis and planum tempo-
rale, and reveals a large range in structure volume for the
left and right pars opercularis and pars triangularis. Statis-
tical analysis revealed significant effects of hemisphere
side (right/left, F;,, = 6.89, P < 0.01) but not of handedness
(F34; = 0.45, P=0.72). To elucidate the significant effects

Pars opercularis ~ Pars triangularis  Planum temporale

Fig. 10 Asymmetry coefficients (%) for the pars opercularis, pars
triangularis and planum temporale.

from the main analysis, we used paired samples t-tests.
Results indicated significantly greater volume of the left
pars opercularis (t,, = 2.47, P = 0.02) and planum temporale
(tys=4.2, P<0.001) relative to the right. There was no
significant difference between the volume of the left and
right pars triangularis (t,, = —0.74, P = 0.46). The distributions
of asymmetry coefficients for all structures are presented
in Fig. 10. The pars opercularis was leftward asymmetrical
in 31 (69%) cases, the pars triangularis in 19 (42%) cases
and the planum temporale in 35 (78%) cases. Symmetry of
the pars opercularis, pars triangularis and planum temporale
was found in 2 (5%), 6 (13%) and 2 (5%) cases respectively.
The remaining cases were right asymmetrical.

Relationships between measures

There were no significant positive correlations between
the asymmetry coefficients. There was a significant nega-
tive correlation between the asymmetry coefficients of the
pars opercularis and pars triangularis (r =-0.418, P = 0.01).
This relationship is presented in Fig. 11. There were trends
towards negative correlations between the asymmetry
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Fig. 11 Scatterplot of pars opercularis asymmetry against pars
triangularis asymmetry. Negative values of pars opercularis asymmetry
are associated with positive values of pars triangularis asymmetry, and
vice versa.

coefficients of the pars opercularis and planum temporale
(r=-0.262, P=0.08), and a positive correlation between
pars opercularis asymmetry and fronto-occipital torque
(torque mean value = 38.44; range = 12.19-69.67; all brains
showing a combined rightward frontal and leftward
occipital asymmetry, which is indicated by the positive
torque values) (r=0.314, P=0.08). There were no other
significant correlations between asymmetry coefficients
(P> 0.08).

A two-way analysis of variance was applied to test the
association between presence of diagonal sulcus and pars
opercularis volume asymmetry, where the factors were
right side and left side (both with levels presence/no
presence) (Fig. 12a). The presence of a diagonal sulcus in
the left hemisphere was significantly associated with neg-
ative (leftward) volume asymmetry of the pars opercularis
(Fi4 =15.9, P<0.01). Moreover, the presence of diagonal
sulcus in the right hemisphere was significantly associated
with positive asymmetry of the pars opercularis (F, 4, = 28.7,
P < 0.01) (although the sample size was very small in this
group). The mean values (SD) corresponding to Fig. 12(a)
[i.e. mean volume asymmetry coefficient of the pars oper-
cularis in subjects groups with a diagonal sulcus in (i)
neither hemisphere, (ii) only the left hemisphere, (iii) only
the right hemisphere and (iv) both hemispheres] were
-1.1 (10.4) for neither hemisphere, -18.1 (13.6) for the
left hemisphere, 31.0 (1.4) for the right hemisphere, and
6.1 (9.5) for both hemispheres. Negative values indicate
leftward volume asymmetry. No right/left interaction
effects were observed (F, 4, = 0.69, P = 0.46).

An analogous statistical analysis was used to test
whether planum temporale volume asymmetry was influ-
enced by the posterior morphology of the Sylvian fissure
(Fig. 12b). Results indicated that brains that exhibited an
upward oblique termination in the right hemisphere
showed a negative (i.e. leftward) volume asymmetry of
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Fig. 12 Distribution of pars opercularis volume (pop) asymmetry relative
to the presence of a diagonal sulcus (12a) and planum temporale volume
(pt) asymmetry relative to presence of upward oblique Sylvian fissure
termination (12b). Note that in contrast to the data presented in Tables 2
and 3, the data presented here are for the 45 subjects in whom structure
volumes could be estimated. Negative values are leftward volume
asymmetry. Asymmetry coefficients are broken down in subgroups:
none = morphological feature not present in either hemisphere,

left = present only in left hemisphere, right = present only in right
hemisphere, both = present in both hemispheres. These figures indicate
that leftward or rightward volume asymmetry of the pars opercularis is
related to the presence of the diagonal sulcus in the left or right
hemisphere respectively (top), and that leftward or rightward planum
temporale asymmetry is driven by the presence of an upward oblique
Sylvian fissure in the right or left hemisphere respectively (bottom).

