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The morphological structure of the postcentral ssiland its variability were investigated in 40
structural magnetic resonance images of the human kegistered to the Montreal Neurological
Institute (MNI) proportional stereotaxic space. ' hnalysis showed that the postcentral sulcus is
not a single sulcus, but rather a complex of sidegiments separated by gyri which merge its
banks at distinct locations. Most of these gyrisubmerged deep within the sulcus and can be
observed only by examining the depth of the sulalikpugh a small proportion may be
observed from the surface of the brain. In the nitgjof the examined cerebral hemispheres
(73.75%), the postcentral sulcus is separatediwdoor three segments, and less frequently into
four or five segments (12.5%) or remains continudi3s75 %). Examination of the in-depth
relationship between the postcentral sulcus anéhthegparietal sulcus revealed that these two
sulci may appear to join on the surface of theraiit they are in fact always separated by a
gyrus in the cortical depth. In 32.5% of the exadilnemispheres, a dorso-ventrally oriented
sulcus, the transverse postcentral sulcus, isddcatterior to the postcentral sulcus on the lower
part of the postcentral gyrus. Systematic exanonadf the morphology of the postcentral sulcus
in the proportional stereotaxic space which is usddnctional neuroimaging studies is the first

step towards the establishment of anatomical-fonaticorrelations in the anterior parietal lobe.



Introduction

The postcentral gyrus, which forms the anteriot phthe parietal lobe, is delimited by
the central sulcus, anteriorly, and the postcesubilus, posteriorly (Figure 1). Pioneer studies
using electrical stimulation during brain surgesyablished that, as in nonhuman primates, the
postcentral gyrus of the human brain is the soneats®y cortex and that there is an orderly
arrangement of sensory representations of thereiftgparts of the body along its dorsoventral
extent (Penfield and Rasmussen, 1952; Woolsey,&t39). More recently, the organization of
the somatosensory cortex along the postcentrakgyfrthe human brain has been examined and
confirmed with functional neuroimaging (Nakamuralkt 1998; Boling et al., 1999, 2002; Fabri
et al., 2005). The postcentral sulcus, which seépaithe postcentral gyrus from the posterior
parietal cortex, is traditionally described as anpinent sulcus extending from the superior
aspect of the hemisphere to the lateral fissuge @no et al., 1990; Duvernoy et al., 1991). Itis
sometimes illustrated as a single continuous suykegs Smith, 1907; Economo and Koskinas,
1925) or divided into two or three segments whiehsuperior and inferior to each other (e.qg.
Eberstaller, 1890; Retzius, 1896; Brodmann, 19@%kiSsov et al., 1955; Ono et al., 1990). The
dorsal end of the postcentral sulcus is often de@ias a V-shaped structure consisting of two
branches coming together at one point (Brodman®9;18Bconomo and Koskinas, 1925;
Sarkissov et al., 1955). A simple single brancimteation of the dorsal postcentral sulcus is less
frequently described (Eberstaller, 1890; Smith,729Dno et al., 1990).

Various patterns of how the postcentral sulcugeslo neighbouring sulci have been
reported. In some cases, a continuous postcentralssor one of its segments merges with the
horizontal intraparietal sulcus (Eberstaller, 18R8tzius, 1896; Brodmann, 1909; Economo and
Koskinas, 1925; Sarkissov et al., 1955; Ono etl@00). In other cases, the postcentral sulcus
and the intraparietal sulcus appear to be sepabgtacharrow, often submerged, gyrus (Retzius,
1896; Smith, 1907; Ono et al., 1990). With regarthe cingulate sulcus, when its marginal
ramus is visible on the lateral surface of therraiis often shown to terminate between the two
branches of a bifurcated dorsal end of the postakesulcus (Brodmann, 1909; Economo and
Koskinas, 1925; Ono et al., 1990).

The existing studies of the morphological variasiah the border between the postcentral
gyrus (somatosensory cortex) and the posteriorrsund inferior parietal lobules, which is
formed by the postcentral sulcus, namely the fadube present investigation, were largely

based on visual inspection of the outer corticdlese of post-mortem human brain specimens.
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The general features of the sulcal and gyral mdggyoof this region were established, such as
the general location and orientation of the supexial inferior postcentral sulci. However, the
limitations of such an approach are evident as shmythe fact that, in a large number of brains,
the superior and inferior postcentral sulci mayesgpgo merge superficially with each other and
the intraparietal sulcus (i.e. the sulci cannotlifierentiated on the outer cortical surface) and
yet they may be distinct entities if one were taraine their shape below the surface of the
cortex. Similarly, little attention was given inetipast to small sulci adjacent to the postcentral
sulcus which may have an important role as anat@hfienctional landmarks. Thus, there are
limits to how precisely the substantial variabilitfycortical folding patterns exhibited both
between individual human brains and between thehgwnispheres of a single brain can be
studied with traditional visual inspection. Furtimare, there has been no quantitative
examination of these sulci and the patterns thay fa a standard stereotaxic space, which is the
space within which modern anatomical and functiatadliies of the human brain are conducted.
The development of neuroimaging technologies aetiteof the 28 century provided a
new effective methodology for the systematic stafiihe morphology of the gyri and sulci of
the human brain. Appropriate neuroimaging softwrenits the simultaneous examination of
an anatomical feature of interest in several twoeatisional planes, such as coronal, sagittal and
horizontal, permitting the accurate charting of deg@th and continuity of a particular sulcus
from different sections at each point along itgtane.g. Germann et al., 2005). It is particularly
important to follow the course of each sulcus flitsrappearance on the surface of the brain to
the fundus because a prominent sulcus which maydontinuous on the surface of the brain
may be segmented into several major subunits ohejpgh by submerged gyri that form bridges
between the banks of this sulcus (Regis et al.5R0these bridging gyri have been called “plis
de passage” (crossing folds) by Gratiolet or “amaetcgyri” by Cunningham and Horsley
(Germann et al., 2005; Huttner et al., 2005; Regal., 2005). When a specific pli de passage
(annectant gyrus) is visible from the surface eflbnain, a particular sulcus may be judged by
visual inspection as discontinuous and it can beketbas several separate (and sometimes
unrelated) sulci on certain anatomical maps, bttafpli de passage is not visible from the
surface, the same sulcus may be marked as consiraumlits branches not recognized.
Moreover, unusual sulcal patterns may originaterwdegmented portions of the main sulci
merge with each other on the cortical surface. Kegal. (2005) argue that there is a good

correspondence between the interruptions of the swlci described in the literature and the
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positions of submerged plis de passage. Thus,ytbaaossible to classify large inter-individual
variability of sulcal structures observed in therfan brain into simpler sulcal patterns by
considering the basic sulcal subunits in the dedpasdal region (Huttner et al., 2005; Regis et
al., 2005).

The importance of the careful study of the localphological variability of sulci in the
human brain was recently highlighted in our labanatvhen it was shown that a major
controversy could be resolved by examining fundalatctivity in relation to the variations in
local sulcal and gyral morphology (Amiez et al.08Q A frequent approach in functional
neuroimaging studies is to average activity obseme number of subjects in the standard
proportional stereotaxic space to determine stax@otoordinates of the brain region involved
in a specific sensory or motor process. In sucks;amy relation of activity in individual
subjects to variations in sulcal and gyral morphgles obscured. While this approach does not
pose major problems when an approximate locatianfahctional activity is searched for,
functional activities related to two distinct preses but located close to each other cannot be
resolved by examination of the average activitykgeslVe have shown that examining functional
activity in relation to the local sulcal variabjlitan provide important insights into
structure/function relations that are impossiblewhctivity is averaged (Amiez et al., 2006).
For instance, when the functional activations inrsdbposterior frontal cortex during a
visuomotor hand conditional task and a saccadia@yement task are averaged across brains,
the resulting average activation peaks cannot fierentiated, but a subject-by-subject analysis
demonstrates separate locations for the two funatipeaks and a clear relationship between a
specific type of functional activity and the locallcal morphology (Amiez et al., 2006).
Visuomotor hand conditional activity related to thend premotor cortical region is localized in
the dorsal branch of the superior precentral sulehde the saccadic eye movement activity
occupies the ventral branch of the superior preakestiicus (Amiez et al., 2006). It is clear,
then, that in order to study functional organizatid the cerebral cortex in detail, we must be
fully aware of the extent to which the sulcal arydadymorphology differs between individual
brains, as well as to be able to identify those@mnecal patterns which are common among
individuals. Systematic examination of the postedrgulcus in the standard proportional
stereotaxic space employed in functional neuroin@gtudies is the first step towards

establishment of anatomical-functional correlationthe anterior parietal lobe.



