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Abstract

Anatomical studies in the macaque cortex and functional imaging studies in humans have
demonstrated the existence of different cortical areas within the IntraParietal Sulcus (IPS). Such
functional segregation, however, does not correlate with presently available architectonic maps of
the human brain. This is particularly true for the classical Brodmann map, which is still widely
used as an anatomical reference in functional imaging studies. The aim of this cytoarchitectonic
mapping study was to use previously defined algorithms to determine whether consistent regions
and borders can be found within the cortex of the anterior IPS in a population of ten postmortem
human brains. Two areas, the human IntraParietal area 1 (hIP1) and the human IntraParietal area 2
(h1P2), were delineated in serial histological sections of the anterior, lateral bank of the human
IPS. The region hIP1 is located posterior and medial to hIP2, and the former is always within the
depths of the IPS. The latter, on the other hand, sometimes reaches the free surface of the superior
parietal lobule. The delineations were registered to standard reference space, and probabilistic
maps were calculated, thereby quantifying the intersubject variability in location and extent of
both areas. In the future, they can be a tool in analyzing structure — function relationships and a
basis for determining degrees of homology in the IPS among anthropoid primates. We conclude
that the human intraparietal sulcus has a finer grained parcellation than shown in Brodmann’s
map.
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Introduction

Although many neuroimaging studies have recently focused attention on the IntraParietal
Sulcus (IPS), little is known about the basic cellular architecture of its cortex. This study
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was designed to determine whether the anterior ventral bank of the human IPS can be
divided into consistently defined cortical regions and to map the topographic relationships of
any such regions with each other, with an internationally recognized stereotaxic reference
space, and with the IPS. With this knowledge, researchers will be better able to interpret
both neuroimaging findings of the parietal cortex and data from nonhuman primates.

Neuroimaging studies have observed that cortex in and around regions associated with the
IPS becomes active with numerical processing (Pinel et al., 1999, 2001; Eger et al., 2002;
Dehaene et al., 2003), and with visuo-spatial and visuo-motor operations (Johnson et al.,
1996; Coull and Frith, 1998; Faillenot et al., 1999; Harris et al., 2000; de Jong et al., 2001,
Cohen and Andersen, 2002; Eskandar and Assad, 2002).

Better insight into the neuroimaging data can be gained by associating results from
functional segregation with defined cytoarchitectonic regions. Until now, however,
anatomical maps of the human IPS region have been qualitative and did not reliably
subdivide the cortex of the IPS. In these earlier maps, the IPS was used more as a landmark
to separate the superior from the inferior parietal lobule than as a region containing cortical
areas. This is true in particular for the Brodmann map (1909), which is still widely used as
the anatomical reference for functional imaging studies.

Brodmann (Fig. 1A) divided the posterior parietal cortex into two regions; a dorsal region
containing areas 5 and 7 (upper parietal lobule), and a ventral region containing areas 39 and
40 (lower parietal lobule). In his map, the border between the dorsal and the ventral areas is
approximately marked by the IPS, although the details of divisions in the depth of the sulcus
were not provided (Brodmann, 1909). von Economo and Koskinas (1925;Fig. 1B) also
distinguished the superior (PE) from the inferior (PF, PG) parietal lobule. In addition, they
described an area, PD, in the region of the inferior postcentral sulcus, and added a
subparcellation to this area, PDg, in the anterior IPS. The cytoarchitecture of the posterior
IPS was characterized as subtype PEp by von Economo and Koskinas. Gerhardt (1940;Fig.
1C) made a very detailed cytoarchitectonic division of the parietal lobe and the IPS based on
a single hemisphere. She delineated 9 areas within the IPS and 6 on the lower bank of the
IPS; this detailed parcellation has never been replicated, nor has it played any role in
interpreting functional imaging studies. For an overview of the different parietal cortical
maps see Zilles and Palomero-Gallagher (2001) and Zilles (2004).

Valuable insights into human neuroimaging studies come from work on experimental
animals, especially anthropoid primates. Neurophysiological and architectonic studies of the
macaque parietal cortex reveal a highly complex region. Several distinct areas in the depths
of the IPS (Fig. 2) have been identified as subdivisions of parietal cortex. Examples include
the “Anterior IntraParietal area” (AlIP; Taira et al., 1990;Gallese et al., 1994;Sakata et al.,
1995,1998;Murata et al., 1996,2000), the “Ventral IntraParietal area” (VIP; Maunsell and
Van Essen, 1983;Ungerleider and Desimone, 1986;Cavada and Goldman-Rakic, 1989;Colby
et al., 1993,1999), the “Medial IntraParietal area” (MIP; Cohen and Andersen,
2002;Eskandar and Assad, 1999,2002), the “Lateral IntraParietal area” (LIP; Gnadt and
Andersen, 1988;Barash et al., 1991a,b;Andersen et al., 1992) and the “Posterior IntraParietal
area” (PIP; Shikata et al., 1996;Sakata et al., 1998;Taira et al., 2000).

