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Abstract: The concept of functional connectivity relies on the assumption that cortical areas that are directly
anatomically connected will show correlations in regional blood flow (rCBF) or regional metabolism. We
studied correlations of rCBF of cytoarchitectural areas 3a, 3b, 1, and 2 in the brains of 37 subjects scanned with
PET during a rest condition. The cytoarchitectural areas, delineated from 10 postmortem brains with statistical
methods, were transformed into the same standard anatomical format as the resting PET images. In areas 3a,
3b, and 1, somatotopically corresponding regions were intercorrelated. Area 2 was correlated with the dorsal
pre-motor area. These results were in accordance with the somatosensory connectivity in macaque monkeys.
In contrast, we also found correlations between areas 3b and 1 with area 4a, and SMA, and among the left and
right hand sector of areas 3a, 3b, and 1. Furthermore, there were no correlations between areas 3b, 1, and 2 with
SII or other areas in the parietal operculum, nor of other areas known to be directly connected with areas 3a,
3b, 1, and 2 in macaques. This indicates that rCBF correlations between cortical areas during the rest state only
partly reflect their connectivity and that this approach lacks sensitivity and is prone to reveal spurious or
indirect connectivity. Hum. Brain Mapping 19:183-196, 2003.  © 2003 Wiley-Liss, Inc.
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INTRODUCTION

Horwitz and colleagues [1984] introduced studies in
which the correlations of regional cerebral blood flow
(rCBF), or regional cerebral metabolism (rCMR),
among brain regions were examined to reveal their
functional connectivity. Later, studying correlations of
the blood-oxygenation-level-dependent (BOLD) sig-
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nals among brain regions were introduced. In these
earlier studies, the authors measured these variables
in the brain whilst the subject performs a predefined
behavioral task, or function [Friston, 1994; Horwitz et
al., 1984; Horwitz, 1994]. This was referred to as “func-
tional connectivity.”

A more recent alternative approach has been to
examine correlations between brain regions of rCBF,
rCMR, or BOLD signals whilst the subject performs no
task in particular, such as during a rest state condition.
It has been shown that the low-frequency temporal
fluctuations in BOLD signals during rest can be attrib-
uted to brain activity rather than to extra-cerebral
sources of noise [Cordes et al., 2001]. Correlations of
the BOLD signal among brain regions during rest may
also closely resemble the correlations during a task
activation state [Cordes et al.,, 2001]. The temporal
fluctuations of the BOLD signal in the primary motor
cortex at rest was found to be correlated with those in
several other brain regions associated with motor
function [Biswal et al., 1995]. Xiong et al. [1999] noted
that resting state correlations provide more informa-
tion about brain regions interacting with the primary
motor cortex than an analysis of a task-induced acti-
vation. Assuming that the observed correlations rep-
resented anatomical connections between brain re-
gions, Xiong et al. [1999] concluded that the
connectivity inferred from the correlations with the
motor region of interest ROI was similar to that of
established primate connectivity.

Linking correlations in rCBF, rCMR, or BOLD at rest
with anatomical connectivity is an attractive concept,
since it is presently not possible to directly trace in
detail the anatomical connections either between dif-
ferent cortical regions in the intact human brain or in
post-mortem material, except for short-range cortical
connections [Burkhalter et al., 1993; Galuske et al.,
2000]. However, diffusion tensor imaging is emerging
as a promising technique for tracing white-matter
tracts in vivo. Furthermore, the connectivity of the
human brain cannot be inferred from macaque stud-
ies, unless the areas under study are homologous. The
concept of linking correlations with connectivity, how-
ever, relies on a number of assumptions.

Firstly, it is assumed that spontaneous neural activ-
ity exists in humans [Llinas, 1988; Steriade et al., 1993],
that is, action potentials that are simply the conse-
quence of being awake, but not related to any partic-
ular thinking, task, or behavior. Secondly, that spon-
taneous neural activity occurs while a human subject
is not performing any task in particular, as is the case
during the classical rest state condition in neuroimag-

ing studies [Larsen et al., 1978]. Thirdly, that if two
brain regions, A and B, are directly connected anatom-
ically by mutual excitatory connections, then the neu-
ral activity in region A will invoke neural activity in
region B, and vice versa. Therefore, the neural activity
of A and B would correlate [Horwitz, 1994]. Since
neural activity and regional cerebral blood flow
(rCBF) are tightly coupled [Olesen et al., 1971], brain
regions, A and B, should also correlate their rtCBF. The
rCBF can be measured with positron emission tomog-
raphy (PET). Therefore, based on these assumptions,
neural activity in the human can be measured indi-
rectly via rCBF at rest, and correlations among brain
regions can reveal patterns of connectivity. There are
limitations of linking correlations with connectivity.
Two main limitations include (1) the inability to de-
termine the direction of connectivity, and (2), when
three or more regions correlate, it is not possible to
determine whether the correlations are due to direct or
indirect connectivity.

A bias that affects all previous correlation studies of
neuroimaging data concerns the selection of the re-
gions among which the correlations are to be calcu-
lated. Defining a test region usually requires the sub-
ject to perform a task to functionally activate a
particular brain region of interest. This method relies
on the assumption that the activated region is func-
tionally homogeneous. Furthermore, the activated re-
gion is used to delineate the anatomical region of brain
defined as the test region. Thus, the investigator fur-
ther assumes that the functionally activated area is
also anatomically homogeneous. Another bias con-
cerns the anatomical localization of correlated brain
regions. The currently established and generally ac-
cepted method for anatomical localization is to over-
lay the resultant functional image with the high reso-
lution MRI. However, it is not possible for the
investigator to identify any cortical area from MRI
scans [Roland and Zilles, 1996a, 1998]. Therefore, it is
not possible to ensure that the underlying anatomy of
a functional image is homogeneous.

