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Abstract: The superior parietal lobule (SPL) plays a pivotal role in many cognitive, perceptive, and
motor-related processes. This implies that a mosaic of distinct functional and structural subregions
may exist in this area. Recent studies have demonstrated that the ongoing spontaneous fluctuations in
the brain at rest are highly structured and, like coactivation patterns, reflect the integration of cortical
locations into long-distance networks. This suggests that the internal differentiation of a complex brain
region may be revealed by interaction patterns that are reflected in different neuroimaging modalities.
On the basis of this perspective, we aimed to identify a convergent functional organization of the SPL
using multimodal neuroimaging approaches. The SPL was first parcellated based on its structural connections as well as on its resting-state connectivity and coactivation patterns. Then, post hoc functional
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characterizations and connectivity analyses were performed for each subregion. The three types of
connectivity-based parcellations consistently identified five subregions in the SPL of each hemisphere.
The two anterior subregions were found to be primarily involved in action processes and in visually
guided visuomotor functions, whereas the three posterior subregions were primarily associated with
visual perception, spatial cognition, reasoning, working memory, and attention. This parcellation
scheme for the SPL was further supported by revealing distinct connectivity patterns for each subregion in all the used modalities. These results thus indicate a convergent functional architecture of the
SPL that can be revealed based on different types of connectivity and is reflected by different functions
C 2014 Wiley Periodicals, Inc.
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both structure and function [Kelly et al., 2012]. Therefore,
whether a consistent topography of the SPL can be revealed
using different connectivity patterns needs to be further
explored and verified.
The goal of this study was, thus, to identify a potentially
convergent functional architecture of the SPL on the basis
of its specific structural, resting state, and coactivation patterns and to characterize the cortical network and functional organization of each subregion. The SPL was first
parcellated into component subregions based on differences in structural as well as in resting-state and taskdependent (coactivation) FC patterns. Then, the wholebrain connectivity patterns of each subregion were
mapped by each modality and the revealed networks were
compared between modalities. Finally, using behavioral
domain and paradigm analyses, a functional characterization was performed to determine the functions associated
with each subregion.

INTRODUCTION
The superior parietal lobule (SPL) plays a pivotal role
in many sensory and cognitive processes, including
somatosensory and visuomotor integration [Culham and
Valyear, 2006; Iacoboni, 2006], motor learning [Weiss
et al., 2003; Wenderoth et al., 2004], spatial perception
[Weiss et al., 2003], mental rotation [Vingerhoets et al.,
2002; Wolbers et al., 2003], visuospatial attention [Corbetta
et al., 1993; Corbetta et al., 1995], and memory [Lacquaniti
et al., 1997; Zago and Tzourio-Mazoyer, 2002]. The functional diversity of the SPL implies that a mosaic of subregions, which might be both functionally and structurally
distinct, may exist in this area. Although recent studies
have parcellated the SPL into different component subregions on the basis of receptor distribution patterns [Scheperjans et al., 2005a; Scheperjans et al., 2005b], regional
cytoarchitectonic properties [Scheperjans et al., 2008a; Scheperjans et al., 2008b], and anatomical connectivity patterns
[Mars et al., 2011], the association between these regions
and particular functions and networks has, however,
remained a largely open question. Furthermore, although
various parcellation schemes have been proposed, the relationships between the structural connections, resting state,
and task-dependent functional connectivity (FC) patterns of
the SPL or its subregions are still unknown.
Relating structural connections to functional activity is
fundamental for understanding the mechanisms of information processing in the human brain. Emerging evidence
suggests that ongoing brain spontaneous fluctuations are
highly structured [Damoiseaux and Greicius, 2009; Deco
et al., 2013] and are sculpted by the history of task-evoked
coactivation [Deco and Corbetta, 2011; Lewis et al., 2009;
Shirer et al., 2012]. Furthermore, correspondence, as well as
divergence, between structural connectivity and restingstate and task-dependent FC has been demonstrated by
many previous studies [Eickhoff et al., 2010; Greicius et al.,
2009; Hagmann et al., 2008; Honey et al., 2009; Jakobs et al.,
2012; Smith et al., 2009; Toro et al., 2008]. The convergence
of structural connections, intrinsic FC, and coactivation suggests that a fundamental functional architecture governs
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MATERIALS AND METHODS
Definition of Regions of Interest
Both the left and right SPL masks were defined using
the automated anatomical labeling template which was
obtained from the brain of a single subject in Montreal
Neurological Institute (MNI) space [Tzourio-Mazoyer
et al., 2002]. In this template, the superior parietal cortex is
divided into two subareas. The lateral superior parietal
cortex is defined as the SPL, whereas the medial superior
parietal cortex is defined as the precuneus. Based on this
template, we extracted the lateral SPLs as the regions of
interest in this study. Then, the seed masks in MNI space
were transformed into each participant’s individual diffusion space using statistical parametric mapping (SPM8)
software for fiber tracking. In addition, the SPL seed
masks were resampled into 3 mm cubic voxels in MNI
space for resting-state FC analyses. Finally, the SPL seed
masks were also resampled into 2 mm cubic voxels in
MNI space for whole-brain coactivation map calculations
for each voxel in the SPL.
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ume to provide for head motion correction, (3) normalizing the mean-based intensity and spatial smoothing with
a Gaussian kernel of 6-mm full-width at half maximum,
(4) removing linear and quadratic trends and temporal
band-pass filtering (0.01–0.08Hz), (5) regressing out nuisance signals such as those from white matter and cerebrospinal fluid as well as global signals and six motion
parameters, and (6) resampling the functional data into
MNI space using the concatenated transformations. In the
end, this preprocessing procedure provided a fourdimensional time series in standard MNI space for each
participant.