The goal of the present study was to examine th@inatogical variability of the
postcentral sulcus by following its course from sueface of the brain to the fundus in magnetic
resonance imaging (MRI) scans. The aim was to deosaidetailed examination of the
morphology and variability in the morphology of thestcentral sulcus in the two hemispheres
of the human brain to aid in the investigationwidtional activity related to complex somato-
motor function since the postcentral sulcus forheskorder of the postcentral gyrus
(somatosensory cortex) with the anterior partsath the superior and inferior parietal lobules
which are known to play important roles in the cohof action, including action related to
writing (for review, see Petrides and Pandya, 200&) consider two types of gyri, submerged
in the fundal depth and extending from the funduhé cortical surface as they separate
individual sulcal segments. The aim was to deteentine patterns formed by the postcentral
sulcus with the rest of sulci in the anterior plidobe by considering true connections in the
fundal depth. In addition, accessory sulci andrtredation to the main postcentral branches,
which have not been previously described, are exadnso that a complete understanding of the
morphology of the postcentral sulcus can emergthdrpresent study the postcentral sulcus was
examined in MRI brain volumes transformed in thenleal Neurological Institute (MNI)
proportional stereotaxic space (Evans et al., 18#ziotta et al., 1995a,b), which is a further
development of the stereotaxic space of TalairachTaurnoux (1988). The standardized
proportional stereotaxic space provides a commamiifative framework and it is used for
accurate communication, comparison and correlatf@pecific clinical and experimental data

obtained in various neuroimaging studies (Chiavatas., 2000).

M aterials and methods
Subjects

MRI scans of 40 human brains were randomly seldcted the population of brain
scans in the International Consortium for Brain liag (ICBM) database (Mazziotta et al.,
1995a, 1995b). The examined sample consisted ofé2ds (mean age 23.4 years, SD 3.18) and
16 females (mean age 24.6 years, SD 4.33). Alestbjere right-handed, had a negative

history of neurological and/or psychiatric disosjeand gave informed consent.



Magnetic Resonance Imaging

All MRI scans were performed on a Philips GyrostaT superconducting magnet
system. By means of a fast-field echo 3-D acquoisisequence, 160 contiguous 1-mgm T
weghted images (E 18 msec, = 10 msec, flip angle 30 degrees) were collectadersagittal
plane. Each acquired MRI volume was transformea i MNI standard proportional
stereotaxic space using an automated registratmgrgm with a three-dimensional (3D) cross-
correlation approach to match the single MRI volusitd the intensity average of 305 brain
volumes previously aligned into standardized stawdo space (Evans et al., 1992; Collins et al.,
1994). This transformation was necessary to nom@and correct the MR images for
interindividual differences in gross brain sizeeThansformed brain volumes were then re-
sampled on a 1-mhisotropic grid (Imm x 1mm x 1mm voxel size). Thikness of obtained
coronal, sagittal and horizontal slices was 1 mm.

The anterior commissure serves as the origin oMNé stereotaxic space (x =0,y =0, z
= 0) where the coordinates are given in millimetidse medio-lateral (left-right) axis is
represented by the x coordinate (positive valupsesent the right hemisphere), the rostro-
caudal (anterior-posterior) axis by the y coorden@g@iositive values are rostral to the anterior
commissure), and the dorso-ventral (superior-inf@rxis by the z coordinate (positive values

are superior to a horizontal line drawn throughahterior and posterior commissures).

Segmentation of intrasulcal gray matter

An interactive 3D imaging software package DISPL@acDonald, 1996) was used to
mark the parietal sulci on individual MRI brain asaDISPLAY allows the scans to be viewed
simultaneously in the coronal, horizontal and $abplanes of section. When the cursor,
controlled by the mouse, was moved to any locatiangiven section, the sections in the other
two planes were automatically updated to show theesponding views of the location of
interest. The movement of the cursor was also ebdawn a 3-D reconstruction of the brain
surface.

The overall intensity of sections and gray-whitetteracontrast were adjusted in
DISPLAY, so that each sulcus could be clearly obsgfrom the surface of the brain to its
fundus. The cerebrospinal fluid voxels betweenbidueks of individual sulci were manually
selected by ‘coloring’ them with the ‘mouse-brustol. Each sulcus of interest was identified

using a specific color label to mark the space wiits banks along its entire course. The sulci of
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interest were examined in 1-mm steps in all plariesction to determine their direction and
extent, as well as to establish at which point tieesninate i.e. they may no longer be observed

in either one of three corresponding slices.

Surface renderings

Three-dimensional surface renderings of individarains were acquired using two
different types of software. Initially, an autontatmodel-based, surface deformation algorithm
was used to reconstruct 40 brain volumes alreaidyieg in the MNI stereotaxic space into
three-dimensional objects and visualize the ladedldci on the outer surface of individual
volumes (MacDonald et al., 1994). After the sulehkls were marked on contiguous two-
dimensional sections (coronal, horizontal and salyjithey were projected to and viewed on the
three-dimensional reconstructions of 40 MRI brastumes. In addition, Caret v.5.5 software
was used to reconstruct the same 40 MRI brain vesuptaced in the MNI space in three
dimensions and slightly ‘inflate’ them to revea¢ttieep or submerged parts of sulci, not
commonly seen from the surface of the brain (VaseBs2005). Such slight “inflation” retained
the characteristic shape of the sulci of a givexrbvolume but allowed inspection of their
depth.

After 40 structural MRI brain volumes were imporiatb Caret 5.5, they were up-
registered to the Washington University stereotarardinate space 711-2B-111, which is a
version of the Talairach stereotaxic space witlor@gin at the anterior commissure (Van Essen,
2005). Following registration, the brain volumesevee-sampled on an isotropic grid with 1-
mm® voxel size. Volume segmentation and initial suefaeconstruction were done using SureFit
algorithm, which is a part of Caret 5.5 softwarep®logical errors produced during
segmentation were corrected using an automate@simg sequence and manual editing in
order to remove various irregularities. A segmeataboundary created using SureFit
processing sequence was approximately equidistamt the inner and outer limits of the cortical
gray matter (cortical layer 4). Initial ‘raw’ suda generated along the segmentation boundary
was ‘smoothed’ to produce a ‘fiducial” surface whis an improved representation of the 3D
cortical surface. The quality of cortical segmentaproduced with Caret 5.5 was evaluated by
visual examination of the generated 3D surfaceslagid comparison with the 3D renderings
created using an automated algorithm developed &dgMnald and colleagues (1994). Three-

dimensional surface reconstructions of 40 braimnas generated with two different types of



software showed the same external surface feabfir®dcal and gyral morphology in
corresponding volumes. In the final step Caretsbfiware was used to inflate the surface of
brain volumes using up to two smoothing iteratiand an inflation factor equal to 1.02. This
operation created an effect of opening up the siltiterest and revealing the submerged parts
of sulcal anatomy. Slightly inflated 3D surfaceasstructions produced with Caret 5.5 were
used to emulate the external surface view of podémobrains. The procedure for segmentation
of T1-weighted structural MRI volumes is descriledetail in “Caret 5 Tutorial: segmentation,
flattening and registration” available from Van Bsd.ab Wiki Home Page

(http://brainvis.wustl.edu

Stereotaxic coordinates of the submerged gyri (®ubed plis de passage) of the postcentral
sulcus

Stereotaxic coordinates of the midpoints (centeftie submerged gyri of the
postcentral sulcus were determined manually orebotal sections of the MRI brain volumes.
All horizontal sections belonging to a volume weramined at 1 mm intervals. When a section
which contained two segments of the postcentraususeparated by a submerged gyrus was
encountered, it was examined to determine whethemndthe segments of the postcentral sulcus
was at its deepest and most ventral fundal p@ntho sections ventral to the current section
contained the same sulcal segment. Once the sedtinterest was found, the stereotaxic
coordinates of the central point of the submergegdgbetween the two segments were
determined manually. Given the small size of sulg@égyri in the examined sections, the error
in determining their central point is expected éddss than 2-3 mm in the anterior-posterior (y)
and medial-lateral (x) axes. There is little toemmor in the dorso-ventral (z) coordinate of the
midpoints of submerged gyri because the midpoiriewietermined in the sections containing
the deepest fundal regions of sulcal segmentstenduical segments were not observed in the
sections immediately ventral to the sections ariesgt. Although the current values of the
stereotaxic coordinates of four submerged gyrieastenates of their actual central points, the
estimated coordinates always fall within the langgions of the submerged gyri and therefore

are still indicative of their location.
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Results
Postcentral sulcus

The present examination of the postcentral sulc@®ihemispheres of human MRI brain
scans revealed that the postcentral sulcus caer @gmain continuous or it may be separated
into segments by gyri, which merge its banks. Sofrtke gyri, which divide the postcentral
sulcus into segments, may be visible from the sertd the brain, while others are hidden deep
within the sulcus (submerged gyri; Figures 2-1@QbrSerged gyri separate the postcentral sulcus
into segments by merging its banks at specifictlona close to the fundus. Submerged gyri can
be identified only in serial sections. Gyri visiftem the surface of the brain, i.e. non-
submerged gyri, merge two banks of the postcestilalis both in depth and on the surface.
They are identified equally well on three-dimensibreconstructions of MRI brain volumes and
cross-sections.

In the present paper, submerged gyri are callethstded plis de passage and non-
submerged gyri are called visible gyri. Additioyalierms submerged plis de passage and visible
gyri are combined under a more broad term intemgggyri, i.e. gyri which divide the
postcentral sulcus into segments.