In the present study, we used a new unbiased ap-
proach so that the selection of the test region from
probability maps of cortical areas delineated by cyto-
architectonic mapping in post-mortem human brains
is independent from the PET data subjected to corre-
lation analysis. Somatosensory areas 3a, 3b, 1, and 2
were cytoarchitecturally delineated. First, we calcu-
lated the correlation matrix of all cytoarchitecturally
delineated somatosensory and motor areas, and then
we calculated the correlations in rCBF between the
cytoarchitectural areas 3a, 3b, 1, and 2 with the rest of
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the brain. By investigating the human somatosensory
areas, we could directly relate correlation patterns
with established macaque connectivity patterns since
the somatosensory areas 3a, 3b, 1, and 2 of both spe-
cies are homologous [Zilles et al., 1995].

Using rest state rCBF in areas 3a, 3b, 1, and 2, the
aim of this study was to investigate correlations in
rCBF (1) between these areas, ipsilaterally and con-
tralaterally, (2) with surrounding motor areas, and (3)
to test for additional correlations with other brain
regions. We hypothesized that if the pattern of rest
state correlations of somatosensory areas in the hu-
man brain were similar to the pattern of the known
anatomical connectivity of homologous somatosen-
sory areas 3a, 3b, 1, and 2 in the macaque, then this
supports spontaneous neural activity as the dominant
drive of neural activity in the human brain during rest,
and, thus, the inference of connectivity schemes in the
human may be possible.

The correlations among the human somatosensory
areas 3a, 3b, 1, and 2 in many respects fit with estab-
lished connectivity schemes from the macaque mon-
key. However, correlations were also found that did
not correspond to the connectivity of macaque areas
and, conversely, areas that are interconnected in the
macaque failed to correlate their rCBF.

SUBJECTS AND METHODS
Condition

Subjects were scanned whilst in a rest state [Roland
and Larsen, 1976]. The subjects had their eyes closed
and covered with a cotton wool pad and mask. They
were instructed to relax, and not to think of anything
in particular during each resting scan. Sham injections
were used before the actual PET measurement to ha-
bituate the subjects to the scanning conditions. On
completion of the scan, the subjects were questioned
as to what they experienced during the scan. Subjects
were specifically questioned on whether they heard,
felt, or saw anything that disturbed them during the
scanning period. Subjects were observed for move-
ments during the scan. If the subject moved, reported
being disturbed, or preoccupied with imagery, the
scan was excluded and repeated. The resting state PET
scan was repeated three times on each subject in a
randomized schedule with other tasks in the same
experiment. No resting state conditions were the very
first scan of an experiment and no voluntary move-
ments were observed during the scans included in this
study.

Subjects

The Ethics and Radiation Safety Committees of the
Karolinska Institute and Hospital approved the stud-
ies and all subjects gave informed consent. Thirty-
eight healthy male volunteers (24 to 40 years, mean 29
years) participated in this PET study. They had no
history of neurological diseases. All subjects were
right-handed as determined by the Edinburgh inven-
tory [Oldfield, 1971]. The data presented here have not
been published before.

Scanning

The methods for 3-D-PET measurements of the re-
gional cerebral blood flow (rCBF) have been described
in detail earlier [Hadjikhani and Roland, 1998]. Briefly,
individually molded thermoplastic helmets [Berg-
striim et al., 1981] were used for stereotaxic alignment
of the subject’s head during both MRI and PET scans.
Prior to the PET scanning sessions, a T-1 weighted
high-resolution anatomical magnetic resonance (MR)
scan was acquired (3-D-SPGR, TE = 5 msec, TR = 21
mseg, flip angle = 50 degrees, FOV = 256 mm, matrix
124 slices) on a 1.5 Tesla GE scanner (Signa Horizon
Echospeed, General Electric Medical Systems, Mil-
waukee, WI). The rCBF was measured using a CTI-
Siemens ECAT EXACT HR PET scanner (FOV = 150
mm, FWHM = 3.8 mm) in 3-D mode. A bolus injection
of O butanol was used as the tracer (approximately
14 mCi per scan) for each scan. The subjects rested in
the supine position with their head positioned by the
helmet in the PET scanner. The tracer was adminis-
tered through the catheter placed in the right brachial
vein. The arterial tracer concentration was continu-
ously and automatically monitored via a left radial
artery catheter. The PET images were reconstructed
with either a Ramp or 4 mm Hanning filter. An auto-
radiographic method [Meyer, 1989] was used to cal-
culate the rCBF during the 50-sec period after the
tracer reached the brain. The PET scans in each subject
were spatially aligned to the first PET scan, and sub-
sequently aligned to the anatomical MRI, by the AIR
software [Woods et al., 1992].

Transformation into standard anatomical format

Standard dilation, erosion, and manual editing tech-
niques were used to remove non-brain matter from
the MRI of each of the 38 subjects. The MRI of each
subject was aligned to the Standard Brain of the Hu-
man Brain Atlas (HBA) [Roland et al., 1994] using a
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two-step procedure incorporating an extended principle
axes transformation (PAT) [Woods et al., 1992] and the
automated full-multigrid method (FMG) [Schormann
and Zilles, 1998]. Each MRI alignment produced a set of
parameters that were subsequently applied to the three
resting state PET images of the same subject.

A total of 114 resting state PET images, transformed
into standard space, were used in this analysis. The
PET images were smoothed with a 3-D isotropic
Gaussian kernel with a full width at half maximum of
6 mm.