Regions around the macaque IPS cortex are, like that of the human, also selectively
activated by visuo-spatial and visuo-motor operations, suggesting that human and macaque
IPS cortex share equivalent functions (Bremmer et al., 2001; Grefkes et al., 2002). While it
is not unreasonable to think that cortical regions of anthropoid primates have many
homologous features, the response of humans to numerical processing (Pinel et al., 1999), a
highly developed attribute in humans, suggests differences exist. Different cortical
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architectures separate human from non-human primates (Haug, 1987) in part of the temporal
lobe (Buxhoeveden et al., 1996), and the frontal lobe (Petrides and Pandya, 1994;
Semendeferi et al., 2001; Sherwood et al., 2004; Petrides et al., 2005), and a specific human
cortical architecture or patterns of connections may characterize all or part of this region.
Hypotheses to test degrees of homology and homoplasy require morphometric analyses of
many features, and the grey level index (GLI) is one proven way to approach this problem
(Armstrong et al., 1986; Zilles et al., 1986).

The GLI allows investigators to define cytoarchitectonic borders using algorithms to detect
areal borders (Schleicher et al., 1999). The data can then be used to create stereotaxic,
cytoarchitectonic probabilistic maps, which in turn provide tools for future comparisons
with data from functional imaging studies, e.g., fMRI and PET. In order to avoid any
unproven conclusions about the functional significance or putative homologies to areas of
the macaque cortex, we used a neutral nomenclature for identified areas. The delineated
areas were named human IntraParietal areas (hIP) 1 and 2. They were numbered in the order
of their medial to lateral appearance.

A final goal of the study was to analyze the topographic relationships of the areas with
respect to the IPS and the PostCentral Sulcus (PCS). Both sulci show highly variable
courses, shapes, connections and number of segments (Cunningham, 1882; Retzius, 1896;
Connolly, 1950; Ono et al., 1990; Ebeling and Steinmetz, 1995).

Materials and Methods

Histological processing and 3D reconstruction of postmortem brains

Ten postmortem brains (5 males, 5 females; age range: 37 — 86 yrs.; Table 1) were analyzed.
The brains were obtained from the body donor program at the University of Diisseldorf in
accordance with the local ethical committee. None of the subjects showed any neurological
or psychiatric disorders in their clinical records. Handedness of subjects was unknown.

Brains were fixed for several months in 4% formaldehyde or Bodian-fixative, a mixture of
formalin, glacial acid and ethanol.

After fixation, meninges were removed and MR imaging was performed, using a Siemens
1.5-T vision MR-scanner (Erlangen, Germany) and a T1-weighted 3D FLASH sequence
covering the entire brain (flip angle 40E, repetition time TR = 40 ms, echo time TE =5 ms).
The MR data set of each brain consisted of 128 sagittal sections with a spatial resolution of 1
x 1 x 1.17 mm each and a depth of 8 bits.

Brains were embedded in paraffin and serially sectioned in the coronal plane (20 pum). Each
15 section was mounted on glass slides and silver stained for perikarya (Merker, 1983).
During sectioning, each 60 section of the entire series (distance between sections: 1.2 mm)
was then digitized with a CCD camera (= histological data set).

The blockface data and the MR sequences of the brains, which had been obtained prior to
embedding and sectioning, were used to make 3D reconstructions of the histological
sections. Details of the histological processing and 3D-reconstruction have been previously
described (Amunts et al., 1999).

Finally, data sets of the postmortem brains were registered to the spatially normalized, T-
weighted MR single-subject brain of the Montreal Neurological Institute (MNI; Evans et al.,
1993; Collins et al., 1994; Holmes et al., 1998) using an affine, linear transformation and an
elastic, non-linear algorithm (Mohlberg et al., 2003; Amunts et al., 2004). The AC-PC line
at the level of the inter-hemispherical fissure was matched with the origin (0/0/0) according
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to the convention of Talairach & Tournoux (1988; = anatomical MNI space) by using a
simple translation to shift the data.

Observer-independent definition of areal borders

Cytoarchitectonic analysis was performed in serial coronal sections. Rectangular regions of
interest (ROI), covering the full medial-to-lateral extent of the sulcus, were interactively
defined at the anterior beginning of the IPS. In each postmortem brain, 15-20 coronal
histological sections were investigated. The size of a ROl was approximately 4 — 5 cm?,
depending on the cortical thickness and the sulcal course of the IPS.

An image analyzer (KS400; Zeiss) connected to a microscope, with a motorized stage for
automatic scanning and focusing, digitized the ROls.

Cortical borders were defined using differences in the grey-level index algorithm (GLI) of
the regions and multivariate statistical analysis (Schleicher and Zilles, 1990; Schleicher et al.
1999; Zilles et al., 2002). The GLI, calculated in square 20 x 20 m fields, is the volumetric
proportion of somata per total volume of brain tissue (Wree et al., 1982) and is plotted
spatially (Fig 3).

Profiles, the automatically extracted GLI values, are measured perpendicular to the outer
cortical contour. To characterize cortices, GLI profiles were produced at equidistant
intervals of 128 m. The profiles were numbered consecutively (Fig. 3A). The borders
between layers I/11 (outer contour) and between layer V1/white matter (inner contour) were
drawn interactively.