the planum temporale (F; 4; = 17.0, P < 0.01). Furthermore,
an upward oblique termination in the left hemisphere was
significantly associated with a positive (rightward) volume
asymmetry of the planum temporale (F, 4, = 19.3, P < 0.01).
The mean values (SD) corresponding to Fig. 12(b) (as in
Fig. 12a, but of planum temporale volume asymmetry and
upward oblique termination of the Sylvian fissure) were
-4.0 (11.9) for neither hemisphere, 13.0 (7.3) for the left
hemisphere, -19.4 (11.8) for the right hemisphere, and -3.0
(9.5) for both hemispheres. Negative values indicate
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leftward volume asymmetry. No right/left interaction
effects were observed (F, 4, = 0.001, P = 0.94).

Auxiliary analysis of the diagonal sulcus

We have presented evidence of a significant leftward
asymmetry of the presence of the diagonal sulcus in the
pars opercularis. Our results are consistent with previous
research insomuch that a left-greater-than-right incidence
has been demonstrated (Galaburda, 1980; Ono et al. 1990;
Tomaiuolo etal. 1999), but our findings represent the
most lateralised presence of the diagonal sulcus in the
literature. Given that this lateralisation is significantly
related to the observed leftward asymmetry of the pars
opercularis, we performed an auxiliary analysis of the presence
of the diagonal sulcus in a separate cohort of 50 brains.

We documented the presence of a diagonal sulcus on
MR images from 50 healthy subjects matched for age and
sex with the primary analysis [21 females, 29 males; mean
(xSD) age 43.7 = 12.7 years]. All images were acquired from
the same MRI scanner using identical MR sequences and
software. The investigator (SSK) was blind to identification
and hemisphere side (half the images were flipped from left
to right, encoded and anonymised, as in the primary analysis).
We found that the diagonal sulcus was present in 29/50
(58%) left and 20/50 (40%) right hemispheres. This included
20 only in the left hemisphere, 11 only in the right hemisphere,
nine bilaterally and ten in no hemispheres. McNemar'’s
statistical test revealed no significant leftward asymmetry
of the diagonal sulcus in the auxiliary sample (x; = 2.61,
P =0.11). In total, we observed a diagonal sulcus in 53/100
(53%) left and 27/100 (27 %) right hemispheres.

Discussion

The first objective of this study was to determine the
morphological variability and asymmetry of the sulcal
anatomy defining the pars opercularis and pars triangularis.
It was found that the inferior frontal sulcus was almost as
likely (48% of cases) to be discontinuous as a continuous
straight sulcus (52%) in both hemispheres. When the inferior
frontal sulcus was discontinuous, it consisted of no more
than two segments. Most frequently, the posterior inferior
frontal sulcus connected with the inferior precentral sulcus
either fully or superficially; no connection was observed in
14% left and 20% right hemispheres. The inferior precentral
sulcus most frequently did not reach the Sylvian fissure,
but there was a lateral (superficial) connection in 16% left
and 22% right hemispheres. The observation of double
parallel inferior precentral sulci and absent anterior rami
in 4% of brains prevented measurements of the pars
opercularis and pars triangularis as these sulcal contours
define the borders of the gyral structures. Significant
inter-hemispheric differences in the presence of a diagonal
sulcus and horizontal termination of the posterior Sylvian

fissure were observed, both with a leftward asymmetry.
In auxiliary analyses, a leftward asymmetry of the diagonal
sulcus was again demonstrated, but not significantly so.