Cytoarchitectural areas

The following procedures were used to define the
volumes of interest (VOI) in this study. Somatosen-
sory areas 3a, 3b, 1 [Geyer et al., 1999] and 2 [Grefkes
et al., 2001], motor areas 4a and 4p [Geyer et al., 1996],
visual areas 17 and 18 [Amunts et al., 2000], Broca’s
areas 44 and 45 [Amunts et al., 1999], and auditory
areas Te 1.0, 1.1, and 1.2 [Morosan et al., 2001] were
delineated in 10 postmortem brains by an observer-
independent cytoarchitectonic technique, described in
detail by Schleicher et al. [1999]. Briefly, histological
serial sections (20 wm thick) of 10 postmortem adult
human brains were silver stained for cell bodies. The
histological sections were matched with a previously
acquired MR image of the same brain prior to fixation
and sectioning, to account for histological procedural
artifacts. A quantitative observer-independent method
based on the grey level index (GLI) was used to measure
cortical laminar densities of neurons and to determine
borders between cytoarchitectonic areas [Schleicher et
al., 1999]. Each delineated cytoarchitectural area was
reconstructed as a 3-dimensional digital image and
aligned with a PAT and FMG procedure to the HBA
standard brain. A population map [Roland and Zilles,
1998] was generated by superimposing corresponding
cytoarchitectural areas of each postmortem brain in
standard anatomical (HBA) 3-D space. From the pop-
ulation map, each cytoarchitectural area was defined
by voxels having a higher probability of belonging to
this area than to any other area. This produced the
cytoarchitectural probability map. The anatomically
standardized probability map was checked against the
anatomically standardized MR images, to verify that
the bottom of the central sulcus corresponded to the
border between area 3a and area 4p.

Somatotopically organized areas (areas 3a, 3b, and
1) were further subdivided into hand, face, and lower
body regions. The extent of the hand region was de-
termined (Talairach co-ordinates z = 34 to 58) from

Figure 1.
Defining the VOI. Two volumes of interest (VOIs) representing the
area | hand regions in the left and right hemispheres are overlaid onto
the 38 subjects mean MRI. The black contours represent the cyto-
architectural probability map of area |. The white contours represent
the final VOls after they have been physically shrunken to minimize
contamination from neighbouring areas.

the combined results of two previous studies in which
subjects were stimulated with (1) a rotating brush on
the hand [Bodegard et al., 2000a] and (2) objects placed
on the hand for discrimination [Bodegard et al.,
2000b]. The remaining region superior to the hand
region defined the lower body part and, likewise, the
inferior region defined the face part.

A correlation analysis will show false-positive cor-
relations around the border of an area if the area is
taken directly from the probability map. This is due to
limited spatial resolution in PET and the 6-mm Gauss-
ian filtering applied to the PET images. To reduce such
false-positive correlations, the volume used to repre-
sent each cytoarchitectural area in the probability map
was shrunk so that voxels representing an area were
minimally correlated with those of adjacent areas (Fig.
1). A probe area (e.g., area 1) was removed from the
population map and the surrounding population map
was made binary (values 1 for the remaining areas and
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0 for the hole made by removing the probe area). This
map was then filtered with a 6-mm Gaussian isotropic
filter. These made the adjacent areas invade the probe
area space. The VOI representing the probe area was
then defined as all voxels having values < 0.5 giving
a maximum of 15% correlation (corresponding to the
tail of the Gaussian filter kernel) of voxel values with
neighboring areas.

After the cytoarchitectural areas were somatotopically
divided and shrunk this way, they were used as the
volume of interest (VOI) for the correlation analysis.

Statistical analysis

Two types of analyses were performed. The first
analysis was based on the correlations between all
cytoarchitectural VOIs. A mean of the rCBF within the
VOI in each scan was calculated and normalized by
scaling with the global CBF. This rCBF value was
further averaged across the three rest conditions for
each subject such that the intersubject variance was
taken into account. The covariance matrix of these
subject mean VOI values was calculated for all cyto-
architectural VOlIs, i.e., for areas 3a, 3b, 1, 2, 4a, 4p, 17,
18, 44, 45, Te 1.0, Tel.1, and Te 1.2. It should be noted
that the size of the VOlIs for area 3a foot sectors, 3a
right face sector, and area 1 face sectors were only a
few or no voxels (due to the shrinkage of the original
cytoarchitectural volumes, see above). With the sub-
divisions of areas 3a, 3b, and 1, into face, hand, and
lower body sectors, this amounted to a 32 X 32 matrix
since the left and right hemisphere VOIs were treated
as separate entities. From the covariance matrix, the
correlation matrix was calculated. This was trans-
formed to a matrix of Student t-values using the stan-
dard relation between the correlation coefficient, r,
and t values. Assuming that no more than 100 of the
matrix values would be significant, we set the thresh-
old for significance at P < 0.0005 (Bonferroni correc-
tion). The data were scrutinized for outliers giving rise
to false-positive (or negative) correlation in plots of
the pair-wise voxel values (VOI A vs. VOI B) for each
subject for any significant matrix element. We found
11 such outliers, clearly outside the contour ellipses of
the remaining values in the plot. All 11 outliers orig-
inated from one subject, who was removed from the
sample, such that the final sample consisted of 37
subjects (df = 30). Correlations with somatosensory
areas 3a, 3b, 1, and 2 are reported in this study.

The other analysis concerned the correlations lying
in the cortical space that was not represented by any
statistically delimited cytoarchitectural areas, i.e., the

cortex outside areas 3a, 3b, 1, 2, 4a, 4p, 17, 18, 44, 45, Te
1.0, Tel.1, and Te 1.2. For this analysis, we modeled
the voxel values in the non-charted cortical space with
a general linear model. Firstly, voxel values for each
scan were normalized by scaling with the global mean
CBF. Following this, voxel values were averaged for
each subject across the three rest conditions. The re-
sulting images were modeled using the general linear
model (GLM) with subject and study effects as factors
and the cytoarchitectural mean VOI values from the
first analysis as covariate [Ledberg, 2000]. The cluster
size corresponding to an estimated omnibus signifi-
cance of P < 0.05 (t = 3.3) was estimated using 5,000
Monte Carlo simulations [Ledberg, 2000]. According
to this significance limit, the t-image was thresholded
at t = 3.3 with a minimum cluster size of 544 mm?
voxels. We found no effect of study, i.e., the rest voxel
values did not change significantly depending on
which other conditions were tested in addition to rest.