The shape of the profiles from layer I/11 border to the white matter correlates with the
qualitatively observed laminar patterns, i.e., with cytoarchitecture. To quantitatively
compare GLI profiles, each was normalized to a cortical depth of 100 % by a linear
interpolation. The shape of each profile was quantified using ten features (= feature vector)
based on central moments (Pearson, 1936; Dixon et al., 1988). Features included the mean
GLI value, the cortical depth of the center of gravity of the profile, the standard deviation,
the skewness, the kurtosis, and the analogous parameters for the first derivative of the
profile (Schleicher et al. 1999; Amunts et al. 1999). Features were z-normalized in order to
assign equal weight to each of the features (Dixon et al., 1988).

The feature vectors of two neighboring sets of profiles with a fixed block size were
compared by the Mahalanobis distance (D?). A Hotelling’s t2 test (a = 0.05) was applied for
statistical significance. The higher the D2 value between two blocks of profiles, the greater
the difference in the laminar pattern, i.e., in cytoarchitecture, and vice versa. The procedure
was repeated for different block sizes containing 8 to 20 profiles. Borders between adjacent
cytoarchitectonic areas were defined where Mahalanobis distances were significant at a level
of a = 0.05 (Fig. 3B), where the positions of borders were the same for different blocksizes,
and where borders were found at comparable positions in neighboring histological sections.

Overview images illustrating the cytoarchitecture of hIP1 and h1P2 were processed using the
PhotoL.ine software (version 11.50). A gamma-correction was applied to optimize
visualization of photomicrographs.

Statistical analysis of inter-areal and inter-hemispheric differences in GLI profiles

Inter-areal, inter-brain, hemispheric, and left-right cytoarchitectural differences between
hIP1 and hIP2 (Fig. 4) were based on sampling at least 6 sections per area and 25-30
profiles per area. Mean profiles of hIP2 and hIP1 per brain and hemisphere (Fig. 5B, C)
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were calculated, resulting in a total of 40 (2 areas x 10 brains x 2 hemispheres). Mean
profiles characterize h1P2 and hIP1.

After the profiles were superimposed on the cytoarchitectonic sections, the relative
thicknesses of cortical layers Il through VI were marked on the profiles. The relative width
of each cortical layer was analyzed for both inter- and intra-areal comparisons and
hemispheric differences (Table 2) using an ANOVA (10 brains, two hemispheres, two areas,
five layers; dependent variable: layer width; main factor: area; within factor: hemisphere; a
= 0.05). All tests were corrected for multiple comparisons by applying the Bonferroni-
correction.

Volume measurements

The volumes (Fig. 6) of the areas (2 areas x 10 brains x 2 hemispheres) were estimated
stereologically from histological sections by applying Cavalieri's principle (Uylings et al.,
1986;Amunts et al. 1999). Depending on the extent of the two areas within each brain, 10-
17 equidistant sections were analyzed for each hemisphere. Inter-hemispheric differences of
the volume of each area were tested by a paired t-test, as well as inter-areal differences, i.e.,
hIP1 vs. h1P2.

Location of areas

The IPS and PCS were identified according to Ono et al. (1990). The IPS has a complex
pattern, with many small dimples and folds (Fig. 8B-C). The folds are often located in its
depth and not visible from outside.

The precise topography of areas within the depth of the IPS was visualized by means of flat-
maps (Fig. 8D). They were created by: (i) drawing a vertical line for each 60" histological
section, (ii) transferring the distances from the sulcal fundus to the gyral crown, from the
medial and lateral borders of the areas, and from the extent of a gyrus on the free surface of
the brain to the vertical lines and marking them by different symbols, and (iii) connecting
the corresponding symbols into lines. The maps indicate the cortical area, the sulcal fundus
and the free surface of a gyrus within a sequence of sections (Fig. 8B). In order to visualize
the complex pattern of the IPS in the depth of the sulcus, a 3D-reconstruction of a sequence
of histological sections was drawn for one hemisphere (Fig. 8C).

Probabilistic maps

Results

The cytoarchitectonically defined areas were reconstructed into 3D voxels and transformed
to the commen reference space. Cytoarchitectonic probability maps (Fig. 9A, B; Roland and
Zilles, 1994) were calculated by superimposing the areas from all ten brains within the
common reference space, with each voxel showing the frequency that the area was present
in the sample of the ten brains. Based on these maps, 40% maps were calculated (Fig. 9C-
E); i.e., each region displays the voxels which have an overlap by 4 or more brains.

Cytoarchitecture

Two cytoarchitectonic areas, hIP1 and h1P2, were identified. They differed between each
other and with the surrounding cortex (Figs. 4-5). Area hIP1 (Figs. 4C, F) is characterized
as follows: layer Il of hIP1 is narrow. The border between layers Il and 11 is subtle, due to
pyramidal cells of layer 111 intermingling with those of layer Il. Layer Il1 is broad and has
large pyramidal cells in its lower part. A lightly packed zone in deep layer 111 has a lower
cell density than the remaining parts of layers 111 and IV. Layer IV has densely packed
granular cells. The mean size of layer V pyramidal cells is smaller than those of layer I11.
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Both cell density and size of cells decrease toward the lower part of layer V. Layer VI is
more densely packed than layer V. The white matter border is sharp.