In some hemispheres both types of interrupting werie present, submerged plis de
passage and visible gyri (17.5% of all hemisphetaghe majority of hemispheres only one
type of interrupting gyri was present, either sulged plis de passage (42.5% of hemispheres)
or visible gyri (26.25% of hemispheres). In thet ifshemispheres (13.75%), no interrupting
gyri could be identified.

The results show that the postcentral sulcus cativided into five segments by four
submerged plis de passage and/or visible gyrhémtajority of examined brains, the postcentral
sulcus contained less than five segments andHassfour interrupting gyri were observed in
each individual hemisphere.

The postcentral sulcus was continuous and coufdllmsved without any interruption
from its dorsal end to the ventral end in 13.75%lbhemispheres (see Table 1). Most
frequently, however, the postcentral sulcus coedisf either 2 segments (46.25% of all
hemispheres) or 3 segments (27.5% of all hemisphdrea small number of cases, the
postcentral sulcus contained 4 to 5 segments (Tigble

The averaged estimates of the stereotaxic coostirva¢re established for four

submerged plis de passage, described as thesé=ind, third and fourth submerged plis de
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passage (see Methods; Table 2). The first submgrigeed passage is most dorsal and the fourth
submerged pli de passage is most ventral with ct$pehe rest of submerged plis de passage.

The stereotaxic coordinates could not be foundHervisible gyri because of their
relatively large size and continuity. However, e tMNI stereotaxic space, the locations of four
visible gyri were found to correspond generallyacations of four submerged plis de passage.
Therefore, in order to describe spatial locatioa @fsible gyrus a reference will be made to a
specific submerged pli de passage, whose estinstgegbtaxic coordinates fall within the
cortical region occupied by the visible gyrus.

In 47.5% of all examined hemispheres both typaatefrupting gyri, i.e. submerged plis
de passage and visible gyri, occurred at the deexedocation of the third submerged pli de
passage. Interrupting gyri at the location of ih&,fsecond and fourth submerged plis de
passage were observed in 37.5%, 22.5% and 25%lwdraispheres respectively (see Table 3
and Figure 2).

The majority of gyri located at the stereotaxication of the third and fourth submerged
plis de passage in the left and right hemispherre wubmerged gyri, whereas most of the gyri
located next to the first submerged pli de passage visible on the surface of the brain (see
Table 3).

Both submerged plis de passage and visible gym were frequently found in the left

hemisphere than in the right hemisphere.

Hemisphere differences

There were hemispheric differences in the segmientaf the postcentral sulcus in the
forty MRI brain volumes examined (see Table 1).@arage, in the right hemisphere, the
postcentral sulcus consisted of fewer segmentsithtoe left hemisphere. More specifically, the
postcentral sulcus was continuous or consistesl@fsegments in a larger number of right
hemispheres (72.5%) than left hemispheres (47.5%@ postcentral sulcus consisting of three,
four and five segments was located more ofteneneft hemisphere (52.5%) than the right
hemisphere (27.5%). The left hemisphere containeak mmterrupting gyri at the stereotaxic
coordinates of the first, third and fourth submelrgés de passage (see Table 3). Interrupting
gyri at the location of the second submerged ppagsage were distributed approximately
equally between the left and right hemispheres.

Segmentation patterns comparison between two haerisp of individual brains
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When two hemispheres of the same brain were compareach other with regard to the
number of segments of the postcentral sulcus, statserved that in approximately one fourth
of all brains (27.5% or 11 brains) the postcergtatus showed the same type of segmentation.
In 15% of all brains both hemispheres containedothstcentral sulcus consisting of two
segments and in 10% of the brains the postcentlalis was divided into 3 segments in both
hemispheres of the same brain.

In 55% of the brains (22 brains) the postcenuédiss showed a certain number of
segments in one hemisphere and had this numbeased by one (i.e. contained one extra
segment or +1 pattern) in the other hemispherbetame brain. For instance, the postcentral
sulcus contained 2 segments in the right hemispdrate8 segments in the left hemisphere. The
majority of brains demonstrated a less segmentttdrpan the right hemisphere and a more
segmented +1 pattern in the left hemisphere.

In 17.5% of the brains (7 brains) the postcentuldiss showed +2, +3 or +4 levels of
segmentation in the opposite hemisphere. As an pbeatihe postcentral sulcus consisted of 2
segments in the right hemisphere and 4 segmetite iieft hemisphere. Alternatively, the
postcentral sulcus could be continuous in the rgimisphere and contain 3, 4 or 5 segments in
the left hemisphere. In these cases, the left l@Taie was always associated with a more

segmented postcentral sulcus and the right henmsphith a less segmented postcentral sulcus.

Surface view vs. cross-section view

In order to characterize the postcentral sulcusineegments earlier investigators
frequently used visual observation of the extebmain surface, which contained sulci and non-
submerged (visible) gyri. As a result, the post@@rgulcus was often described as a continuous
sulcus or a set of two to three sulci which crbestirain surface in a dorso-ventral direction. The
present investigation, which considers the postaestiicus in its depth, suggests that the
postcentral sulcus may consist of up to five sedmeeparated by submerged and non-
submerged gyri.

In order to see how two methodologies compare,ppied both methods to the same
population of 40 human MRI brain volumes. First, identified and followed the postcentral
sulcus and its segments in horizontal, sagittal@rdnal sections. Next, we identified and
described the postcentral sulcus in 3D Caret rénact®ns of the same brain volumes. The

results were compared with each other. In only 26%ases when the postcentral sulcus was
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characterized as continuous using surface-basdubn@bgy, was it also described as
continuous when using cross sections to examindepth (Figure 2a). In 57% of hemispheres
where the postcentral sulcus was determined tastasfs?2 segments using surface-based
methodology, it was also determined to containl2adisegments by means of cross section
analysis (Figures 2b, 3-6). In the remaining 43%erhispheres described as containing the
postcentral sulcus with 2 segments through suidaservation, the postcentral sulcus was found
to consist of three to five segments in cross gvst{Figure 2e). Using surface-based
methodology, the postcentral sulcus was found tsisb of 3 segments in only 6% of all
hemispheres (Figure 2d), whereas cross-sectiogas&und that 27.5% of all hemispheres
contained the postcentral sulcus with three segenéntly cross-section analysis and not the
surface-based descriptions of the postcentral sdtmund that it may consist of four to five
sulcal segments. Therefore, although there is tapawerlap between results obtained with 2
different methods, the surface-based analysis oabewused as an accurate predictor of

submerged morphology of the postcentral sulcus.

Dorsal end of the postcentral sulcus

Analysis of the postcentral sulcus in horizontaltiess revealed that the most frequent
type of dorsal termination of the sulcus was biétian (68.75% of all hemispheres) followed by
a standard straight line (23.75%; see Table 4 &€& 11). Least often the postcentral sulcus
terminated with 3 short extensions or branche@47FEgure 11e). Comparison between two
hemispheres showed that bifurcation of the donsdlreore often occurred in the left

hemisphere, while a straight line end was more comim the right hemisphere (see Table 4).

Patterns of the postcentral sulcus

Connection with the lateral fissure

Surface observation of the postcentral sulcus shbatsin some brains, it appears to
merge with the lateral fissure i.e. the separatiyiyis between the two sulci is too small to be
detected visually. We identified a similar patten8D surface reconstructions of 40 MRI brain
volumes and correlated it with the number of segmehthe postcentral sulcus, which were
determined using cross-section analysis. Our fgglshow in a third of all hemispheres (30%)
the postcentral sulcus forms a superficial conoeatiith the lateral fissure (see Table 5 and

Figure 11a,c). Additionally, the greater the numiesegments the postcentral sulcus has, the
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more often it seems to merge with the lateral fissn 3D reconstructed images. Thus, in 62.5%
of all hemispheres with 4 segments of the postaksaticus, 43.5% of hemispheres with 3
segments of the postcentral sulcus, and 21.6% béalispheres with 2 segments of the
postcentral sulcus, the postcentral sulcus appdaneerge with the lateral fissure. In contrast,
only 9% of hemispheres with the continuous poste¢stiicus showed a surface connection
with the lateral fissure.

As analyzed with the surface-based and crossesestethodology, a larger proportion of
brains in which the postcentral sulcus seemed tgeneith the lateral fissure contained a
bifurcated dorsal termination of the postcentrétssi (36.4%) as opposed to a regular straight

line termination (21.1%).

Same brain differences with regards to the postaéstiicus connection with the lateral fissure
The results show that when the postcentral suloes dot appear to merge with the
lateral fissure in one hemisphere of the braim theloes not form a superficial connection with
the lateral fissure in the other hemisphere in %lof all brains. Conversely, when the
postcentral sulcus merges with the lateral fisgune hemisphere of the brain, then it merges
with the lateral fissure in the other hemisphererity 33% of all brains. In other words, when
the postcentral sulcus appears to merge with teealdfissure in one hemisphere, it is two times

more likely not to merge with the lateral fissunethie other hemisphere.

Connection with the superior longitudinal fissure

In approximately one third of all hemispheres (886) the postcentral sulcus reached the
superior longitudinal fissure (see Table 4 and fadilb,d). However, it did not extend to the
medial surface, but remained on the lateral sunacg close to the superior longitudinal fissure.
There were no differences between the left and hgmispheres with regards to this pattern
(see Table 4).