In order to avoid spurious correlations in the
rCBF between a probe cytoarchitectural region and
the rest of the brain, we normalized the accumu-
lated counts to a relative rCBF of 50. However, since
the procedural normalization could be thought to
leave some effect of the global blood flow on each
VOI, we also specifically modeled the response in
each voxel with the general linear model and the
global brain counts as a covariate. We then calcu-
lated the residual from this model and used the
residuals as input for the correlation analysis.
Again, we introduced the global counts as a covari-
ate. This latter procedure, however, gave the same
correlation matrix, as did the simple normalization
of the data. We concluded that the simple normal-
ization sufficiently removed the effect of the global
blood flow on the estimated correlations

Description of non-delineated brain regions

Since the whole cerebral cortex was not covered by the
available probability map of cytoarchitectural areas, any
statistically significant correlations to the premotor cor-
tex (PM), supplementary motor area (SMA), interparietal
area (IPA), or supramarginal gyrus were defined in the
following way. The SMA was defined by Roland and
Zilles [1998] as the cortex on the medial wall of the
superior frontal gyrus immediately anterior to the me-
dial part of motor area 4a and extending rostrally to the
Talairach coordinate y = +16. The dorsal premotor cor-
tex was defined as the cortex anterior to the dorsolateral
part of motor area 4a and extending forward as long as
the Talairach coordinate y = +16 [Roland and Zilles,
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TABLE I. Correlation matrix of cytoarchitecturally defined VOIs*

Correlation matrix of cytoarchitecturally defined VOIs

o |2 |E v e |= |B [Z = |= = =

2 |2 |22|2 |22]|8|8 |28 |8x|5 |52l |5 |2 |2 |2 |°

si|at|se|aga|as|as|se|Z5(22|28(25 IS |2 |2 |o |
3a face left 0.34 0.11|0.56|/0:44] -0.10| 0.16] 0.19]-0.18{-0.25{-0.37[-0.18| 0.02[50:04| 0.06['0:03| 0.48 [ 0.:20
3a hand left | 0.34 0.71{0.43| 0.33| 0.03] 0.71] 0.61| 0.12|-0.20|-0.38|-0.29| 0.26/ 0.30| 0.43| 0.23( 0.46| 0.41
3a hand right| 0.11| 0.71 0.35| 0.30| 0.21| 0.51] 0.69] 0.01|-0.14|-0.26|-0.04| 0.25| 0.33| 0.25| 0.15| 0.32 | 0.46
3b face left | 0.56| 0.43| 0.35 0.82] 0.09( 0.43[ 0.55] 0.12| 0.06| 0.14| 0.24| 0.06] 0.34 [ 0.42( 0.14| 0.44| 0.15
3b face right | 0.44| 0.33| 0.30]0.82 0.08| 0.45| 0.52[-0.06|-0.05| 0.00| 0.06 0.09 [J0:30) 0.10[J0MB| -0.03 [FOI02
3b foot right |-0.10| 0.03| 0.21(0.09| 0.08 0.16[ 0.38 0.32] 0.39] 0.15] 0.16] 0.20] 0.28] 0.17| 0.42[-0.21-0.02
3b hand left | 0.16] 0.71] 0.51|0.43| 0.45| 0.16 0.75| 0.01|-0.21|-0.14| -0.26| 0.64] 0.62| 0.58| 0.32| 0.29| 0.40
3b hand right| 0.19] 0.61| 0.69]0.55| 0.52 0.38| 0.75 0.17| 0.12-0.04 [JOA| 0.55] 0.67] 0.45|}0W33)| 0.25 [JOIaA
1footleft  [-0.18| 0.12[ 0.010.12|-0.06| 0.32| 0.01] 0.17 0.66] 0.46| 0.31[J0M7| 0.15| 0.51| 0.57|-0.13 0.12
1 foot right  (-0.25(-0.20(-0.14 [0.06|-0.05| 0.39]-0.21| 0.12] 0.66 0.53| 0.54| 0.06[ 0.43] 0.05| 0.32|-0.31|-0.19
1handleft [-0.37-0.38/-0.26[0.14] 0.00| 0.15|-0:44]-0.04] 0.46] 0.53 0.68|-0.05| 0.19|-0.08 0.05[-0.46|-0.22
1hand right |-0.18|-0.29|-0.04 | 0.24| 0.06 0.16|-0.26 JOMA| 0.31| 0.54| 0.68 -0.26 [J0124) -0.29 |03 -0.39 [F0:31
2 left 0.02| 0.26| 0.25[0.06| 0.09| 0.20| 0.64| 0.55| 0.17| 0.06 |-0.05|-0.26 0.49] 0.66| 0.50| 0.32| 0.45
2 right -0.04| 0.30| 0.33/0.34/ 0.30| 0.28| 0.62] 0.67] 0.15| 0.13| 0.19| 0.24| 0.49 0.3510:25(-0.11 | 0.12
4a lef 0.06|70M3| 0.25 [0M2] 0.10[ 0.17| 0.58 0.45| 0.51| 0.05 [F0I08)] -0.29] 0.66] 0.35 0.77] 0.36] 0.58
4a right 0.23] 0.15]0.14| 0.16] 0.42| 0.32| 0.33| 0.57| 0.32| 0.05[-0.11| 0.50] 0.25] 0.77 0.17] 0.34
4p left 0.48[70M48| 0.32 |01 -0.03|-0.21 [}0:28| 0.25| -0.13[-0.31 [F0:46) -0.39 [[0:32] -0.11 | 0.36] 0.17 0.65
4p_right 0:20| 0.41(J048] 0.15F0I02| -0.02| 0.40[JOIBA| 0.12[-0.19|-0.22[F0aH| 0.45[J0M2| 0.58| 0.34| 0.65

* Correlation matrix. The VOISs, representing areas 3a, 3b, and 1 (divided into face, hand, and foot sectors) and areas 2, 4a and 4p were tested
for correlations. The statistical significance was Bonferroni corrected for 100 tests, r-values >0.55 were statistically significant (P < 0.05 after
Bonferroni corrections for multiple tests on the matrix cells). Significant correlations appear in bold. Correlations between areas were
compared with the known connectivity in monkeys. Bold frames denote areas that correlated and are known to be connected in the
macaque. Shading denotes areas that did not correlate but are connected in monkeys.