The second objective was to estimate the asymmetry of
the volume of grey matter within the pars opercularis, pars
triangularis, and planum temporale using stereology, and
to relate asymmetries to inter-hemispheric differences in
sulcal contours. Further to obtaining the expected leftward
asymmetry of the planum temporale, we also found a
significant leftward asymmetry of the pars opercularis,
but a more subtle asymmetry in the latter. There was no
significant difference between the volume of the left
and right pars triangularis. Volume asymmetry of the pars
opercularis was significantly related to the presence of
a diagonal sulcus within the pars opercularis: leftward
volume asymmetry of the pars opercularis was found in
almost all brains (17/19) where a diagonal sulcus was only
present in the left hemisphere, and rightward volume
asymmetry was found in both brains (2/2) where a diagonal
sulcus was only present in the right hemisphere. Group-wise
pars opercularis volume asymmetry did not exist when a
diagonal sulcus was present in both or neither hemispheres.
In a similar manner, planum temporale volume asymmetry
was determined by the termination of the posterior Sylvian
fissure: all brains with an upward oblique termination in
only the right hemisphere had leftward volume asymmetry
(24/24) and all brains with this termination only in the left
hemisphere had rightward volume asymmetry (6/6).

The third objective was to explore the relationship
between asymmetry of the anterior and posterior speech
regions. We found no significant relationship between the
volume asymmetries of the pars opercularis and planum
temporale, or the pars triangularis and planum temporale.

Finally we explored the relationship between asymmetry
of the language cortical structures and the more gross
morphological asymmetry of fronto-occipital torque. There
were no significant relationships.

Before we discuss the biological implications of the
above results we highlight pertinent methodological issues.

Methodological considerations

The Cavalieri method of modern design stereology is
frequently applied in neuroscience to quantify neuronal
density on a microscopic level (Gundersen & Osterby, 1981;
Pakkenberg et al. 2003; Schmitz & Hof, 2005). The prin-
ciples of stereology have additionally been applied to
study regional brain volumes on MR images for scientific
research (Sheline et al. 1996; Mackay et al. 1998; Roberts
et al. 2000; Howard et al. 2003) and in clinical settings
(Mackay et al. 2000; Keller et al. 2002a, 2002b; Salmenpera
et al. 2005), with validation against post-mortem specimens
(Doherty et al. 2000; Garcia-Finana et al. 2003; Jelsing
et al. 2005). Point counting on MR images in conjunction
with design-based stereology has been found to be at
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least as precise as thresholding and tracing methods and
clearly superior in terms of speed and validity (Doherty
et al. 2000), with excellent levels of inter- and intra-rater
reliability (Mackay et al. 1998, 2000; Doherty et al. 2000;
Keller et al. 2002a, 2002b). To date, applications include
volume estimation of individual brain regions such as
medial temporal lobe structures including the hippocampus,
amygdala and parahippocampal gyrus (Mackay et al.
1998, 2000; Keller et al. 2002a, 2002b; Salmenpera et al.
2005), infratentorial structures including brainstem,
cerebellum and upper cervical spinal cord (Edwards et al.
1999; Liu et al. 1999), and cerebral lobar and hemisphere
volumes (Sheline et al. 1996; Mackay et al. 2000; Roberts
et al. 2000; Howard et al. 2003). The present study has
demonstrated reliability in the repeatability of measurements
of the pars opercularis, pars triangularis and planum
temporale using stereological methods.

In the present study, the pars opercularis was bordered
caudally by the inferior precentral sulcus, dorsally by
the inferior frontal sulcus, ventrally by the Sylvian fissure,
and rostrally by the anterior ascending ramus. The pars
triangularis was bordered caudally by the anterior ascending
ramus, dorsally by the inferior frontal sulcus and rostro-
ventrally by the anterior horizontal ramus. These sulcal
contours are generally considered to demarcate the pars
opercularis and pars triangularis of the inferior frontal
gyrus (Duvernoy, 1999; Tomaiuolo et al. 1999; Petrides &
Pandya, 2004; Petrides, 2006). However, we have demon-
strated considerable variability in the sulcal contours
defining these regions. This variability affected volumetric
measurements of the pars opercularis and pars triangularis
in some subjects. In particular, the morphology of the
inferior frontal sulcus caused the greatest problems during
demarcation in the present study. The inferior frontal
sulcus was frequently discontinuous, which required the
rater to adjoin the discontinued segments by following
the trajectory of the sulci and marking a connection
between the segments (Fig. 7). This method effectively
cuts through the bridge of cortex that connects the inferior
frontal gyrus with the middle frontal gyrus, thus causing
an interruption of the inferior frontal sulcus. This method
of demarcation is not ideal but is the only way to salvage
volumetric measurements of the pars opercularis or pars
triangularis in the large proportion of brains with dis-
continuous inferior frontal sulci without reference to
cytoarchitectonic borders. An alternative measurement
technique that would not require demarcation of the
inferior frontal sulcus — and thus avoids morphological
issues regarding the inferior frontal sulcus —is one described
by Eckert et al. (2003). This study performed pars triangularis
measurements by tracing the contours of the anterior
ascending ramus and anterior horizontal ramus on consec-
utive sagittal sections. Rather than point counting within
the grey matter pars triangularis which requires visualisation
of the inferior frontal sulcus as the dorsal boundary as
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performed in the present study, the authors manually
outlined the length of the two rami and estimated the size
of the pars triangularis based on the length of the rami.
For this form of measurement, a discontinuous inferior
frontal sulcus does not pose a problem as the inferior frontal
sulcus is not used for measurements. However, this method
does not provide an estimation of grey matter volume
within the pars opercularis and pars triangularis. Other
methods of analysis that are not compromised by dis-
continuous, bifid, variable and sometimes absent sulcal
contours include a nominal categorisation scheme of mor-
phology (i.e. documentation of the shape of sulcal contours;
Clark & Plante, 1998; Billingsley et al. 2003) or cytoarchi-
tectonic analysis (Hayes & Lewis, 1993, 1995; Amunts et al.
1999, 2003; Uylings et al. 2005, 2006).