Subjects
Twenty healthy, right-handed subjects (10 males and 10
females, mean age 5 18.5 years, standard deviation 5 0.76)
were recruited via advertisement. None of the participants
had ever suffered from any psychiatric or neurological disease, and none had any contraindications for MRI scanning. All the subjects signed an informed consent form
approved by the local Research Ethics Committee of the
University of Electronic Science and Technology of China.

MRI Data Acquisition
All the subjects were scanned using a 3.0 Tesla GE MR
Scanner. The DWI data included 64 images with noncollinear diffusion gradients (b 5 1000 s/mm2) and three
nondiffusion-weighted images (b 5 0 s/mm2). From each
participant, 75 slices were collected with the following
parameters: acquisition matrix 5 128 3 128, flip angle
(FA) 5 90 , voxel resolution: 2 3 2 3 2 mm3, and no gap.
Sagittal 3D T1-weighted images were also acquired (Repetition time (TR)/echo time (TE) 5 8.16/3.18 ms; inversion
time 5 800 ms; FA 5 7 ; field of view (FOV) 5 256 3
256 mm2; matrix 5 256 3 256; slice thickness 5 1 mm, no
gap; 188 sagittal slices). During the resting-state fMRI scanning, subjects were instructed to close their eyes and lie
still. Cushions were used to reduce head motion. Two hundred and fifty five volumes of echo planar images were
acquired (repetition time 5 2000 ms, echo time 5 30 ms; no
gap; 40 axial slices, voxel size, 3.75 3 3.75 3 4 mm3).

Structural Connectivity-Based Parcellation
Diffusion probabilistic tractography was performed
using the FSL package. Probability distributions were estimated for two fiber directions at each voxel [Behrens
et al., 2007]. Probabilistic tractography was applied by
sampling 5000 streamline fibers in each voxel in the seed
region to estimate the connectivity probability. Then, a
small threshold value was used to threshold the path distribution estimates (10 out of 5000 samples) [Makuuchi
et al., 2009]. Using this fixed arbitrary threshold, our goal
was both to reduce false-positive connections (random
noise) and retain enough sensitivity to not miss true connections [Heiervang et al., 2006; Johansen-Berg et al.,
2007]. To facilitate data storage and analysis, all of the connectivity profiles for each voxel were down sampled to
5 mm isotropic voxels [Johansen-Berg et al., 2004]. Crosscorrelations (dimensions: number of seeds 3 number of
seeds) between the connectivity patterns of all voxels in
the seed mask were calculated and used for automatic parcellation. The (i, j)th element value of the cross-correlation
was defined by the correlation between the connectivity
profile of seed i and the connectivity profile of seed j
[Johansen-Berg et al., 2004].
The cross-correlation matrix was then permutated using
spectral clustering (not spectral reordering) with an edgeweighted centroidal Voronoi tessellations method for automated clustering to define different clusters [Wang et al.,
2012]. Importantly, the number of clusters must be defined
by the experimenter when using this method. In this
study, the number of clusters was set from 2 to 9. Then,
the maximum probability map was created for each solution across all the subjects. To calculate the maximum
probability map, we transformed each individual parcellation result from the diffusion space to the Colin27 template in MNI space. The maximum probability map was
calculated based on all the subjects’ parcellation results in
MNI space. The maximum probability map was calculated
by assigning each voxel of the reference space to the area
in which it was most likely to be located. If two areas
showed the same probability at a particular voxel, this
voxel was assigned to the area with the higher average
probabilities of the 26 voxels directly adjacent [Eickhoff
et al., 2005].