Area hIP2 (Figs. 4A, D) shows a densely packed layer Il. The border of layer Il and 111 is
fuzzy due to intermingling neurons from layer 111 into layer Il. Layer 111 has varying sized
pyramidal cells. The mean size of pyramidal cells as well as the cell density increases
towards layer V. The border between layers 11l and IV is sharp. Layer 1V is narrow and
densely packed. The layer I\V=V border is subtle since large pyramidal cells of layer V
intermingle with granular cells of layer 1V. The pyramidal cells of layer V are densely
packed at the transitions to both layers IV and VI. Layer VI is approximately as thick as
layer V. The border between layer V and VI is fairly prominent. The cells are densely
packed in layer VI, particularly in its upper part.

The cell densities of layers Il and V provide the main differences between h1P2 and hiP1:
hIP2 has a higher density of cells in lower layer 111 and upper layer V than hIP1. In addition,
hIP2 has larger pyramidal cells in upper layer V than does hIP1 (compare Fig. 4G vs. 4H).

Inter-areal and inter-hemispheric differences

Volumes

Differences between hiP2 and hIP1 were quantified using the GLI profiles (Fig. 5). The GLI
profiles of hIP2 and hIP1 have three local maxima. They share two local maxima; one at the
border between layers 11 and 111, and one at layer IV. The third local maximum differs
between the two cortices; hIP2 has a GLI maximum between layers V and VI, whereas in
hIP1 the third maximum is found at layer VI. The maximum at the border between layers Il
and 111 was higher in IP2 than in IP1 in most of the brains (Fig. 5).

Analysis of the width of each cortical layer of the two areas (Table 2) showed that hIP2 has
a significantly narrower layer 111 than hIP1. Layers 1V, V and VI tend to be broader in h1P2
than in hIP1. Layer Il has a nearly similar width in both areas. There is no effect of
hemisphere (left/right) on layer width.

Cytoarchitectonic differences between the two areas were also reflected in the z-normalized
feature vectors (averaged over all ten brains per area and hemisphere). Areas hiP1 and h1P2
revealed a greater difference from each other than the corresponding areas of the right and
left hemispheres. The analysis of the z-normalized feature vectors also showed that features
meanx.d, skew.d and kurt.o contribute in particular to inter-areal differences. The
differences between areas hIP1 and hIP2 in these features were —1.21, 1.09 and 1.03,
respectively. Differences for the remaining seven features were smaller (< 0.9), and
differences in mean GLI had only a value of 0.12 (minimal difference).

The volumes of both cortical areas varied considerably between subjects, up to a factor of 5
(Fig. 6). The volumes of hIP1 varied from 530 mm3 to 2,050 mm3 (mean: 1,134 mm3, SD =
V 427) in the left hemisphere, and from 532 mm? to 1,848 mm?3 (mean: 939 mm3, S.D. = V
422) in the right hemisphere. The volumes of hIP2 ranged from 548 mm3 to 1,366 mm3
(mean: 932 mm3, SD = V 290) in the left hemisphere and from 341 mm3 to 1,822 mm3
(mean: 807 mm3, SD = V 497) in the right hemisphere.

Topography of hIP2 and hIP1

Three main aspects contributed highly to the great variability of the exact topography of
areas hIP1 and hIP2: the existence of a sulcal connection between the IPS and PCS, the
number of segments of IPS (Table 3) and the relationships of hIP1 and h1P2 to neighboring
areas.

J Comp Neurol. Author manuscript; available in PMC 2012 August 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Choi et al.

Page 7

1. Connection of IPS and PCS—The IPS and PCS are connected in 8 left and 9 right
hemispheres (Fig. 7), and not connected in the remaining 3 hemispheres.

When IPS and PCS are connected: The analysis of histological sections (Fig. 8B) of these
hemispheres revealed that the course of the IPS in the depth of the sulcus (Fig. 8C) differed
considerably from the sulcal pattern as seen on the surface of the brain (Fig. 8A). The
anterior part of the IPS originates from a side-branch of the PCS and caudally forms the IPS.
Thus the actual beginning of the IPS is in the depth of the brain and may be located up to 12
mm anterior to its surface occurrence (Fig. 8A). hIP1 and hIP2 started in the “transitional”
region of IPS and PCS with hlP2 being more anterior than hiP1.

When IPS and PCS are not connected (Figs. 7A, D, left hemisphere; 7B, right hemisphere):
Both hIP regions were located within the IPS, and the lengths of both the sulci on the free
surface and in the depth of the sulcus were equivalent. This contrasts to the case where the
sulci were connected. Area hIP2 starts in the most anterior part of the IPS, where the
supramarginal gyrus forms the lateral bank of the IPS.