Connection with the intraparietal sulcus
The intraparietal sulcus, also identified as thezomtal segment of the intraparietal
sulcus, is located posterior to the postcentralusulnd it has a more or less horizontal or

anterior-posterior orientation. Examination of thi#gaparietal sulcus both in 3D surface
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reconstructions of brain volumes and cross secsbosved that the anterior end of the
intraparietal sulcus is located at the same doesdral level as the superior frontal sulcus.

External surface-based analysis of the connectnden the postcentral sulcal complex
and the anterior part of the intraparietal suleud0 reconstructed MRI brain volumes showed
that the anterior intraparietal sulcus was sepdriaten all segments of the postcentral sulcus
simultaneously by a visible (non-submerged) gyrnuéd% of all hemispheres (see Table 6 and
Figure 12). Less frequently the anterior intragatisulcus was determined to merge
superficially with the continuous postcentral ssl¢B1.25% of all hemispheres). In 20 % of all
hemispheres the intraparietal sulcus connectedfstiply with the inferior segment of the
postcentral sulcus and it was separated by a gigiplus from the superior segment of the
postcentral sulcus. In a small number of caseanierior intraparietal sulcus appeared to merge
with the superior (6.25% of all hemispheres) ordted2.5% of all hemispheres) segment of the
postcentral sulcus and it was separated by a gyoosthe rest of the segments of the postcentral
sulcal complex (see Table 6 and Figure 12).

Anterior intraparietal sulcus appeared to mergé wie middle or inferior postcentral
sulcus more often in the left hemisphere than énrihht hemisphere, while it connected
superficially with the superior segment of the pestral sulcus mainly in the right hemisphere
(see Table 6).

Investigation of the connection between the aotentraparietal sulcus and the
postcentral sulcal complex (which included all pestral sulcal segments) in horizontal sections
showed that the two sulci are always separatedsnpmerged or visible gyrus (100% of all
cases). Therefore, in spite of the superficial emtion, the intraparietal and postcentral sulci

always have separate origins.

Patterns with the ascending/ marginal branch of¢hegulate sulcus

Analysis of the ascending branch of the cingulateus in cross sections showed that it
terminated anterior to or between the two branchesbifurcated (“V”) dorsal end of the
postcentral sulcus in the majority of cases (71.26%emispheres; see Table 7). Less common
was a termination posterior to the dorsal end efbstcentral sulcus (28.75% of hemispheres).
Figure 13 shows examples of patterns formed byasicending branch of the cingulate sulcus

and the dorsal termination of the postcentral sulcu
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The ascending branch of the cingulate sulcus tet@thanterior to or between the
branches of a bifurcated dorsal termination ofgbstcentral sulcus in a larger number of left
than right hemispheres (see Table 7). At the same termination posterior to the dorsal end of
the postcentral sulcus was more common for the Hghispheres.

Surface-based analysis showed that in 41.25% bkaflispheres the ascending branch of
the cingulate sulcus extended to and could belgleaen on the lateral surface of 3D
reconstructions of human brain volumes. This patbecurred more frequently in the left

hemisphere than in the right hemisphere.

Sulci dorsal to the postcentral sulcus

The results of cross-section and surface-baseg¢sasatevealed a frequent occurrence of
sulci located directly dorsal to the postcentrétgs. These sulci could be classified into two
categories: i) short sulci which remained on therkd surface of the brain and occurred in
approximately one tenth of all hemispheres (11.2%#%)l ii) somewhat longer sulci which
extended to the medial surface of the brain bysingsthe superior longitudinal fissure in about
one third of all hemispheres (33.75%; see Tabl&@®&h types of sulci are illustrated in a
diagrammatic form in Figure 14.

Both types of sulci were usually located superothte first submerged pli de passage
and they had a horizontal (anterior-posterior)iagdnal orientation. The non-vertical (i.e. or
non-dorso-ventral) orientation of the dorsal saltd their superior position on the lateral surface
were the main reasons why the dorsal sulci wereosidered to be segments of the postcentral
sulcus.

Dorsal sulci which extended to the medial surface brain (type ii) were more often
observed in the left hemisphere, while the suldciwimemained on the lateral surface and did not
extend to the medial surface (type i) were moreroomly found in the right hemisphere (see
Table 8).

Analysis of two hemispheres of the same brain skdawat when one hemisphere of the
brain contained sulci which were located dorsahtopostcentral sulcus and extended to the
medial surface (type ii), then there was a 22% cbdhat the opposite hemisphere of the same
brain would also contain comparable sulci. The phility to find similarly placed sulci in the
opposite hemisphere of the same brain was smallés) for the dorsal sulci which remained on

the lateral surface and did not extend to the nhedidace (type i). Therefore, in the majority of
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brains, only one hemisphere contained sulci whiehewiocated directly dorsal to the postcentral
sulcus.

It seems possible that in some specimen the pdsdtsnlcus joins with the sulci located
dorsal to it at the level of their fundus deepdesihe brain, such that the individual origins of
sulci cannot be detected in cross sections. Incdsg, the postcentral sulcus would be
considered to extend to the dorso-medial edgeeohémisphere and make a connection with the

superior longitudinal fissure.

Sulcal patterns on the inferior postcentral gyrus

In this paper a portion of the postcentral gyruisated ventral to the second submerged
pli de passage of the postcentral sulcus is reféoas the inferior postcentral gyrus. In 45% of
all hemispheres, there were no sulci located ornnfieeior postcentral gyrus (see Table 9). In
one third of all hemispheres (32.5%) we observsdleus of variable length which was located
anterior to the postcentral sulcus on the infepmstcentral gyrus (Figure 15). It had a vertical
dorso-ventral orientation and it was often placegarallel with the postcentral sulcus (Figure
15). This sulcus was named the transverse posatasoicus.

Occasionally, the transverse postcentral sulcukl@ppear to connect with the lateral
fissure on the surface of reconstructed 3D bralames, but cross-section analysis confirmed
that the transverse postcentral sulcus was alweparated from the lateral fissure by a gyrus.
The length of the transverse postcentral sulcugddrom brain to brain. The transverse
postcentral sulcus was most often seen in combimatith the postcentral sulcus which
contained 2 segments (50%) and less often witledh&nuous postcentral sulcus (27%) or the
postcentral sulcus consisting of 3 segments (1986;Figure 15).

As verified with the surface-based analysis, thagverse postcentral sulcus was present
in hemispheres where the postcentral sulcus didneogie superficially with the lateral fissure
(96.2%). The transverse postcentral sulcus was ofter present in the right hemisphere of the
brain (61.5%) than in the left hemisphere (38.5é& Fable 9).

Averaged data show that in the hemispheres whergdnsverse postcentral sulcus was
absent, the postcentral sulcus terminated vemtithie fourth submerged pli de passage. In the
hemispheres with the transverse postcentral sullcegostcentral sulcus terminated close to the
stereotaxic coordinates corresponding to the sutzmerged pli de passage, while the transverse

postcentral sulcus started at the stereotaxicitocalf the second submerged pli de passage.
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We suggest that the transverse postcentral shiosgs to the postcentral sulcal
complex and it may be considered an inferior pathe postcentral sulcus on the basis of the
following evidence: i) the transverse postcentudtiss appears around the base of the second
submerged pli de passage in horizontal sectionthaitransverse postcentral sulcus is mostly
present when the postcentral sulcus consists ef&ents; iii) the transverse postcentral sulcus
is located anterior to the postcentral sulcus anftén overlaps with the ventral end of the
postcentral sulcus; iv) the transverse postcestialus is present in the brains with a shorter
length of the postcentral sulcus and does not appéhe brains where the postcentral sulcus
merges superficially with the lateral fissure.

It is possible that in some of the brains examiinetthe present study the transverse
postcentral sulcus merged with the postcentralsule the fundus and it did not appear as an
independent sulcus anterior to the postcentralisulo those brains the transverse postcentral
sulcus was likely to be identified as an integiatt f the postcentral sulcus.

In addition to the transverse postcentral suldweet were other types of sulci which
were observed on the inferior postcentral gyru®3rb% of all hemispheres, sulci which
originated on the upper lip of the lateral fissal® extended onto the lateral surface of the brain
(e.g. posterior subcentral sulcus, sulcus tranegesperculi parietalis primus and secondus,
using terminology of Economo and Koskinas, 1928; Bable 9 and Figures 3-10, 11b,d). These
sulci appeared as branches of the lateral fissuB®isurface reconstructions of MRI brain
volumes. Sulci from the parietal operculum were moore frequently observed on the inferior

postcentral gyrus in the left hemisphere of therbttaan in the right hemisphere.