1996b]. The ventral premotor area (PMv) was defined as
the cortex anterior to area 4a and posterior to cytoarchi-
tectural area 44. From our preliminary results, the ante-
rior limitation of either the dorsal of the ventral premotor
areas PMd and PMv is roughly y = 12 [Ramnani et al.,
2002]. The putative somatosensory association area IPA
was defined as in Roland and Zilles [1998], as the cortex
lining the anterior portion of the intraparietal sulcus and
consistently activated in a previous study [Bodegard et
al., 2000b]. This area is abutting the posterior border of
cytoarchitectural area 2. The supramarginal gyrus, con-
taining a putative or several putative somatosensory
areas, then comprised the cortex that was inferior and
lateral to the IPA, posterior to area 2 and superior to the
lateral sulcus. The posterior border of the putative so-
matosensory cortex in the supramarginal gyrus is not
known.

RESULTS

All subjects included in this study reported that
they were not disturbed or distracted by any events
during the rest state scans included for analysis.

As explained in Subjects and Methods, the probe
VOIs of the foot regions and right face region of area
3a, and area 1 face regions were too small to be rep-
resented. Therefore, these somatotopic regions are not
reported in this study.

Correlations among somatosensory
and motor areas

The statistically significant correlations among the
cytoarchitecturally delineated somatosensory and mo-
tor areas are shown in the correlation matrix, Table I.
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The somatotopical region of one area is often corre-
lated with the somatotopical counterpart of another
somatosensory area. For example, the face sector of
area 3a was correlated with the face sector of area 3b
and the hand sector of area 3a with the hand sector of
area 3b (Table I). In addition, the hand sectors of area
3b and area 2 were correlated. Surprisingly, the soma-
totopical sector in one hemisphere was also correlated
with that in the other hemisphere. For example, the
hand sector of area 3b in the left hemisphere was
correlated with the hand sector in the right hemi-
sphere and vice versa, and the hand sectors of area 1
were mutually correlated (Table I).

In the left hemisphere, areas 3b, 1, and 2 were corre-
lated with motor area 4a (Table I). As apparent from
Table I, several areas known to be connected in the
macaques were not found correlated in their rCBF. Apart
from correlations between area 3a hand sector and the
auditory area Te 1.1 in the left hemisphere, there were no
other statistically significant correlations.

Correlations between somatosensory areas and
non-delineated brain regions

A summary of these results is displayed in Figure 2.
This analysis is more descriptive as there were no
probability maps of cytoarchitectural areas covering
this space. Overlaps of correlated clusters and grey
matter with a volume larger than 544 mm® were, from
the statistical analysis, statistically significant (P < 0.05
corrected for multiple comparisons; Fig. 2).

The rCBF in the hand sectors of area 3a correlated
with the rCBF of the PMd (Fig. 2) and the cortex lining
the rostral part of the superior frontal sulcus in the left
hemisphere (Fig. 2). The face sector of area 3a left
correlated with the right SMA (Fig. 2).

The hand sectors of area 3b, similarly with the hand
sector of area 3a, correlated with the PMd and with an
additional area located just caudally to Te 1.1 in the
planum temporale (Fig. 2). The face sectors of area 3b
had numerous correlations. These included the area lo-
cated just caudally to Te 1.1 in the planum temporale. No
regions correlated with the lower body section of area
3b.

The hand sector of area 1 in the left hemisphere
correlated with the right middle frontal gyrus, IPA,
left ASM areas, and an area in the posterior half of the
right orbitofrontal cortex (Fig. 2). The hand sector of
area 1 in the right hemisphere correlated with the
ipsilateral PMd. Area 1 lower-body sectors only in the
left hemisphere correlated with motor areas (Fig. 2),
and both correlated with the anterior part of the su-

perior parietal lobule (Fig. 2). The face sector of area 1
in the right hemisphere and areas 2 on the left and
right side did not show any significant positive corre-
lations with other areas. Table 1II is included for com-
parison with macaque connectivity.

Negative correlations

The face sector of area 3b was negatively correlated
with area 18, and the hand sectors of area 1 were
negatively correlated with area 4p in the left hemi-
sphere. Each of the somatosensory cytoarchitectural
areas 3a, 3b, 1, and 2 had their rCBF negatively corre-
lated with the rCBF of a larger part of the anterior
ventral and dorsal thalamus. This part comprises the
AV and AM nuclei of thalamus according to the ste-
reotaxic atlas of Schaltenbrand and Bailey [1959].

Some common trends were noted from the negative
correlations. The rCBF of the hand sectors of areas 3a
and 3b were negatively correlated with the rCBF in the
superior part of the middle frontal gyrus, and often
also with the lateral part of the posterior lobule of the
cerebellum. The rCBF of several sectors in areas 3a, 3b,
and 1 were negatively correlated with regions in the
posterior part of the brain often activated by visual
stimuli such as the posterior part of the superior pa-
rietal lobule, the precuneus and the inferior temporal
cortex.

DISCUSSION

The general pattern of correlations between somato-
sensory areas was such that the hand sector of an area
was correlated with the hand sector of other somato-
sensory areas in the same hemisphere. Similarly, face
sectors were correlated with face sectors but not with
hand or lower body sectors. Surprisingly the somato-
topical sectors of areas 3a, 3b, and 1, were correlated
with their somatotopical counterparts in the other
hemisphere. In addition, somatosensory areas 3a, 3b,
and 1, correlated with the PMd and areas 3b and 1
correlated with area 4a. Furthermore, area 1 correlated
with putative somatosensory areas in the parietal lob-
ules, but surprisingly area 2 had no such correlations.
Finally, the somatosensory areas had positive correla-
tions with different prefrontal and temporal areas and
negative correlations with the anterior thalamus and
visual areas.

To define the VOI, each cytoarchitecturally defined
area from the probability map was shrunk (see Sub-
jects and Methods). This procedure was performed to
minimize rCBF signal contamination from neighbour-
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VOI correlations with brain regions outside of the cytoarchitecturally delineated areas

____Area 3a hand
Superior frontal sulcus

L -22 28 28 1344mm?

R 18 14 36 728 mm?
PMd

L -30 -12 34 696 mm*

L -24 -20 46 569 mm?