The work by Amunts et al. (1999) indicated that macro-
scopic sulcal contours do not consistently correspond to
cytoarchitectonic borders in humans, and that there is
great inter-individual variability in the regional cellular
morphology of inferior frontal gyrus. Sherwood et al. (2003)
have shown that this is also applicable to great apes. It is
true that area 44, for example, is consistently located in
the opercular region of the inferior frontal gyrus (Amunts
et al. 1999). However, the anterior border of area 44 is
occasionally located close to, or within, the diagonal sulcus
(Amunts et al. 2004), and therefore the anterior and
adjacent area 45 impinges on the pars opercularis given
that the anterior border of area 44 is not the anterior
ascending ramus of the Sylvian fissure. The cytoarchitectonic
boundaries of area 44 and area 45 have been found to lie
at different regions within the banks of sulci surrounding
the pars opercularis and pars triangularis, and the boundaries
of area 44 and area 45 may lie at different regions of
cortex in different people (Amunts et al. 1999; Amunts &
Zilles, 2006). Thus it is unwise to maintain that pars
opercularis and area 44, pars triangularis and area 45, and
pars orbitalis and area 47 have a one-to-one correspondence,
and we therefore maintain a distinction between the left-
ward asymmetry of the pars opercularis observed in this
study and the leftward asymmetry of area 44 previously
reported (Amunts et al. 1999, 2003; Uylings et al. 2006).
However, whilst we maintain a fundamental difference in
the leftward asymmetry of the pars opercularis and area
44, it is difficult to ignore the fact that both asymmetries
are of the posterior most region of the inferior frontal gyrus,
corresponding to the region of the cerebral cortex Paul
Broca attributed to the lateralised expression of speech.

Given the unreliable macroscopic-microscopic anatomical
correlation within the inferior frontal gyrus, we included
the ventral grey matter deep within the operculum in measure-
ments of the pars opercularis — despite that this area is
apparently cytoarchitectonically similar to insular cortex
(von Economo & Koskinas, 1925; von Economo & Horn,
1930; Tomaiuolo et al. 1999) - as this region of the inferior
frontal gyrus is crucial for speech production (Price, 2000).
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As the ventral region of the pars opercularis was not sampled
in the study of Tomaiuolo et al. (1999), this may explain
the larger volumes of the pars opercularis obtained in the
present study. We decided not to base gyral measure-
ments on cytoarchitectonic borders given the lack of ana-
tomical correlation.

Unlike some post-mortem studies of the inferior frontal
gyrus (Wada et al. 1975; Falzi et al. 1982), quantitative
measurements of the posterior regions of the inferior
frontal gyrus should be performed separately for the pars
opercularis and pars triangularis. Results obtained from
the present study show that these structures have reciprocal
asymmetries, where left-greater-than-right asymmetry in
one structure correlates with right-greater-than-left asym-
metry in the other. Hence, if both structures are measured
together, any differences between subject groups of interest
may well be annulled.