Examples of sulcal features and patterns in two Biain volumes

A number of features and patterns of the postcesiitaus are demonstrated in two
hemispheres taken from two different brains withie sample of MRI brain volumes used in
this study. Figures 3-6 show cross sections tai@n the left hemisphere of an MRI brain
volume (case 1). The postcentral sulcus consistssefgments which are separated at the first
submerged pli de passage by a visible/ non-subrdeygeis (Figures 4c-e, 5i). Both surface-
based and cross-section analyses show the samerstagion pattern of the postcentral sulcus.
The postcentral sulcus does not form a superfaciahection with the lateral fissure (Figure 6l-
m). It does not reach the superior longitudinadi® either. The dorsal termination of the

postcentral sulcus is a bifurcation and it has ahé&pe (Figure 4a-c). There are no sulci located
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dorsal to the postcentral sulcus. The ascendimgchraf the cingulate sulcus is seen on the
lateral surface of the brain (Figures 3, 5I-m; ase the same hemisphere on Figure 2b). It
terminates inside the V-end/ bifurcation of thetpestral sulcus (see Figure 4a-c). Surface-
based analysis shows that the intraparietal suferges with the inferior segment of the
postcentral sulcus (in addition to Figure 3 seeifd@b). Cross-section analysis shows a
submerged gyrus between the intraparietal sulcdghenpostcentral sulcus (Figure 4i-j). The
transverse postcentral sulcus is located anteithve postcentral sulcus on the inferior
postcentral gyrus and its origin is close to thebse submerged pli de passage (see Figures 4g-
p, 5a-f, 6k-m). There are no other sulci on theriof postcentral gyrus.

Figures 7-10 show a number of features of the postal sulcus in serial sections taken
from the right hemisphere of an MRI brain volumage 2). On the 3D surface of the brain the
postcentral sulcus appears as a continuous soasysis of the postcentral sulcus in cross
sections reveals that it consists of 3 segmentse(gar, middle and inferior) separated by the
third and fourth submerged plis de passage (Fidirks10g, 10I-0). The postcentral sulcus
forms a superficial connection with the laterasfiee (Figure 10m-0) and it reaches the superior
longitudinal fissure (Figures 8a-b, 9k-0). Dorsatl®f the postcentral sulcus is bifurcated and
the ascending branch of the cingulate sulcus tetaminside the bifurcation (Figure 8c-e).
There are sulci located directly dorsal to the pastral sulcus, which cross the superior margin
of hemisphere (Figure 8b-d). The postcentral sullmes not merge with the intraparietal sulcus

(Figure 8i). There are no sulci on the inferiortgestral gyrus.

Discussion

The present investigation established that thecpastal sulcus is a complex of sulcal
segments located directly posterior to the cesubdus, extending from the dorsal aspect of the
hemisphere close to the midline to the lateralifissThe postcentral sulcus was examined
systematically in two-dimensional serial sectiohd@MRI brain volumes in the MNI
stereotaxic space. This approach permitted usdmcterize the submerged structure of the
postcentral sulcus and describe in-depth relatipsdietween the postcentral sulcus and its
neighboring sulci. It should be noted that thegratt formed by the main sulci deep within the
fundus are less variable among individuals tharafipeearance of sulci on the surface of the
brain and the sulcal variability increases, in gahdowards the outer cortical surface (Lohmann
and Cramon, 2000; Regis et al., 2005). In additiba,presence of submerged gyri within
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individual sulci can partition the sulci into basigical units and clarify sulcal patterns on the
external cortical surface (Huttner et al., 2005giRet al., 2005). The present results show that,
in the majority of hemispheres, the postcentratissiis separated into two (46.25%) or three
(27.50%) segments by gyri that join its banks (Feg2; Table 1). Less frequently, the
postcentral sulcus consists of four or five segmén?.5%) or remains continuous (13.75%).
The majority of gyri which divide the postcentralais into segments are submerged deep
within the sulcus (submerged plis de passage) andbe observed only in brain sections, while a
smaller proportion of gyri may be seen from thdaue of the brain (visible gyri; see Table 3).
Submerged plis de passage and visible gyri occtoundistinct locations of the MNI
stereotaxic space and the locations of the correipg submerged plis de passage and visible
gyri overlap (Table 2).

Cunningham (1892) describes deep annectant gyahadivide the superior and inferior
segments of the postcentral sulcus into smallgsuihese basic sulcal units appear as small
depressions in the fetal brain and unite into lasgeictures as the brain continues its prenatal
and postnatal development (Connolly, 1950). Curtmaing/s deep annectant gyri are akin to the
submerged gyri described in the current study.ay ime suggested, that the four submerged plis
de passage (submerged gyri) separate five origmstcentral sulcal units which appear early in
the development of the fetal brain and have spefufictional relevance (see below).
Cunningham (1892) also mentions the common occcereha deep gyrus (the anterior deep
annectant gyrus of Eberstaller) which marks thesgn between the horizontal segment of
the intraparietal sulcus and the inferior postadrdulcus. This is consistent with the findings of
the current study which demonstrated that the postal and intraparietal sulci can appear to
join on the surface of the brain, but they areaict filways separated by a gyrus in the cortical
depth (Figure 4i-j).

Several studies suggest that there may be a medaijp between the development of
cortical convolutions and the architectonic, fuontl, and connectional specialization of cortical
regions (Connolly, 1950; Welker, 1990; Toro and g, 2005). The position of the main sulci
is thought to reflect the underlying cortical orgaation and be a result of interactions between
genetic factors, cytoarchitectonic differentiatiomechanical tension produced by the thalamo-
cortical and cortico-cortical fibers, modulatorylience of the afferent fibers on cortical growth,
and the initial geometry of the cortex and its asyatries (Connolly, 1950; Welker, 1990; Van
Essen, 1997; Toro and Burnod, 2005). Despite ceralide inter-individual variability in sulcal
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and gyral morphology, the main sulci demonstraliixely constant topographical relationships
with each other. Although there may not be a sinspleespondence between the
cytoarchitectonic boundaries and the sulcal fu@dyer et al., 1999), structural components of
individual sulci (fundus, walls) and gyri (crowrariiks) can serve as landmarks which identify
the approximate locations of specific architect@reas in MRI images or real-life brain
specimens. At present, accurate borders of cytdaotbnic areas can be determined only under
light microscopy in histological brain sections arat in the MRI images. To address this
problem, probability maps reflecting the varialyildf cytoarchitectonic areas in the standard
stereotaxic space have been created for sevetalat@reas (Geyer et al., 2000; Grefkes et al.,
2001; Eickhoff et al., 2006). The probability magas be used with individual MRI brain
volumes to assess the location of functional atitma with respect to the averaged locations of
cytoarchitectonic areas.

Influential cytoarchitectonic maps subdivided tinéegior parietal lobe into several
cortical areas. According to Brodmann (1909), thstgentral gyrus may be parcellated into
three main architectonic areas: area 3 (the rgstisticentral area which occupies the posterior
bank of the central sulcus), area 1 (the intermegastcentral area which is located on the
anterior lip of the postcentral gyrus), and argth2 caudal postcentral area that occupies the
posterior part of the postcentral gyrus and whidlereds into the anterior bank of the postcentral
sulcus). Brodmann (1909) also pointed out thagta®ular cortex on the posterior bank of the
central sulcus is separated from the agranular moottex on the anterior bank of this sulcus by
a narrow transitional area in its fundus that In@scharacteristics of both the agranular and
granular areas. Later on, this transitional zone maamed area 3a, and Brodmann’s area 3 was
now referred to as area 3b (Kaas, 1983; Geyer,et39). The cytoarchitectonic map of
Sarkissov and colleagues (1955) also shows arelaarg] 2. Economo and Koskinas (1925)
provided detailed descriptions of the featuresefdytoarchitectonic areas of the postcentral
region and corresponding high quality photograjmi@ges. The following main areas and their
subdivisions were identified in the anterior paidévbe: PA (PA, PAy), PB (PB, PB;), PC and
PD. Area PA (which corresponds to area 3a of Brodmann) ocsupie fundus and the
lowermost part of the posterior wall of the censialcus. It extends from the ventral end of the
central sulcus, where it can be seen slightly endteral surface of the brain to the dorsal end of
the central sulcus and the surrounding region emtadial surface of the brain (Economo,

2009). Area PAfollows the ascending branch of the cingulatewsifcom the paracentral lobule
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to the dorsal-posterior part of the postcentraligyand the superior parietal lobule (Economo,
2009). On the lateral surface of the brain areai®lcated posterior to the dorsal extent of area
PC. Economo and Koskinas’ area PB occupies theruppethirds of the posterior wall of the
central sulcus and extends in parallel to areaffon the ventral end of the central sulcus to its
dorsal end on the paracentral lobule. SubdivisiBsand PB reflect inhomogeneity in
granularity within area PB; they form strips aniets throughout this area. Area PB corresponds
to area 3 of Brodmann that subsequently came tefeered to as area 3b in order to distinguish
it from the transitional zone, area 3a. Area P@®a wide strip posterior to area PB (Economo
and Koskinas, 1925) and occupies the visible gati@postcentral gyrus (the crown and the
lips) and it extends from the parietal operculunth paracentral lobule. Area PC may
correspond, in part, to areas 1 and 2 of Brodmarga PD of Economo and Koskinas occupies
the walls and the fundus of the postcentral suddasg its entire length (Economo, 2009). A
recent investigation examined the extent of Brodmeea 2 in 10 post-mortem human brains
using two types of analysis, observer-dependertyais of histological sections under the light
microscope) and observer-independent (analysisstflbgical sections using a computer
algorithm) (Grefkes et al., 2001). The findingswkd that area 2 was always located within the
anterior wall of the postcentral sulcus and thetmwsof its borders varied between the
individual brains (Grefkes et al., 2001). The aioteboundary of area 2 could reach the crown of
the postcentral gyrus and the posterior boundamdoextend slightly caudal to the fundus of the
postcentral sulcus. The dorsal and ventral bouedaf area 2 were located within several
millimeters of the dorsal and ventral terminati@fshe postcentral sulcus. In the brains with the
segmented postcentral sulcus, area 2 traversetivildéeng gyral bridges without any

interruptions in its continuity (Grefkes et al.,(40.