2. Relationship of hIP2 and hIP1 to sulci (IPS, PCS)—The IPS forms one segment
in 7 brains (Figs. 7A, B, H, I, J, left hemisphere; 7A, F, G, H, I, right hemisphere).
Regardless of the number of segments, hIP2 and hIP1 were always found in the most
anterior part of the IPS, with hIP2 being anterior and lateral to hIP1. If the IPS consists of
two to three segments (Figs. 7C, D, E, F, G, left hemisphere; 7B, C D, E, J, right
hemisphere), as was found in 7 brains, areas hIP2 and hlP1 were always located in the most
anterior segment. In these cases as well, hIP2 is anterior and lateral to hIP1.

i.  Anterior part of hIP2: In 7 left hemispheres (Figs. 7B, C, F, G, H, 1, J) and 6 right
hemispheres (Figs. 7C, D, G, H, I, J) of 8 brains projections onto the brain surface
showed that the anterior part of hIP2 is located in the PCS rather than in the IPS
(Ono et al. 1990) or in the descending segment of the intraparietal sulcus when
applying the nomenclature of Duvernoy and VVannson (1999). More caudally, this
branch would be labeled as IPS. Posterior part of hIP2: In 2 hemispheres of 2
brains (Figs. 7J, left hemisphere; 7H, right hemisphere), projections onto the
surface of the brain revealed that hIP2 ends within the PCS. In the remaining cases,
the caudal part of hIP2 was fully located within the IPS.

ii. Anterior part of hIP1: hIP1 reached the PCS in 8 left hemispheres (Figs. 7B, C, E,
F, G, H, I, J) and 6 right hemispheres (Figs. 7A, C, D, E, G, H), i.e., in 10 brains. In
the remaining hemispheres, the anterior part of hIP1 always lay completely within
the IPS. Posterior part of hIP1: In all cases, hIP1 ended within the IPS.

3. Relationship of hIP2, hIP1 to neighboring cortical areas—hIP2: The most
anterior part of hIP2 was always located in the fundus of the sulcus. In some hemispheres,
this part extended to the medial bank of the IPS at a level before hlP1 appeared. The
comparison in 6 brains, which were mapped both in our studies and the study of
Brodmann’s area 2 by Grefkes et al. (2001), showed that the most anterior tip of hIP2 lay
next to Brodmann’s area 2 in 1 left hemisphere and 2 right hemispheres. This spatial
relationship was observed in a short rostro-caudal region of 1-2 mm width. Caudally, two
parietal areas were found between area hIP2 and Brodmann’s area 2. Based on external
references these areas belong possibly to Brodmann’s areas 5, 7 (1909) and/or the Medial
IntraParietal area MIP as found in the nonhuman primate brain (Lewis and Van Essen,
2000a). They were located medially to hIP2 and anterior to hlP1. This relationship was
found in the remaining 5 left hemispheres and 4 right hemispheres through the whole extent
of hIP2. Area h1P2 was found along the lateral bank toward the free surface of the inferior
parietal lobule, partially reaching the crown of the lobule at its caudal ending.
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hIP1: h1P1 was located caudally and medially to hIP2. It lay in the fundus of the IPS mostly
occupying its lateral bank. It reached the medial bank, more caudally. The caudal border of
area hlP1 was found in the sulcus intermedius primus, which is also known as the Jensen
sulcus. The Jensen sulcus has been described as the dorsal branch of the IPS, which divides
the inferior parietal lobule into the supramarginal and the angular gyrus. The caudal ending
of hIP1 did not extend beyond, i.e., caudally, the Jensen sulcus.

Probability maps

The probability maps of areas hIP1 (Fig. 9A) and hiP2 (Fig. 9B) quantified the intersubject
variability in location and size, as well as the topographical relationship between the two
areas in stereotaxic space. The intersubject variability in extent and location of both areas
was considerable in both hemispheres. The probability map of area hIP1 revealed a
maximum overlap of 7 brains in the left hemisphere and 7 brains in the right hemisphere.
The probability map of hIP2 showed a maximal overlap of 7 brains in the left hemisphere,
and 5 brains in the right hemisphere. According to the anatomical MNI space, the centers of
gravity of both areas were at (—39/- 55/46) for hIP1 and at (—47/-43/45) for hIP2 on the left
hemisphere, and at (39/ -53/47) for hIP1 and at (45/-42/48) for h1P2 on the right hemisphere.
That is, hIP1 is located more posteriorly and medially than hiP2.

Discussion

Three major sources of data from the literature are encountered when evaluating the present
mapping data of the anterior ventral bank of the human IPS: First, historical
cytoarchitectonic investigations of the human IPS; second the intraparietal areas described in
the macaque brain; and third functional imaging studies (fMRI, PET) identifying equivalent
areas in the human IPS. These three sources, however, cannot be compared directly to each
other. Problems arise from the different sulcal complexities of the macaque and human
brain, as well as the unresolved homology between macaque and human cortical areas.
Functional imaging data in the human brain have only been interpreted with respect to
stereotaxic coordinates and brain macroscopy, but not with respect to microstructurally
defined areas.