Morphology

Inferior frontal sulcus

There were three main findings from analysis of the inferior
frontal sulcus: (i) it was almost as likely to be discontinuous
as a continuous straight sulcus, given that a bridge of cortex
connecting the inferior frontal gyrus to dorsally located cortex
was observed in 48% of the sample; (ii) when discontinuous,
it consisted of no more than two distinct segments; and (jii)
the posterior region of the inferior frontal sulcus connected
(either fully or superficially) with the inferior precentral
sulcus in the vast majority of cases, as no connection was
observed in 14% left and 20% right hemispheres.

When we contrast our findings to those of Ono et al.
(1990), we find a relatively consistent reporting of dis-
continuous inferior frontal sulci. We reported a discontinuous
sulcus in 46% left and 50% right hemispheres, whilst Ono
et al. report an incidence in 40% left and 56% right
hemispheres. However, an important difference emerges
between our study and that of Ono et al. with regards to
the division of the inferior frontal sulcus into its constituent
segments. We report that there were no more than two
clearly identifiable segments of the discontinuous inferior
frontal sulcus, while Ono et al. report that it may be inter-
rupted into three segments in 28% left and 8% right
hemispheres, and even four segments in 4% (i.e. one) right
hemisphere. However, inspection of the classification of
an inferior frontal sulcus that had been suggested to be
constituted of three segments (Ono et al. 1990; p. 54)
indicates that the presence of the lateral frontomarginal
sulcus and an almost horizontal caudal extension, possibly
representing the sulcus radiatus, was we suggest mis-
classified as an anterior segment of the inferior frontal sulcus.
As we state in the methods section of this paper, Petrides
& Pandya (2004) warn that inclusion of the lateral
frontomarginal sulcus and sulcus radiatus as an anterior
and orbital extension of the inferior frontal sulcus is

anatomically inaccurate: ‘The tendency to treat these
distinct sulci as rostral extensions of the inferior frontal
sulcus introduces considerable confusion in the identification
of the frontal sulci. For instance, we observed that, although
in some cases the sulcus radiatus and the lateral fronto-
marginal sulci may anastomose and appear to join
superficially the rostral end of the inferior frontal sulcus,
these three sulci could be clearly separated by careful
examination of sections of the frontal lobe.” (Petrides &
Pandya, 2004; p. 954). The identification of the segments
of the inferior frontal sulcus in the present study was care-
fully performed using orthogonal sections of the intrasulcal
anatomy which allowed us to distinguish between the
inferior frontal sulcus and other anterior frontal sulci.

We observed a long connection between the posterior
inferior frontal sulcus and inferior precentral sulcus in 38%
left and 32% right hemispheres, a short connection in 28%
left and 30% right hemispheres, a superficial connection
in 20% left and 18% right hemispheres, and no connection
in 14% left and 20% right hemispheres. There is between-
study variation in the reporting of no connection between
the inferior frontal sulcus and the inferior precentral
sulcus. Cunningham (1892) reported no connection in
32.6% of the adult brains examined, Eberstaller (1890) in
24%, and Ono et al. (1990) in 12%. Cunningham (1892)
suggested that the union between the inferior frontal and
inferior precentral sulci may be deferred until after birth,
as he reported an increased incidence of no connection
between the sulci in foetal hemispheres. In particular, no
connection was observed in 41.7% of full-term fetuses and
in 50.2% of 8-month fetuses.