The present results demonstrate that, in approeigawo thirds of the examined
hemispheres, the postcentral sulcus has a bifarcitesal termination, which resembles the
shape of the letters Y and V (Table 4). In the oéshe hemispheres, the postcentral sulcus has a
single dorsal ending similar to the letter | (seguFes 11 and 13; Table 4). The architectonic
maps of Brodmann (1909), Economo and Koskinas (1828 Vogt (1911) show an
architectonically distinct area located betweenktanches of the dorsal termination of the
postcentral sulcus and extending onto the medrédsel of the brain (area 5 of Brodmann, 1909;
area PA of Economo and Koskinas, 1925; area 75 of Vogt,1)19In the study by Scheperjans et

al. (2005) Brodmann area 5 was found to consisneflateral (5L) and two medial (5M and



23

5Ci) subareas. The lateral subdivision of areal} \{#&as located within the dorsal end of the
postcentral sulcus near the superior longitudirsalire. Area 5L extended from the anterior wall
to the posterior wall of the dorsal terminatiorttué postcentral sulcus or approached the
ascending branch of the cingulate sulcus on tleedbsurface of the brain. Area 5L was located
posterior and medial to area 2 and it replaced 2tiaahe anterior wall of the dorsal end of the
postcentral sulcus (Scheperjans et al., 2005) nde dorsal part of lateral area 5 could be
observed occasionally on the cortical surface gjhi®oring gyri, including the crown of the
postcentral gyrus or between the branches of teeotral sulcus. In the monkey, area 5
receives proprioceptive information from the postc&l somatosensory cortex and appears to
play an important role in the encoding of arm postland movement in space within a body-
centered reference frame. It is believed to paaie in the coordinate transformation and
sensorimotor guidance of motor behavior (Kalask®6] Wenderoth et al., 2004).
Neuroimaging research on human subjects implicats 5 in the performance of directional
goal-directed hand movements under somatosensatsot@/VNenderoth et al., 2004) and
performance of movements under proprioceptive cbmtithout visual feedback (Grefkes et al.,
2004). Stereotaxic coordinates of functional a¢tores localized in putative Brodmann area 5 in
the above neuroimaging studies are x = -26, y 723674 (Grefkes et al., 2004) and x =-12,y
=-50,z=70;x=18,y=-46,z =74; and X = 26; -46, z = 72 (Wenderoth et al., 2004). These
coordinates tend to place area 5 activations ¢tm#ige point of bifurcation of the dorsal end of
the postcentral sulcus, adjacent to the dorsalera$of the single dorsal termination of the
postcentral sulcus and dorsal to both of thesetstreis, as established in the present study in the
MNI stereotaxic space.

Neurophysiological work on non-human primates aieced a set of areas located along
the intraparietal sulcus. Of particular interesttfee present investigation is the most anterior of
these areas, the anterior intraparietal area (AWRich is located in the anterior part of the later
bank of the intraparietal sulcus in the monkeyrb(&8allese et al., 1994; Sakata et al., 1995). In
the monkey, AIP is involved in grasping movementisich depend on the shape of an object to
be manipulated (Gallese et al., 1994; Sakata,et295; Baumann et al., 2009). In the human,
the presumed homologue of AIP is activated by Viand tactile tasks, which involve three-
dimensional attributes of objects, such as shapeasd orientation (Binkofski et al., 1998;
Grefkes et al., 2002; Frey et al., 2005; Zhand.e2805). Based on the currently available, yet

limited knowledge of the anatomo-functional orgautian of the intraparietal sulcus in the
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human, the following two possibilities can be etaiered regarding the putative location of the
human homologue of monkey area AIP. According te wew, the human homologue of AIP
may be located in the anterior part of the horiabségment of the intraparietal sulcus or in a
cortical region at the intersection between theqeogral and intraparietal sulci. For example,
Binkofski et al. (1999) reported the location o# thuman homologue of AIP at x = -40, y = -40,
z = 40, and Shikata et al. (2001) reported thetiogaf the human AIP at x =-37,y =-40, z =
47 (for review of the coordinates of the human Alfhe anterior intraparietal sulcus see Frey et
al., 2005, and Shikata et al., 2008). Accordinthefindings of the present study, the postcentral
and intraparietal sulci can appear to merge orstiniace of the brain, but they are in fact always
separated by a gyrus in the cortical depth (Fidisje In relation to our study, the stereotaxic
coordinates of the human area AIP, as reportedeméuroimaging studies of Binkofski et al.
(1999) and Shikata et al. (2001), place the humidaAthe gyrus between the postcentral and
intraparietal sulci. However, there is another ppkty that must also be entertained. The
inferior segment of the postcentral sulcus, whiahk &lso been described as the vertical
(ascending) part of the intraparietal sulcus (Cogham, 1892), may relate to area AIP. We
believe that this hypothesis must be entertainedudse area AIP in the monkey is located
between the somatosensory area 2 and the mosipamizrt of the inferior parietal lobule. If the
general anatomo-functional structure of the intregbal sulcus is conserved between the monkey
and the human, then the human homologue of the eyoalea AIP may be expected at the
transition between somatosensory area 2 and therogigal part of the inferior parietal lobule,
which is defined by the inferior part of the posttal sulcus. There is one functional
neuroimaging study by Simon et al. (2002) that regubtentative coordinates for the human AIP
atx =- 60, y=-32, z=36. These coordinatesespond to the inferior part of the postcentral
sulcus in the current study.

In the human brain, the somatosensory corticabregktends from the superior
longitudinal fissure to the lateral fissure andbitaindaries are formed by the central sulcus,
anteriorly, and the postcentral sulcus, posterioAg mentioned above, this somatosensory
region is subdivided into cytoarchitectonic areas3b, 1 and 2 (Brodmann, 1909; Geyer et al.,
1999; Grefkes et al., 2001). Area 3b (area PBlaissified as the granulous koniocortex, while
areas 1 and 2 belong to the homotypic isocortethoigh sometimes all of the postcentral gyrus
somatosensory region is referred to as Sl (prireargatosensory region), because the classical

stimulation research in patients and monkeys dichawge the resolution to distinguish effects
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due to the stimulation of different architectonieas (Penfield and Rasmussen, 1952; Woolsey
et al., 1979), in fact only the granulous cortiaada 3b should be referred to as the primary
somatosensory cortex (Kaas, 1983). In additiomeéa difference in cytoarchitecture, areas 3a,
3b, 1 and 2 receive inputs from different submdsli(Merzenich et al., 1978; Kaas, 1983).
Area 3a receives afferents from deep subcutanemeptors, primarily muscle spindles. Area 3b
receives inputs from rapidly and slowly adaptintpogous receptors and area 1 afferents from
rapidly adapting cutaneous receptors. Area 2 resdivputs from deep receptors in joints
(Merzenich et al., 1978; Kaas, 1983). Physiologstatlies in monkeys have established that
each architectonic area within the somatosensatgxagontains an orderly arranged
representation of the various parts of the bodyi{$€het al., 1971; Merzenich et al., 1978; Kaas
et al., 1979; Kaas, 1983).

The estimated dorsal to ventral arrangement oflpoepresentations in the human
postcentral somatosensory cortex, based on théidnat neuroimaging literature, is the
following: toes, ankle, knee, midline trunk, hahgs and teeth, tongue. We compared the
stereotaxic coordinates of sensory representatibdgferent parts of the body (see Table 10)
with the averaged estimates of the stereotaxicdboates of the four submerged plis de passage
of the postcentral sulcus based on the preseny ¢bae Table 2) in order to examine a
functional-anatomical relationship between the yodipresentations and their posterior
boundaries that are formed by the segments ofdbte@ntral sulcus. Sensorimotor
representations of the toes, ankle, knee and tire émot are located on the postcentral gyrus
above the first submerged pli de passage of thie@uatsal sulcus, anterior to the dorsal part of
the first segment of the postcentral sulcus. Tregresentative locations approach the superior
longitudinal fissure on the lateral and medial brsurface (see Tables 2 and 10). Activation
peaks of sensory representations of the midlingktewe located close to the first submerged pli
de passage of the postcentral sulcus and betwedindhand second segments of the postcentral
sulcus. Sensory representations of the fingerdlatiand are located between the first and
second submerged plis de passage, anterior t@tioad segment of the postcentral sulcus. The
lips, teeth and tongue are represented in the gensdex anterior to the third segment of the
postcentral sulcus, between the second and thimsherged plis de passage. The tip of the
tongue is represented between the third and feuttmerged plis de passage, anterior to the

fourth segment of the postcentral sulcus (see Fébknd 10).
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In nearly half of all examined hemispheres (47.%%th types of interrupting gyri, i.e.
submerged plis de passage and visible gyri, ocdwatr¢he stereotaxic location of the third
submerged pli de passage, which separates somstogeapresentation of the hand dorsally
from the representation of the face ventrally. Misigyri occurred more often at the location of
the first submerged pli de passage, which sepasateatosensory representations of the toes,
knee and ankle dorsally from the representaticth@hand ventrally.