To understand the location, extent and varying topography of areas found in the anterior
ventral bank of the human IPS, it was necessary to investigate the sulcal pattern of the IPS in
detail. The pattern of the IPS can roughly be described as running perpendicularly towards
the PCS. The sulci can intersect more ventrally or dorsally on the brain. The IPS may
originate from a side branch of the PCS and thus they may coexist in the depth of the brain,
although on the surface this zone appeared as only one sulcus. The situation is different and
to some extent less complex in honhuman primate brains, where the PCS is absent in some
species (Paxinos et al., 1999). The human IPS can express a variable number of side
branches, which differ considerably in length, and which are not always visible on the
surface of the brain. Moreover, the IPS itself may consist of up to 3 segments. In these
hemispheres, we had to investigate whether the segments were interconnected within the
sulcal depths. The highly variable pattern of the IPS indicated that there is no such thing as
‘the typical pattern of the IPS’, at least not in the depth of the sulcus.

The complex characteristics of the individual sulcal patterns aggravated the following of
areal borders and thus may well have been part of the reason why historical brain maps have
either resulted in a simplification of the human IPS (Brodmann, 1909; von Economo and
Koskinas, 1925) or an over-parcellation (Gerhardt, 1940) of the same region. Given the
technical constraints of this period, changes in cytoarchitecture were probably regarded as
caused by the gyral and sulcal pattern, rather than caused by different cytoarchitecture. On
the other extreme, depending on the observer, each change in cytoarchitectonic appearance
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could be regarded as primarily caused by cytoarchitectonic different areas with little
consideration of the sulcal pattern.

Using an algorithm-based approach for the definition of areal borders, we delineated two
areas, hlIP1 and hIP2 in all ten postmortem brains. They had consistent cytoarchitectonic
characteristics as well as a consistent topographic relationship towards each other. hIP2 was
located in the most anterior part of the IPS extending to the lateral bank of the sulcus. Area
hIP1 was found posterior and medial to hIP2, yet also on the lateral bank of the IPS. The
centers of gravity from the probability maps of each area further showed that hIP2 also tends
to be located inferior to hIP1. This is not surprising, considering that the most anterior part
of the IPS and, therefore, the main part of hIP2, is often located in, or parallel to, the inferior
part of the PCS.

Our cytoarchitectonic analysis revealed significant differences between the two areas in the
laminar pattern. These differences include (i) a broader and lesser cell density of layer 111 in
hIP1 than in hlP2, and (ii) a higher local maximum in the GLI profiles at the level of layer Il
in hIP2 than in hIP1. This leads to a relative “overweight” of hIP2 compared to hIP1 in the
superficial portion of the cortical cross section over the deeper portion (compare the two
profiles in Figure 5; the area occupied by the GLI profile is larger in the superficial portion
of hIP2 than in hIP1). Such a relationship between superficial and deep parts of the cortical
cross section is captured by the values of the z-normalized features meanx.d and skew.d
(Zilles et al., 2002;Amunts et al., 2003). Lower GLI values in layer 111 in combination with a
broader relative thickness is an indicator of more neuropil in hIP1 than in hIP2, i.e., of more
space for synapses, dendrites and axons. This can be interpreted with respect to more
interareal, transcallosal connectivity in hIP1 than in hiP2.

The probability maps showed that the location and extent of both areas in the reference
space varied considerably, however. Although probability maps are primarily interpreted in
terms of the microstructural variability of areas hIP1 and hIP2, they may also reflect
variability in the sulcal pattern of the IPS as well as methodical aspects of the non-linear
registration algorithm. This is true not only in our cytoarchitectonic study, but also in any
functional imaging study.

A preliminary interpretation of the functions of the two delineated areas can be determined
on the basis of imaging studies of the human brain (Table 4). Recent studies reported, in
analogy to the macaque cortex, the identification of areas AIP (Grafton et al.,
1996;Binkofski et al., 1998;Jancke et al., 2001;Grefkes et al. 2002), VIP (Bremmer et al.
2001), MIP (Grefkes et al., 2004), LIP (Heide et al., 2001;Sereno et al., 2001;Koyama et al.,
2004) and PIP (Taira et al., 1998;Faillenot et al. 1999;Shikata et al., 2001,2003). For an
overview see Grefkes and Fink (2005). The location of hIP1 and h1P2 at the lower bank of
the anterior IPS, their relationship to each other, as well as their stereotaxic location suggest
that VIP and AIP are putative functionally defined correlates of the architectonically defined
areas.

A comparison of the present map with that of the macaque cortex shows, however, that the
situation can be more complex: Area VIP in macaques was subdivided into a medial (VIPm)
and a lateral (VIPI) part (Lewis and Van Essen, 2000a, b). A similar cytoarchitectonic
subdivision of area hIP1 (or hIP2), however, has not been detected. At least two
interpretations can be suggested: (i) only one of the two macaque areas, either VIPm or
VIPI, correlates with hl1P1, whereas the other area belongs to the part of the IPS which is still
uncharted. (ii) hIP1 and hIP2 correspond to VIPm and VIPI, respectively. If the second
interpretation is true, hIP2 does not correspond to AIP. Other interpretations and
combinations are possible. The solution of this problem depends to a large extent on the
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unresolved homology of the macaque and human IPS cortex, which can only be solved once
the IPS has been completely mapped.