Inferior precentral sulcus

Early anatomical studies reported no connection between
the ventral inferior precentral sulcus and the Sylvian fissure
(Cunningham, 1892; Eberstaller, 1890). As maintained by
Cunningham, ‘In many cases the vertical limb of the inferior
precentral sulcus is shortened by a deficiency in its lower
part, but it never, of itself, elongates so as to cut its way
into the fissure of Sylvius’ (pp. 247-8). Cunningham and
Eberstaller suggested that an indirect connection may
exist when the inferior precentral sulcus is connected with
the diagonal sulcus or the inferior transverse furrow of
Rolando which connect with the Sylvian fissure. Conversely,
Giacomini (1882) reported that the inferior precentral
sulcus anastomoses with the anterior limb of the Sylvian
fissure in 68% of brains, but both Cunningham and Eber-
staller reconciled this finding by suggesting that Giacomini
may have confused the inferior precentral sulcus with the
diagonal sulcus. More recent work has reported that the
inferior precentral sulcus directly adjoins the Sylvian
fissure in 20% of left and 28% of right hemispheres (Ono
et al. 1990). By virtue of their illustrations, Clark & Plante
(1998) suggested that the inferior precentral sulcus does
connect with the Sylvian fissure, but this feature is not
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discussed nor is the incidence reported. The results
reported by Ono et al. are consistent with the findings
obtained in the present study, as we observed a connection
between the ventral most point of the inferior precentral
sulcus in 16% of left and 22% of right hemispheres
(Fig. 9b). The conflicting findings between Ono et al. (1990)
and Cunningham (1892) cannot be attributed to sample
size as results were based on 50 cerebral hemispheres in
both studies. It is therefore crucial to clearly define what
aspect of the inferior precentral sulcus and Sylvian fissure
are connected. In the present study a connection referred
to the absence of a bridge of cortex connecting the frontal
operculum with the precentral gyrus on lateral sections.
The frontal operculum always connects with the precentral
gyrus, but in the cases we report a connection between
the inferior precentral sulcus and Sylvian fissure, it does so
medially and therefore may be considered a superficial or
lateral connection.

We also report that the inferior precentral sulcus con-
sisted of two parallel segments in 4% of brains studied
(Fig. 9a). This is identical to that of Ono et al. (1990). The
presence of a double inferior precentral sulcus will crucially
affect volume quantification of the pars opercularis. If the
inferior precentral sulcus consists of two parallel segments,
it is impossible to delineate the posterior border of the
pars opercularis, and therefore measurements must be
abandoned. Sherwood et al. (2003) made this point with
regards to the definition of the posterior pars opercularis
in the great apes. Bifurcation of the inferior precentral sulcus
caused the abandonment of pars opercularis measurements
in two subjects in the present study. Tomaiuolo et al.
(1999) were also forced to abandon measurements in two
subjects due to the morphology of the inferior precentral
sulcus, although they maintained that this was because
the inferior precentral sulcus could not be reliably identified,
and therefore was not necessarily due to bifurcation.

Anterior ascending and horizontal rami of the

Sylvian fissure

The morphology (i.e. length, shape and depth) of the
anterior ascending and horizontal rami of the Sylvian
fissure will directly affect the volume of the pars triangularis,
as these rami represent the posterior and anterior border
respectively of the pars triangularis. The anterior ascending
ramus is most frequently deeper and more substantial
than the anterior horizontal ramus. Rarely are these rami
reported to be absent in the human brain. In particular,
Foundas et al. did not report absent anterior rami in their
samples (Foundas et al. 1995, 1996, 1998). This may have
been due to the smaller samples sizes in these studies,
although a study from the same research group also
did not report absent anterior rami in a sample of 96
hemispheres (Knaus et al. 2006). Tomaiuolo et al. (1999)
reported absence of the anterior ascending ramus in 1.9%
(2/104) hemispheres. There was no reporting of the anterior
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horizontal ramus given that the study was exclusively
concerned with the pars opercularis (Tomaiuolo et al.
1999). Ono et al. (1990) reported a relatively increased
incidence of absent anterior horizontal rami. In particular,
there was no anterior horizontal ramus in 16% left and
8% right hemispheres. These findings therefore contrast
with Knaus et al. (2006) who report no absent rami in a
cohort almost double the size of Ono et al. This may be
reconciled by the suggestion that the anterior ascending
and horizontal rami do not always reach the lateral
surface of the cerebrum (Eberstaller, 1890; Foundas et al.
1998) and therefore may be overlooked through analysis
of the cortical surface alone, as performed by Ono et al. In
the present study, all judgements on sulcal contours were
carefully made using orthogonal sections, and there was
no anterior ascending ramus in 1% of hemispheres and no
anterior horizontal ramus in 2% of hemispheres. These
results are comparable to those of Tomaiuolo et al. who also
used orthogonal sections for decisions regarding the absence
of the anterior ascending ramus (Tomaiuolo et al. 1999).