R 30 -8 34

Area 3a face

Area 3a hand

* Superior frontal sulcus
L 22 28 28 808mm’ [ areadb
PMd . area 1
R 3 -4 38 784 mm’
Superior temporal gyrus B area2
R 44 -32 14 704 mm?

Area 3b face

Inferior temporal gyrus

SMA R 58 -54 -10 1464 mm’
L -22 2 32 880mm? Occipital lobule
R 6 -8 -20 2904 mm?
Area 3b face Te 1.1
Inferior frontal gyrus R 42 -20 4 T12mm?
L -44 2 4 760mm’ Supramarginal gyrus
R 60 -38 18 2272 mm?*
___MArea3bhand Area 3b hand
SURIDF lemporal GYRe. ~ Superior temporal gyrus
T e o R 46 -30 12 752mm?
5 PMd
- - 3
e e B A, R 18 -20 5 1624 mm?
R 36 -4 36 832mm?
L -24 -22 44 956 mm?
_Area1 hand B
Middle frontal gyrus Area 1 hand
R -44 8 48 624 mm?  Area 1 L« PMd
IPA R 48 -4 48 576 mm®
R 44 -38 54 1824 mm? L -22 -20 64 2105 mm?
L 56 -50 34 1104mm® R 22 -20 64 1623 mm’ Area 1 lower body
ASM SMA Superior parietal lobule
L -42 -68 40 1800mm* R 6 -18 64 638 mm? L -32 -70 44 1176 mm?
Orbitofrontal gyrus Superior parietal lobule Parietal lobule
R 22 26 -18 560 mm? L -24 -56 58 1537 mm? R 40 -52 48 1072 mm?®
R 18 -56 58 983 mm? Supramarginal gyrus

Anterior superior frontal gyrus L -44 -50 46 3641 mm?
L -6 26 50 600mm’ R 44 -46 50 951 mm?*
Figure 2.

Correlations between the cytoarchitectural VOI and brain regions that were not cytoarchitecturally
delineated. The remaining voxels of the brain, undefined by cytoarchitectural delineation, were
searched for correlations with each VOI. Correlating brain regions were thresholded at t = 3.3 and
clustered at 544 mm?. For each VOls representing areas 3a, 3b, and | (face, hand, and foot regions),
is a table listing the correlated brain regions and their Talairach coordinates.

ing voxels due to the limited spatial resolution of PET
images. Doing so, the VOI became smaller than the
volume defined cytoarchitecturally. In some cases, the
VOI became too small that either there were no voxels
remaining to represent a somatotopic subdivision of
an area, or there were too few voxels to provide a
reliable estimate of the mean rCBF within the VOI of
that somatotopic region. In particular, the lower body
sectors and somatotopical sectors of area 3a were
poorly represented. Shrinking the VOI appeared to be
an effective way of minimizing rCBF signal contami-
nation from neighbouring voxels belonging to adja-
cent areas since we found no correlations between the

rCBF in areas 4p and 3a, 4p and 3b, or between areas
1 and 2.

Probability maps of cytoarchitectural areas from 10
postmortem human brains were used to statistically
estimate the location of an area over the population of
subjects used in this experiment. Due to between sub-
ject variance, it is possible that the voxels within a
defined area of the probability map may not exclu-
sively represent that area in the brain, but rather a
mixture of the defined area and adjacent areas when
one considers a population of 10 brains [Geyer et al.,
1996; Roland and Zilles, 1996b]. Since the voxels were
allocated to the area represented by most brains, the

¢ 190



# Areas 3a, 3b, 1, and 2 in the Human at Rest ¢

TABLE Il. Connectivity of somatosensory area 3a, 3b, I, and 2 with other somatosensory areas in the Macaque*

VPL VPL Area5 Area5 AIP AIP PO PO SII SII PM PM SMA SMA
left  right left right left right left right left right left right left right

Area 3a left + + +

Area 3a right + + +

Area 3b left + + + +

Area 3b right + + + +

Area 1 left + 4 ? + + +

Area 1 right + ? + + + +

Area 2 left + + + + ? + ? + + + +

Area 2 right + + + ? + ? + + + + +

* For comparison with Figure 2. +, connection exists in macaques based on several reports; ?, direct anatomical connections based on one

report; shading, a correlation.

probability map is still the best estimate for locating an
area, given the restriction that neighboring areas
should abut each other. The correspondence between
the probability map and the PET images was exam-
ined as described in Materials and Methods. Still, the
VOIs used in this experiment to represent the cytoar-
chitectural areas should be taken as no more than the
best estimates of the locations of these areas.

For areas 3a, 3b, 1, 2, and motor areas 4a, 4p, the
laminar receptor densities, and cell body densities are
very similar in the two species [Geyer et al., 1999;
Grefkes et al., 2001; Zilles et al., 1995]. For other areas,
the homologues are at present less certain, especially
posterior to area 2 [Zilles and Palomero-Gallagher,
2001]. As anatomical connections are important factors
in defining cortical areas together with cytoarchitec-
tural characteristics, the inter correlations of the areas
4a, 4p, 3a, 3b, 1, and 2 can at best be interpreted as
either reflecting or not reflecting the anatomical con-
nectivity under the (relatively well-determined) as-
sumptions of homology between macaques and hu-
mans. It is possible, but less well documented
[Eickhoff et al., 2002] that the parietal operculum is
another region of homology between the two species.

Based on this micro-structural evidence, we tested
the hypothesis that the pattern of correlations among
brain regions is similar to that of the established mon-
key connectivity.

Correlations of somatosensory areas with
other somatosensory areas

One of the main findings was that the somatotopical
regions of area 3a were connected with the corre-
sponding somatotopical regions of area 3b. Thus, face,
hand, and lower body somatotopy was preserved in

the correlations. This correlation pattern matches
closely that of the connections between areas 3a and
3b reported in macaques [Burton and Fabri, 1995;
Iwamura et al., 1980; Jones and Powell, 1969; Kru-
bitzer and Kaas, 1990; Pons and Kaas, 1986].