Apart from these questions of homology, the functional role of the intraparietal region has
not been unambiguously defined. In addition to visuo-motor and visuo-spatial functions, the
IPS is also involved in numerical processing (Pinel et al. 1999, 2001; Eger et al. 2002;
Simon et al., 2002; Dehaene et al. 2003; Nieder, 2004). Another study demonstrated
activations within the IPS in paradigms related to spatial working memory and object
working memory (Belger et al., 1998). Thus, different functional concepts have been
forwarded with respect to the role of intraparietal cortical areas. As a consequence, the
interpretation of our architectonically defined areas depends not only on comparative
anatomical studies, but also on our progress in defining the function of this cortical region.

Cytoarchitectonic probabilistic maps are freely available for the neuroscientific community,
and activations obtained in imaging studies using fMRI and PET can easily be compared
with maps using a new SPM anatomy toolbox (Eickhoff et al., 2005). The probabilistic maps
supplement existing maps of other cortical regions and subcortical nuclei, e.g., those of the
anterior parietal cortex (Geyer et al., 1999, 2000; Grefkes et al., 2001). They may open new
perspectives for structural-functional comparison in the IPS in the human brain, and support
the generation of hypotheses about the structural and functional segregation of the parietal
cortex.
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Figure 1.

Classical cytoarchitectonic brain maps of the human brain adapted from (A) Brodmann
(1909), (B) von Economo and Koskinas (1925) and (C) Gerhardt (1940). The areas of the
anterior intraparietal sulcus are shaded grey. IPS — intraparietal sulcus, CS - central sulcus,
SF- Sylvian fissure.
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Figure 2.

Flat-map of a macaque brain adapted from Lewis and Van Essen (2000a). (A) The map
demonstrates anatomic relations of areas in the parietal lobe of an individual macaque brain.
(B) shows the anterior IPS at a higher magnification. Note the location of areas AIP and VIP
in the ventral anterior IPS. VIP has been subdivided into a medial (VIPm) and a lateral part
(VIPI). AIP lies posteriorly from area 7t and laterally from 5V(ventral). Area VIP is located
posteriorly from AIP. Its medial neighbor is 5V followed by area MIP (Medial IntraParietal
area) more caudally. CeS — central sulcus, CgS - cingulate sulcus, POS — parieto-occipital
sulcus, LuS - lunate sulcus, MIP — medial intraparietal area, LIPv/d — ventral/dorsal part of
the lateral intraparietal area, PIP — posterior intraparietal area.
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Figure 3.

Observer-independent definition of cytoarchitectonic borders (Schleicher et al., 1999) has
been performed in GLI images in cortical regions of interest (A). Dark pixels correspond to
high GL1I values (high volume fraction of cell bodies), whereas bright pixels correspond to
low GLI values (low fraction). GLI profiles were extracted along vertical traverses, and
numbered (1 to 129 in this example). Ten features or shape descriptors, based on central
moments, were extracted from each profile. Using the multivariate Mahalanobis distance
function, borders were defined at the positions where profiles changed significantly in
shape. (B) shows a Mahalanobis distance function for neighboring blocks of profiles, each
of which contained 14 profiles. Significant distance values were found at positions 16, 45
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and 80, marked by arrows in (A) and (B). These positions mark the borders of areas h1P2
and hlP1.

J Comp Neurol. Author manuscript; available in PMC 2012 August 29.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Choi et al. Page 19

lat. €«—> med.

Figure 4.

Cytoarchitecture of areas hIP2 and hIP1 and intersubject differences in two individual brains
No.2 (A-C) and No.9 (D-F). The rectangular frames in the corresponding overview-images
(B, E) indicate the regions from which the micrographs were taken from. Note the
differences in cell density and cell size in layers 111 to V between both areas. h1P2 (G) shows
a higher volume fraction of cell bodies (GLI) in the deeper part of layer 111 and upper layer
V as compared to hIP1 (H). hiP1 was also found to have a ‘buffering zone’ between layers
Il and IV which is indicated by stars (C, F, H). Roman numerals indicate cortical layers.
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Figure5.

The mean GLI profile of areas hIP2 and hIP1 as measures of inter-areal differences of one
left hemisphere (brain-No.6) and corresponding cytoarchitecture (hIP2: B; hIP1: C). Profiles
were sampled in ROIs as indicated in (A). Areal borders are marked by arrows. (B, C) The
GLI profiles express laminar changes in volume fraction of cell bodies from a cortical depth
of 0 % (border between layers | and 1) to a cortical depth of 100 % (white matter border).
Note the differences in width of layers 111 and VI: hIP2 has a narrower layer 11l and a
broader layer VI as compared to hIP1. Roman numerals refer to the cortical layers.
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Figure®6.