Diagonal sulcus

We reported a statistically significant left-greater-than-right
frequency of the diagonal sulcus in our primary sample. In
particular, a diagonal sulcus was present in 52% left and
20% right hemispheres. The average frequency of 36%
reported in our primary sample is comparable to that of
Galaburda (1980) and in particular Tomaiuolo et al. (1999).
Previous studies have generally reported a left-greater-
than-right incidence of the diagonal sulcus, but not to the
extent of our primary sample. In particular, Galaburda
(1980) reported the presence of a diagonal sulcus in 26.5%
of left hemispheres and 12.75% of right hemispheres, Ono
et al. (1990) in 72% left and 64% right hemispheres, and
Tomaiuolo et al. (1999) in 34% left and 32% right hemi-
spheres. When viewing the images of the ten subjects
studied by Amunts et al. (2004, p. 45), a diagonal sulcus
appears exclusively in the left hemisphere in two brains
(20%), bilaterally in four brains (40%) and was not present
in either hemisphere in four brains (40%). Given that we
were surprised by the significantly lateralised effect in our
primary sample, we decided to perform an auxiliary
analysis of the presence of the diagonal sulcus in a separate
cohort of brains, matched for sex, age and number, and
assessed using identical methods to the primary sample.
We found that 58% left and 40% right hemispheres had a
diagonal sulcus, giving an overall total of 53% left and
27% right hemispheres. Therefore, a left-greater-than-right
incidence was again reported, but not to the extent of the
primary sample. It appears that the incidence of 20% of
right hemispheres having a diagonal sulcus in the primary
sample is unusually low with respect to (1) the left hemi-
sphere in the same sample and (2) the left and right
hemispheres in the auxiliary sample. However, it is still
higher than the previously reported 12.75% by Galaburda
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(1980). The documentation of the presence of a diagonal
sulcus — like assessment of all other sulcal contours and
volumetric measurements — was carefully performed using
orthogonal sections and the investigator (SSK in all cases)
was blind to subject identification and, importantly,
hemisphere side. There was therefore no observer bias.
Interestingly, the reported incidence of 58% and 40% in
the left and right hemispheres respectively in the auxiliary
analysis of the present study is almost identical to the 60%
and 40% indicated by Amunts et al. (2004).

Posterior Sylvian fissure

We report a significant inter-hemisphere difference in the
shape of the posterior portion of the Sylvian fissure, with
a greater incidence of horizontal termination in the left
hemisphere and a greater incidence of upward oblique
termination in the right hemisphere. The asymmetrical
trajectory of the Sylvian fissure was one of the first neuro-
anatomical asymmetries to be described (Cunningham,
1892; Eberstaller, 1884, 1890). In addition to a more frequent
horizontal termination, the Sylvian fissure in the left
hemisphere has also been reported to have a gentler slope
than the right hemisphere (Geschwind & Levitsky, 1968;
Toga & Thompson, 2003). In the present study, we have
shown that inter-hemispheric differences in the trajectory
of the posterior Sylvian fissure are directly related to
volume asymmetry of the planum temporale. We report
that when an upward oblique termination is observed in
the (1) right or (2) left cerebral hemisphere (with the
contralateral hemisphere having a horizontal termination),
volume asymmetry of the planum temporale will be (1)
leftward or (2) rightward, respectively. The posterior
border of the planum temporale in the present study,
following Anderson et al. (1999), was at the point where
the Sylvian fissure turns obliquely upward or at its horizontal
termination. Given that the Sylvian fissure of the left
hemisphere terminates horizontally more often than the
right hemisphere, it is not surprising that the left planum
temporale is longer and greater in volume compared to
the right when the posterior boundary described in the
present study is utilised.

Volume asymmetry

The pars opercularis and pars triangularis are intimately
associated with expressive language functions, as demon-
strated by numerous lesion, electrical stimulation and
functional neuroimaging studies. As leftward asymmetry
of expressive language function is usually seen in these
structures in the majority of individuals, leftward asymmetry
of structure volume may also be expected. The present study
found a significant leftward volume of the pars opercularis,
adding to the weight of evidence for an asymmetry of the
posterior inferior frontal gyrus from post-mortem gyral
(Falzi et al. 1982; Albanese et al. 1989), cytoarchitectonic