In one third of all hemispheres examined, thers avaulcus of variable length located
anterior to the postcentral sulcus on the mostraépart of the postcentral gyrus (Figure 15).
We refer to this sulcus as the transverse postlesufcus because it appears to correspond to the
sulcus postcentralis (retrocentralis) transvergusberstaller (see Cunningham, 1892).
Cunningham calls the sulcus postcentralis transgetse lowermost part of the postcentral
sulcus, which may join superficially the inferioogicentral sulcus, but always remains separated
from it by a deep annectant gyrus. In the brairsrered in the current study, the transverse
postcentral sulcus had a vertical dorso-ventramation and it was often placed in parallel with
the postcentral sulcus. It was most frequentlytiedan hemispheres where the postcentral
sulcus terminated around the third submerged pliadsage. In these hemispheres, the
transverse postcentral sulcus originated nextésétond submerged pli de passage. In those
brains where the postcentral sulcus terminatecdimshe fourth submerged pli de passage or
ventral to it, the transverse postcentral sulcus a@sent. Thus, we suggest that the transverse
postcentral sulcus is an inferior segment of th&tqgtral sulcus which may or may not merge
with the postcentral sulcus deep inside the fun8uwe the transverse postcentral sulcus is
located next to the somatosensory face area, its®pgrate an anterior part of the postcentral
gyrus from a posterior part of the postcentral gythat may play a different functional role
related to the orofacial region of the body. Analy the stereotaxic coordinates of
somatosensory representations of the lips, teethargue (see Table 10) always placed them
anterior to the transverse postcentral sulcus, whigs determined from the anatomical
observation of this sulcus in 40 human MRI braifuwtes (unpublished observation). Therefore,
it is suggested that the transverse postcentralisis a morphological landmark separating the
sensorimotor representation of the face from thstqumr parietal cortex.

The present study investigated, in the MNI propmai stereotaxic space, the
morphological structure of the postcentral sulaus igs relationship with the neighboring sulci.

The results of this anatomical work may be useelate specific functional activations acquired
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in neuroimaging studies and registered to the staizkd proportional stereotaxic space to
details of sulcal and gyral anatomy of the antepianetal lobe in the same stereotaxic space. A
clear relationship between a specific type of fiora! activity and the local sulcal morphology

can help clarify the functional organization of texebral cortex.
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Abbreviations

Sulci and gyri
al PS, anterior part of the horizontal segment of theajparietal sulcus

CS, central sulcus

Cings, ascending (marginal) branch of the cingulatelsilc

dS, sulcus located dorsal to the PoCS

G-1st, gyrus which divides PoCS into 2 segments, suparnd inferior POCS. This gyrus is
visible on the surface and in the fundus. It isated at the first submerged pli de passage.
iPoCS, inferior postcentral sulcus

iPrS, inferior precentral sulcus

IPS, intraparietal sulcus (horizontal segment anéignches)

LF, lateral fissure

LusS, lunate sulcus

mPoCS, middle postcentral sulcus

OpS, sulcus located on the parietal operculum (uppesflthe lateral fissure)

SFS, superior frontal sulcus

sPoCS, superior postcentral sulcus

POF, parieto-occipital fissure

posc, posterior subcentral sulcus

sPrS, superior precentral sulcus

SLF, superior longitudinal fissure

STS, superior temporal sulcus

TrS, transverse postcentral sulcus

Submerged plis de passage

3, third submerged pli de passage

4, fourth submerged pli de passage

1s, submerged gyrus at location of the first submaiigede passage
1v, visible gyrus at location of the first submergdidde passage

2s, submerged gyrus at location of the second suledgntj de passage

2v, visible gyrus at location of the second submergede passage



3s, submerged gyrus at location of the third subnepede passage
3v, visible gyrus at location of the third submergdidde passage
4s, submerged gyrus at location of the fourth subeegi de passage

spdp, submerged pli de passage
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Table 1. Incidence and distribution of segmentthefpostcentral sulcus (PoCS) among the left
(LH) and right (RH) hemispheres of 40 MRI brainwwles

Type of POCS LH+RH LH RH
Segmentation Total # % 80 Total# %40 | Total# %40
LH+RH LH+RH LH LH RH RH

Continuous 11 13.75 3 7.5 8 20
Two segments 37 46.25 16 40 21 52
Three segments 22 27.50 12 30 10 25
Four segments 9 11.25 8 20 2.5
Five segments 1 1.25 1 2.5 0 0
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Table 2. Averaged stereotaxic coordinates of fobingerged plis de passage (submerged pdp) in
the MNI proportional stereotaxic space

Average M NI coordinates
Structure L eft hemisphere Right hemisphere
X y z X y z
First submerged pdp* -28 -34 54
Second submerged pdp -38 -31 43 36 -32 43
Third submerged pdp -41 -27 35 45 -25 34
Fourth submerged pdp -55 -18 2§ 52 -16 29

Note: * There were not enough data to determinestheeotaxic coordinates of the first
submerged pli de passage in the right hemisphere.
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Table 3. Incidence of the presence of submergediaiide gyri in the distinct locations of four

submerged plis de passage (spdp) in the left (Ind)rght (RH) hemispheres of 40 MRI brain

volumes
LH RH LH+RH

L ocation Total %40 % Total | Total %40 % Total Total# % Total

#LH LH LH+RH | #RH RH  LH+RH | LH+RH LH+RH
Submerged gyri
1st spdp 15 85.71 1 2.5 14.29 7 8.79
2nd spdp 15 54.55 5 12.5 45.45 11 13.75
3rd spdp 18 45 60 12 30 40 30 37.5
4th spdp 10 25 62.5 6 15 375 16 20
Visible gyri
1st spdp 16 40 69.57 7 17.5 30.43 23 28.15
2nd spdp 2 5 28.57 5 12.5 71.43 7 8.71
3rd spdp 5 12.5 62.5 3 7.5 37.5 10
4th spdp 2 5 50 2 5 50 4 5
I nterrupting gyri (combined submerged and visible gyri)
1st spdp 22 55 73.33 8 20 26.67 30 37.%
2nd spdp 8 20 44 .44 10 25 55.56 18 22.%
3rd spdp 23 57.5 60.53 15 37.5 39.47 38 47.p
4th spdp 12 30 60 8 20 40 20 25
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Table 4. Types of dorsal termination of the postiadsulcus (PoCS) and their incidence in the
left (LH) and right (RH) hemispheres of the humaaity

Type of dorsal end of POCS LH+RH LH RH
Total # % 80 Total# %40 | Total# % 40
LH+RH LH+RH LH LH RH RH
Dorsal end is regular 19 23.75 7 17 12
Dorsal end is bifurcated 55 68.75 31 77.5 24
Dorsal end has three branches 6 7.5 2 4
PoCS reaches the superior 23 28.75 11 27.5 12 30
longitudinal fissure

10
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Table 5. Patterns formed by the postcentral suleo€S) and the lateral fissure (LF) and their
incidence in the left (LH) and right (RH) hemispégiof the human brain

PoCSrelativetoLF LH+RH LH RH
Total # % 80 | Total# % 40| Total # % 40
LH+RH LH+RH LH LH RH RH

PoCS superficially merges 24 30 13 32.5 11 27.5
with LF (i.e. gyrus separating the
sulci is submerged)

PoCS does not superficially 56 70 27 67.5 29 72.5
merge with LF (i.e. gyrus separating the
sulci is visible)
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Table 6. Patterns formed by the postcentral suleo€S) and the anterior part of the horizontal

segment of the intraparietal sulcus (IPS) on thitasa of the brain

PoCS and anterior IPS LH+RH LH RH

(surface-based analysis) Total # % 80 Total# %40 | Total# % 40
LH+RH  LH+RH LH LH RH RH

IPS merges with 25 31.25 10 25 15 37.5

continuous PoCS

IPS merges with 5 6.25 0 0 5 12.5
superior PoCS

IPS merges with 16 20 11 27.5 5 12.5
inferior PoCS

IPS merges with 2 2.5 2 5 0 0
middle PoCS
IPS merges with superior 0 0 0 0 0 0

and inferior PoCS

IPS is separated from 32 40 17 42.5 15 37.5
all segments of PoCS

by a visible gyrus
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Table 7. Patterns formed by the postcentral sy leo€S) and the ascending branch of the

cingulate sulcus (CingS) in the left (LH) and rigRH) hemispheres of the human brain