Volumes (mm3; ordinate) occupied by hIP1 (A) and hIP2 (B) of each brain (abscissa). Light
gray - L: left hemisphere, dark gray - /. right hemisphere. Note the high inter-individual
variability of volumes for areas hIP1 and hlP2. The volumes of hIP1 differed by a factor of
4 on the left hemisphere and by a factor of 3 on the right hemisphere. The volumes of hIP2
varied by a factor of 3 on the left hemisphere and by a factor of 5 on the right hemisphere.
Inter-hemispheric differences were not significant.
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Figure7.
Delineated areas hiP1 (blue) and hIP2 (green) are projected onto photographs of the dorsal

surface of the 10 delineated postmortem brains. Note the considerable intersubject
variability in the pattern of the IPS (orange) and PCS (yellow), as well as the variability in
location and extent of both areas. Orange dotted line: IMPS, the side branch of the IPS,
which divides the supramarginal gyrus from the angular gyrus. Note that in the caudal
direction hIP1 does not extend beyond this side branch.
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Figure8.

The location of areas hIP1 and hIP2 in an individual brain (N0.9, Table 1). (A) Surface
rendering of the 3D-reconstructed postmortem brain; view from left, posterior, lateral. Note
that in this case the PostCentral Sulcus (PCS, yellow) and the IntraParietal Sulcus (IPS,
orange) are connected. Solid black lines on the surface of the brain mark the approximate
location of 4 histological sections (n1-n4) also indicated in B — D. (B) Drawings of 15 serial
histological sections (left hemisphere). Areas hIP1 (blue) and hIP2 (green) are marked. (C)
3D-reconstruction enabling an insight into the depth of the sulcal pattern of the IPS and
PCS. Note the numerous dimples and foldings within the IPS. Both sulci show a complex
pattern, which cannot be obtained from the inspection of the free surface of the brain alone.
The IPS originates in a side branch of the PCS, which is located much more anteriorly than
its appearance on the surface of the brain. (D) The topography of areas hiP2 and hIP1 in a
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“flat map”. Both areas are located in the lateral bank of the IPS. hIP2 lies more rostrally and
laterally from h1P1. The assumed topographic relationship of areas hIP2 and hIP1 to
surrounding Brodmann’s areas is shown. His area 2 (BA2; Grefkes et al. 2001), 5 (BA 5)
and 7 (BA 7) are most likely to be found at this location independent from hIP2 and hIP1 in
accordance with cytoarchitectonic studies of the human parietal cortex. Solid lines mark the
fundus of a sulcus, dotted lines indicate the free surface of a gyrus.
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Figure9.

Probability maps of the left hemisphere of areas hIP1 (A) at z = +46 and hIP2 (B) at z =
+45. Maps are shown in the anatomical MNI-space with the AC as the origin (0/0/0) of the
coordinate system according to the system of Talairach and Tournoux (1988). The number
of overlapping brains is color-coded for each voxel. It ranges from dark blue (hIP1/hIP2
represented in 1 of 10 brains) to dark red (hIP1/hIP2 represented in all 10 brains). Note the
high variability in location of both areas. (C) shows a horizontal section of the 40% maps of
hIP1 (blue) and hIP2 (green) within one brain at z = +50. Crosses mark the level of
corresponding sagittal sections of hIP1 (orange; D) at x = =39 and hIP2 (yellow; E) at x =
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-48. Note the topographical relationship between h1P2 and hIP1 in the rostro-caudal plane:
hIP2 is located rostrally from hIP1. PCS, IPS — white arrowheads.
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Table 1
Postmortem brains used in the present study
Brain-No. Age(years) Sex Causeof death Fixation
1 43 f Cor pulmonale Formalin
2 37 m  Acute right heart failure Formalin
3 54 m  Myocardial infarction Formalin
4 56 m  Rectal carcinoma Formalin
5 75 m  Toxic glomerulonephritis Formalin
6 39 m  Drowning Formalin
7 85 f Mesenteric artery infarction Bodian
8 59 f Cardiorespiratory insufficiency ~ Formalin
9 79 f Cardiorespiratory insufficiency ~ Bodian
10 86 f Cardiorespiratory insufficiency ~ Formalin

f, female; m, male
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Relative layer widths (%) of layers 1l — VI of areas hIP1jefyright and hIP2jefyright (n = 10).

Table 2

hiP1 hiP2
left right left right
1 8.4 8.9 8.0 9.3
Il 455 454 373 384
\Y 7.4 7.4 8.3 8.3
\Y% 19.1 19.1 220 21.3
VI 196 192 244 227

The layer width of layer I11 was significantly greater in hIP1compared to hIP2.
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Table 3

Characteristics of the topological pattern of the IPS (n = 10)

left hemisphere

right hemisphere

Connected with the PCS

80%

Number of segments of the IPS:

1 segment
2 segments
3 segments

Existence of IMPS

50%
40%
10%
70%

90%

50%
40%
10%
80%
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