Correlations of area 3b hand with area 2 match with
macaque connectivity [Burton and Fabri, 1995]. In con-
trast with macaque connectivity, however, there were
no statistically significant correlations in rCBF be-
tween area 3b and 1, or areas 1 and 2. Area 1 did
correlate with the blood flow in the functionally de-
limited region IPA [Bodegard et al., 2001; Roland and
Zilles, 1998].

In macaques, area 2 is said to project to areas 5 and
somatosensory areas in the parietal operculum (Pons et
al., 1985; Pons and Kaas, 1985). Area 5 was not included
in our collection of cytoarchitectural areas, but prelimi-
nary investigations suggest that this area is located in the
superior parietal lobule, in a region outside the area
correlated with the foot sectors of area 1. Similarly, cy-
toarchitectural areas 3a, 3b, 1, and 2 did not show any
statistically significant correlations with the parietal
operculum. Thus, the secondary somatosensory area
and related areas in the parietal operculum of the mon-
key that are well documented to be connected to areas
3a, 3b, 1, and 2 in the monkey [Burton et al., 1995;
Friedman et al., 1980; Krubitzer and Kaas, 1990; Manzoni
et al., 1986], were not evident from this study.

Area 7b in the monkey is located near the parietal
operculum. Both left hemisphere area 1 lower body and
area 3b face regions correlated with a field in the supra-
marginal gyrus. It is impossible, however, to determine
whether this field in the supramarginal gyrus corre-
sponds to area 7b since the inferior parietal lobule is
organized differentially in macaques and humans [Brod-
mann, 1909; Zilles and Palomero-Gallagher, 2001].
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In macaques, area 2 has abundant callosal connec-
tions with area 2 on the contralateral side, and the face
and trunk regions of areas 3a, 3b, and 1 have callosal
connections [Killackey et al., 1983; Pandya and
Vignolo, 1971]. Correlations between left and right
area 2 regions were absent. Although we found inter-
hemispheric correlations of the face and trunk/foot
parts of areas 3b, 1, we also found inter-hemispheric
correlations of the hand sectors of areas 3a, 3b, and 1.
The latter is in conflict with observations in macaques
that the hand parts of these areas have no callosal
connections [Killackey et al., 1983; Pandya and
Vignolo, 1971].

Homologies and analogies in the organization of the
monkey posterior parietal cortex and the human pos-
terior parietal cortex are questionable [Zilles and Pal-
omero-Gallagher, 2001]. The area we have called IPA,
based on functional criteria [Bodegard et al., 2001;
Roland and Zilles, 1998], is distinct from the monkey
anterior interparietal area (AIP) [Gallese et al., 1994;
Sakata et al., 1995; Taira et al., 1990], since the IPA is
active when the subjects have their eyes closed and are
not performing any manipulations with their hands.
Similarly, area 5 of humans, which according to our
preliminary studies is located rather medially in the
superior parietal lobule, is probably distinct from the
area 5 lining the medial bank of the intraparietal sul-
cus in monkeys. Furthermore, area 2 in humans does
not abut area 5 in the anterior part of the intraparietal
sulcus [Grefkes et al., 2001]. Finally, humans have
areas 40 and 39 that do not exist in monkeys [Brod-
mann, 1909; Vogt and Vogt, 1926; von Economo and
Koskinas, 1925]. Area 2 had no correlations with any
of the putative somatosensory areas in the posterior
parietal cortex, in contrast to area 1, which had corre-
lations with IPA as well as the functional delimited
area ASM in the anterior part of the supramarginal
gyrus [Bodegard et al., 2001].

Thus, we found some correlations between areas 3a,
3b, 1, and 2 that were consistent with the connectivity
of these areas in monkeys. The results, however, failed
to demonstrate correlations between these areas and
SII and other areas in the parietal operculum, and
failed to show correlations between areas 3b and 1, 3a
and 2, and 1 and 2, i.e., between areas that are strongly
connected in the macaque.

Correlations of area 3a, 3b, I, and 2
with motor areas

Area 1 correlated with area 4a. Whether there are
connections between area 1 and 4a in the macaque is

considered controversial, although sparse connections
have been described [Burton and Fabri, 1995; Kunzle,
1978; Stepniewska et al., 1993]. Likewise, that area 2
rCBF correlated with the rCBF of areas 4a and 4p is
also controversial; however, projections from area 2 to
4a, 4p in the macaque have been reported [Ghosh et
al., 1987; Jones et al., 1978; Pons and Kaas, 1986]. The
correlation matrix, however, does not fit with the so-
matosensory areas reported to be most connected to
areas 4a and 4p in macaques, i.e., areas 3a, 3b [Darian-
Smith et al., 1990; Huerta and Pons, 1990; Jones et al.,
1978; Krubitzer and Kaas, 1990; Pons and Kaas, 1986;
Stepniewska et al., 1993]. Connections from area 3a to
area 4 have been described [Darian-Smith et al., 1990;
Huerta and Pons, 1990; Krubitzer and Kaas, 1990;
Stepniewska et al., 1993] and that projections from
area 3 reach both the rostral primary motor cortex,
which in humans is likely to be in area 4a, as well as
the caudal portion, which in humans is likely to be in
area 4p.

The rCBF in area 3a was correlated with the rCBF in
the supplementary motor area (SMA). In macaques,
no connections have been reported from area 3a to the
SMA [Huerta and Pons, 1990; Luppino et al., 1993;
McGuire et al., 1991a], although projections from the
SMA to area 3a have been described [Darian-Smith et
al., 1990]. Such connections have also been described
in the Marmoset [Huffman and Krubitzer, 2001].

Discrepant from the areas involved in macaque con-
nectivity, was our finding that areas 3a, 3b, and 1 were
strongly correlated with the dorsal pre-motor cortex
(PMd). Also, there were no correlations between area
2 and the PM and SMA. In the macaque, projections
from area 2 to PMd have been reported [Barbas and
Pandya, 1987; Ghosh and Gattera, 1995; Jones et al.,
1978; Vogt and Pandya, 1978], although, other inves-
tigators have described very sparse or no connections
between area 2 and PMd [Ghosh and Gattera, 1995;
McGuire et al., 1991b; Pons and Kaas, 1986].