PoCS and CingS LH+RH LH RH
Total # % 80 Total# %40 | Total# % 40
LH+RH  LH+RH LH LH RH RH
CingS is seen on the 33 41.25 19 47.5 14 35
lateral surface
CingS terminates anterior 57 71.25 31 71.5 26 $5
to PoCS or inside a
bifurcation of PoCS
CingS terminates posterior 23 28.75 9 22.5 14 35

to PoCS
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Table 8. Types of sulci which are located dorsahtopostcentral sulcus (PoCS) and their
patterns with the superior longitudinal fissure Epin the left (LH) and right (RH) hemispheres

of the human brain

Typesof sulci located LH+RH LH RH

dorsal to PoCS Total # % 80 Total# %40 | Total# % 40
LH+RH LH+RH LH LH RH RH

Sulci dorsal to PoCS 27 33.75 17 42.5 10 25

which reach SLF

Sulci dorsal to PoCS 9 11.25 3 7.5 6 15
which do notreach SLF




Table 9. Types of sulci located on the inferiortpestral gyrus (infPoCG) and their incidence in

the left (LH) and right (RH) hemispheres of the faumforain

46

Types of sulci on LH+RH LH RH

infPoCG Total# %80 | Total# %40 %80 | Total# %40 % 80
LH+RH LH+RH LH LH LH+RH RH RH LH+RH

Transverse post- 26 32.5 10 25 38.5 16 40 61.5

central sulcus

No sulci on 36 45 16 40 44 .4 20 50 55.6

infPoCG

All other sulci

(posterior 43 53.5 26 65 60.5 17 425 395

subcentral sulcus

opercular sulci)
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Table 10. Representation of different body regionke contralateral primary somatosensory

cortex
Study Brain L eft hemisphere Right hemisphere
region stereotaxic coor dinates ster eotaxic coor dinates
X y X y z
Kapreli et al. 2007*| Toes -6.1 -429 723 6.1 -39.2 718
Ankle -68 —-413 709 6.4 -383 701
Knee -99 -396 684 10.1 -36.7 648
Ferretti et al. 2004 | Foot -4 —42 59
Fabri et al. 2005 Lateral midline 30 -33 55
trunk
Posterior 32 -33 53
midline trunk
Anterior 34 - 25 53
midline trunk
Fabri et al. 2005 Hand 41 - 25 54
Ferretti et al. 2004 | Hand -34 -35 50
Blatow et al. 2007 | Fingers -49 -21 46 49 -19 46
Kapreli et al. 2007*| Finger -38.7 -265 536 38.5-23.7 504
Blatow et al. 2007 | Lips — 56 - 17 36 52 -14 3B
Lotze et al. 2000 Lip pursing -52 - 16 38 54 -6 8 3
Miyamoto et al. Rostral lip -555 -11.3 417
2006 Middle lip -583 -16.0 394
Caudal lip -580 -21.2 39.1
Rostral tooth -558 -11.0 404
Middle tooth -576 -16.1 394
Caudal tooth -56.7 —-222 40.8
Rostral tongue  —57.1 -9.8 38.5
Middle tongue  —-58.1 -154  38.2
Caudal tongue -579 -21.1 39.1
Lotze et al. 2000 Tip of tongue -52 2 32 66 -2 44

Note: * In Kapreli et al. (2007) representations ahown for the primary sensorimotor cortex.
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Figures

Figure 1. Schematic representation of the main sualthe lateral surface of the human brain.
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Figure 2. Segmentation of the postcentral sulcuthersurface of the brain and in the fundus.
This figure illustrates 7 different types of intetian between the surface-based and cross-section
analyses with regard to segmentation patternseoptistcentral sulcus. All panels show 3D
reconstructions of MRI brain volumes used in thiglg. In @), (b) and ¢) the postcentral sulcus
is found to contain one, two and three segmengpectively, using both methodologies. &), (

(e), (f) and @) the cross section analysis determined that ts&cpotral sulcus is divided into a
larger number of segments in the fundus than osuhface of the brain. Ira) the postcentral
sulcus is continuous both in the fundus and orsthiace. Inlf) the postcentral sulcus is divided
into two segments by a visible gyrus located atitheubmerged pli de passage [1v]. ththe
postcentral sulcus is continuous on the surfadkeobrain, but it is divided into two segments by
a submerged gyrus located at the 3rd submergetd massage [3s]. ld) the postcentral sulcus
consists of 3 segments separated by two visibleagyhe 2nd and 3rd submerged plis de
passage [2v; 3V]. Irg] the postcentral sulcus appears to consist olsegments on the surface
of the brain, but it is divided into three segmeantthe fundus. The first interrupting gyrus at the
3rd submerged pli de passage is submerged [3ghargkcond interrupting gyrus at the 3rd
submerged pli de passage is visible on the brafasi[3Vv]. In {) the postcentral sulcus appears
continuous on the surface of the brain, but itvsdeéd into four segments by submerged gyri in
its fundus. The submerged gyri are located at itk 3rd and 4th submerged plis de passage [2s;
3s; 4s]. In @) the postcentral sulcus appears continuous osuttiace of the brain, but it is
divided into five segments by submerged gyri irfutsdus. The submerged gyri are located at
the 1st, 2nd, 3rd and 4th submerged plis de pagtapgas; 3s; 4s].
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Figure 3. Three-dimensional reconstruction of #feHemisphere of the MRI brain volume (case
1) used in the current study. Horizontal sectiamsshown in Figure 4, coronal sections in Figure

5 and sagittal sections in Figure 6.
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Figure 4. Horizontal sections from the left hemisgghof the MRI brain volume (case 1) with the
sulci of interest identified. The level in the dengentral dimension (z coordinate) is given in

millimetres for each section.



54

iPoCS sPoCS

Figure 5. Coronal sections from the left hemispluérdne MRI brain volume (case 1) with the
sulci of interest identified. The level in the nmstaudal dimension (y coordinate) is given in

millimetres for each section.
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Figure 6. Sagittal sections from the left hemispharthe MRI brain volume (case 1) with the

sulci of interest identified. The level in the medateral dimension (x coordinate) is given in
millimetres for each section.
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Figure 7. Three-dimensional reconstruction of tghtrhemisphere of the MRI brain volume
(case 2). Horizontal sections are shown in Figyi@8&nal sections in Figure 9 and sagittal

sections in Figure 10.



58

%{}L 2

\ N
sPocs mMPoCS 7=54 h sPoCS mPoCS ,—48

‘l‘-'i;
== ipPoCS

mPoCS z=36 k

medial

posterior <~— anterior

lateral

Figure 8. Horizontal sections from the right herhisye of the MRI brain volume (case 2) with
the sulci of interest identified. The level in tiherso-ventral dimension (z coordinate) is given in

millimetres for each section.
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Figure 9. Coronal sections from the right hemispledrithe MRI brain volume (case 2) with the
sulci of interest identified. The level in the nmstaudal dimension (y coordinate) is given in
millimetres for each section.
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Figure 10. Sagittal sections from the right hemesplof the MRI brain volume (case 2) with the
sulci of interest identified. The level in the medateral dimension (x coordinate) is given in

millimetres for each section.
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Figure 11. Dorsal termination of the postcentrétissi (PoCS). Superficial connection of the

postcentral sulcus with the lateral fissure (L) #me superior longitudinal fissure (SLF).
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Figure 12. Patterns formed by the postcentral sutmaplex (PoCS) and the horizontal segment
of the intraparietal sulcus (IPS) on the surfacthefbrain. In4) a visible gyrus separates a
continuous PoCS from IPS. IPS and PoCS do not mérde) a gyrus between PoCS and IPS is
submerged. IPS merges with the continuous PoC8ensaurface of the brain only. Io) (@ gyrus
between sPoCS, iPoCS and IPS is visible on thasidf the brain. IPS and PoCS do not
merge. In §) a gyrus between sPoCS and IPS is visible onutface of the brain. A gyrus
between iPoCS and IPS is submerged. IPS mergesheiiPoCS on the surface of the brain
only. In (g) a gyrus between iPoCS and IPS is visible on tinlase of the brain. A gyrus
between sPoCS and IPS is submerged. IPS mergethei?oCS on the surface of the brain
only. In ) a gyrus between mPoCS and IPS is submerged. mRPe@jes with IPS on the
surface of the brain only.



Figure 13. Patterns formed by the ascending brahte cingulate sulcus (CingS) and the
postcentral sulcus (PoCS). ) CingS terminates anterior to PoCS or inside arbéted dorsal

end of PoCS. Ink) CingS terminates posterior to PoCS.
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Figure 14. Sulci located dorsal (dS) to the postegésulcus (PoCS) on the lateral surface of the
brain which crossatd) and do not cros{f) the superior margin of hemisphere. Ascending

branch of the cingulate sulcus (CingS) is not st the lateral surface of the brain.
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Figure 15. The transverse postcentral sulcus (TnS) the postcentral sulcus (PoCS) is divided
into two segments, the superior and inferior pagted sulci (sPoCS and iPoCS) by a submerged
gyrus. The dorsal end of TrS is located at the<riimerged pli de passage. i) PoCS is
continuous. The dorsal end of TrS is at the levéthe 1st submerged pli de passagec)riPpCS

is continuous. The dorsal end of TrS is locatetth@®?nd submerged pli de passaged)iRoCS

is divided into 2 segments (sPoCS and iPoCS) lmpmserged gyrus. The dorsal end of TrS is at
the level of the 3rd submerged pli de passage.