(Amunts et al. 1999, 2003; Uylings et al. 2006) and MRI
(Foundas et al. 1998, 2001a) studies of humans. Other
studies (Wada et al. 1975; Tomaiuolo et al. 1999; Good
et al. 2001; Watkins et al. 2001; Luders et al. 2004; Hervé
et al. 2006) have failed to observe a leftward asymmetry of
the pars opercularis or pars triangularis. The differing results
are likely to be the result of differential methodological
applications, in particular region-of-interest boundary
definitions, or perhaps as we have shown in the present
study, variability in the lateralised presence of the diagonal
sulcus. There was no population-based asymmetry of the
pars triangularis in the current cohort, which has been
found in MRI tracing studies (Foundas et al. 1995, 1996,
1998, 2001b). Whilst we have discussed the lack of direct
correspondence between the anatomical boundaries
defining the pars opercularis and area 44, it is notable that
our findings of the posterior most region of the inferior
frontal gyrus (i.e. pars opercularis) being leftward asym-
metrical and no asymmetry of the middle region (i.e. pars
triangularis) is consistent with the inter-hemispheric
cytoarchitectonic findings of area 44 (posterior most region)
and area 45 (anterior to area 44) reported by Amunts &
Zilles (2006): ‘Volumes of left BA 44 were always larger than
those of the right hemisphere ... In contrast to BA 44, the
volumes of BA 45 did not differ significantly between
the hemispheres’ (p. 25). However, other research has
demonstrated a leftward asymmetry of area 45 (Hayes &
Lewis, 1993, 1995).

One interesting finding from the present study was
the relationship between volume asymmetry of the pars
opercularis and morphological asymmetry of the diagonal
sulcus. We are unaware of any other research reporting
this association. The results from our primary analysis
indicated that the presence of a diagonal sulcus within the
left or right pars opercularis will heavily influence directional
volumetric asymmetry of this region of cortex. This finding
is intuitive given that the presence of an additional sulcus
within the pars opercularis causes the observer to sample
more intrasulcal grey matter within this region. However
we did not observe a significant leftward lateralisation
of the diagonal sulcus in the auxiliary analysis, although
there was still a left-greater-than-right incidence. This
raises the question whether a volume asymmetry of the
pars opercularis would have been observed in the auxiliary
sample. Given the association between volume asymmetry
of the pars opercularis and presence of the diagonal sulcus
in the primary sample, we might expect a non-significant
volume asymmetry in the auxiliary sample.

Leftward asymmetry of the planum temporale reported
in the present study is consistent with a large volume of
literature showing the same asymmetry (see Shapleske
et al. 1999, but see also Harasty et al. 2003). It was hypo-
thesized that there would be a positive correlation between
the asymmetries of the planum temporale and the frontal
operculum, given (1) their crucial role in language reception
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and expression respectively in the language dominant
hemisphere, (2) the functional (Papathanassiou et al. 2000;
Matsumoto et al. 2004) and structural (Catani et al. 2002,
2005; Petrides & Pandya, 1998; Parker et al. 2005; Petrides,
2006) connectivity between these regions of cortex, and
(3) the leftward asymmetry of the white matter tracts
connecting these regions (Buchel et al. 2004; Nucifora
et al. 2005; Parker et al. 2005; Barrick et al. 2007). How-
ever, no significant correlation was observed between the
asymmetry coefficients of these two regions, despite the
significant leftward volume asymmetry of the pars opercularis
and planum temporale.

Conclusions

The present study reports a detailed analysis of the mor-
phological and morphometric asymmetry of the pars oper-
cularis and pars triangularis of the inferior frontal gyrus.
We show that the morphology of the sulcal contours
defining these two regions are extremely variable between
individuals, particularly in terms of sulcus continuity and
connectivity. The rare presentation of bifid or absent
sulci/rami prevent quantitative assessment of the pars
opercularis and pars triangularis as anterior or posterior
anatomical boundaries cannot be defined. We also report
that the diagonal sulcus appears more frequently in the
left cerebral hemisphere. When the sulcal contours permit
reliable delineation of the intrasulcal anatomy of the pars
opercularis and pars triangularis, only the pars opercularis,
the posterior most convolution of the inferior frontal
gyrus, exhibits a leftward volume asymmetry. This region
of cortex corresponds precisely to the region Paul
Broca primarily associated with the leftward lateralisation
of expressive speech. This manuscript demonstrates that
quantification of asymmetry of the anterior speech region
is a complex endeavour given the large inter-individual
morphological variability, and illustrates the importance
of simultaneous consideration of brain morphology and
morphometry in studies of cerebral asymmetry.
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