Again, we found some correlations between so-
matosensory areas 3a, 3b, 1, and 2, which were sup-
ported by similar connections in the macaque, but
failed to demonstrate correlations that were expected
from macaque connectivity. In addition, we found
correlations with the PMd, which have no counter-
parts in macaque connectivity.

Correlations between somatosensory
areas and other regions

Areas 3a, 3b, and 1 correlated with the cortex lining
the anterior part of the superior frontal sulcus and the
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orbitofrontal cortex. Neural connections between areas
3a, 3b, and 1 and these prefrontal areas in the monkey
are unsupported. Similarly, there were correlations be-
tween areas 3a, 3b, the primary auditory area Te 1.1, and
the adjacent part of the planum temporale, which are
also unsupported by macaque connectivity.

Other explanations of the data

Although the positive correlations we found be-
tween area 3a, 3b, 1, and 2, mutually and with the
remaining brain, in some aspects, were in accordance
with the hypothesis of similar direct anatomical con-
nectivity in humans and macaques, we found correla-
tions in cases in which no direct connections exist in
the macaque and we failed to demonstrate correla-
tions in cases of direct connectivity. These failures to
find correlations, where strong connectivity should be
expected, did not arise because our criteria for statis-
tically significance were too conservative. For exam-
ple, if one looks at the correlations between area 3a
and area 2 or between area 1 and 2 in Table I, the
correlation coefficient r is rather low and not near
significance. One explanation of the several failures of
this kind might come from the observations that only
a small part of the connectivity at any place in the
cerebral cortex is extrinsic, i.e., between cortical areas.
By far, most of the connections are intrinsic, between
neurons within the cortex [Rockland and Pandya,
1979; Wiser and Callaway, 1996; Yukie and Iwai,
1985]. It is likely that spontaneous activity exists in
local cortical fields as thalamo-cortico-thalamic activ-
ity and local intrinsic cortical action potentials, with-
out this giving rise to any but sparse cortico-cortical
action potential activity [Roland, 2002]. This might
also be the reason why Xiong et al. [1998], similar to
our results, also found correlations among motor ar-
eas, which has a counterpart in macaque connectivity,
but also failed to detect all direct connections between
motor areas from the macaque connectivity.

Negative correlations

We found negative correlations with several areas,
including the posterior parts of the superior parietal
lobules, precuneus, the inferior temporal cortex, fusi-
forme gyri, posterior cerebellum, and the occipital
lobe. As all cortico-cortical connections are thought to
be glutamatergic and excitatory [Ottersen and Storm-
Mathisen, 1986; Storm-Mathisen and Fonnum, 1972],
one cannot explain these negative correlations by cor-
tico-cortical connectivity alone, notwithstanding that

no connections exist between areas 3a, 3b, 1, 2, and the
visual cortex in other primates.

The visual areas are regions that often decrease their
rCBF during somatosensory tasks [Haxby et al., 1994;
Kawashima et al., 1995], an effect that is thought to be
of subcortical origin.

The cortical areas that correlated negatively with the
rCBF in areas 3a, 3b, 1, and 2, do not have direct
cortico-cortical connections in the macaque, with the
exception of area 4p.

The rCBF of the lateral parts of the posterior lobule
of the cerebellum were consistently negatively corre-
lated with areas 3b, 1, and 2. As the cortico-pontine-
cerebellar input to the cerebellum target the inhibitory
basket, stellate, Golgi, and Purkinje neurons (by the
parallel fibres), this might be the reason for this neg-
ative rCBF correlation. Thus, despite the synapses on
the granule cells being excitatory, the overall effect
may be a reduction on cerebellar excitation at rest.
However, we have no explanation why this effect is
located to the posterior lobe only.

The cortico-thalamic projections, from a given cor-
tical area, are said to outnumber the thalamo-cortical
projections by as much as ten to one [Sherman and
Koch, 1986]. It has been a matter of long-standing
controversy whether the effect of the cortico-thalamic
fibres on the thalamus would be excitatory or inhibi-
tory at the thalamic target nucleus [Llinas and Pare,
1997]. Thus, there is a possibility that the correlations
in some case might reflect indirect connectivity, in this
case via the thalamus. The negative correlations with
the AV and AM thalamic nuclei may be an example of
cortico-thalamic connectivity to inhibitory neurons
[Llinas and Pare, 1997].

In any case, neither of these explanations is valid for
our finding of a correlation between the hand sectors
of the right and left hemispheres for areas 3a, 3b, and
1. Correlations between an area and its homologue in
the other hemisphere are, however, consistent with
previous correlations also between hand sectors in
sensory and motor cortex obtained with PET and fMRI
during rest [Cordes et al.,, 2001; Lowe et al.,, 1998;
Xiong et al., 1999]. One cannot, then, exclude the pos-
sibility that the rest state may induce correlations, i.e.,
the instruction to “lie motionless, to not pay any at-
tention to anything in particular and not to think, but
have it black in front of the mind’s eye.”

CONCLUSIONS

We used an unbiased method to examine the corre-
lations in rCBF of somatosensory areas 3a, 3b, 1, and 2
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under the main hypothesis that the rCBF correlations
would reflect the connectivity of the homologous ar-
eas in other primates. We found three types of results:
correlations that match with macaque connectivity,
correlations with no counterpart in macaque connec-
tivity, and lack of correlations between areas clearly
connected to somatosensory areas in macaques. On
these grounds, the main hypothesis is refuted in two
instances. The correlations of rCBF among somatosen-
sory areas, between somatosensory areas and other
cortical areas, in humans at rest can only partly rely on
direct cortico-cortical connections. For theoretical rea-
sons, this might not be expected, as the majority of the
neuronal connections in the cortex are local intra-
cortical connections. Other factors, such as cortico-
thalamo-cortical mechanism and the rest state per se,
may influence the pattern of correlations observed
among cortical areas.
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