DWI Data Preprocessing
The data were preprocessed using FMRIB’s Diffusion
Toolbox (FSL 4.0; http://www.fmrib.ox.ac.uk/fsl). Eddy
currents and head motions were corrected. Skull-stripped
T1-weighted images for each subject were coregistered to
the subject’s nondiffusion-weighted image (b 5 0 s/mm2)
using a SPM8 package (http://www.fil.ion.ucl.ac.uk/
spm). Next, the T1 images (rT1) obtained in diffusion
space were transformed to the MNI’s Colin27 structural
template. Finally, an inverse transformation was performed to transform the seed masks of the left and right
SPL into the diffusion space for each subject.

Resting-State fMRI Data Preprocessing
Preprocessing of the resting-state functional magnetic
resonance imaging (fMRI) data was carried out using
scripts provided by the 1000 Functional Connectomes
Project (www.nitrc.org/projects/fcon_1000) with both
FSL and AFNI (http://afni.nimh.nih.gov/afni) software.
The preprocessing steps were: (1) discarding the first 10
volumes of each functional time series to allow for magnetization equilibrium, (2) correcting the slice timing for
the remaining images and realigning them to the first vol-
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pattern for this voxel [Bzdok et al., 2013a; Cieslik et al.,
2013]. The whole-brain coactivation connectivity for all the
seed voxels was subsequently combined into a N 3 M
matrix where N was the number of seed voxels in the SPL
and M was the number of target voxels throughout the
whole brain (resolution: 2 3 2 3 2 mm3). Finally, the parcellation of the SPL was performed in the optimal filter
range from 115 to 160 with k 5 2, 3 . . . 9 using one minus
the correlation between the connectivity patterns of the
individual seed voxels as the correlation distance measure
[Clos et al., 2013].

FC-Based Parcellation
In this study, we also applied distinct resting-state FC
patterns to subdivide the SPL into different subregions.
First, the SPL seed masks were resampled into 3 mm cubic
voxels and the functional connections between each voxel
in the seed area and other voxels of the brain were calculated for each subject. Then, these FC maps were converted to z-score maps using a Fisher transform. Similarity
of FC maps for every pair of voxels within the SPL was
computed using eta2 [Cohen et al., 2008; Kelly et al., 2012;
Nebel et al., 2012], resulting in a correlation matrix which
is the fraction of the variance in one FC map accounted
for by the variance in a second FC map. Then, spectral
clustering with an edge-weighted centroidal Voronoi tessellations method was applied to parcellate the SPL into
different numbers of clusters (2 to 9). Moreover, the maximum probability map was also calculated for each parcel
result.
Xn
ðai 2mi Þ2 1ðbi 2mi Þ2
SSwithin
2
eta 512
512 Xni51
SScombined
ðai 2 MÞ2 1ðbi 2 MÞ2
i51

Determining the Cluster Numbers
Knowing how best to determine the number of clusters
in brain areas’ subdivision studies is difficult. In this
study, we used the generalized Dice coefficient as an index
to determine the final cluster numbers [Dice, 1945]. In the
end, the maximum consistency between the parcellation
results that were obtained from the structural, functional,
and coactivation connectivities was set as the optimal
number of clusters. This analysis revealed a five-way parcellation of the SPL as the most consistent solution, which
was used to guide for further analyses.

where ai and bi are the values at position i in the FC maps
a and b, respectively. mi is the mean value of the two FC
maps at position i, and M is the grand mean across all
locations in both correlation maps.

Dice coefficient5

A\B\C
A[B[C

Coactivation Connectivity-Based Parcellation

Overlap With Cytoarchitectonic Mapping

The task-dependent coactivation connectivity patternbased parcellation was also applied to investigate the subdivision of the SPL [Clos et al., 2013] in this study. The
whole-brain coactivation pattern for each voxel of the SPL
was obtained based on the BrainMap database [Laird
et al., 2011; Laird et al., 2009]. These analyses in our study
utilized a database of positron emission tomography and
fMRI experiments from normal neuroimaging studies (no
interventions, no group comparisons) in healthy subjects
that reported results as coordinates in stereotaxic space.
Based on these inclusion criteria, approximately 7500 neuroimaging experiments were obtained. To enable a reliable
delineation of the task-based FC, we pooled the voxels in
the neighborhood of each seed voxel and identified those
experiments that reported activations closest to the current
seed voxel, with the extent of this spatial filter ranging
from 20 to 200 experiments in steps of five. This was
achieved by computing and subsequently sorting the
Euclidian distances between a given seed voxel and any
reported activation. In the following step, the whole-brain
coactivation pattern for each seed voxel was computed by
an activation likelihood estimation (ALE) meta-analysis of
the experiments that were associated with that particular
voxel [Eickhoff et al., 2012; Eickhoff et al., 2009; Turkeltaub
et al., 2012]. The ALE scores for each voxel in the gray
matter were then recorded as the coactivation connectivity

To test the hypothesis that connectivity-based parcellation of the SPL might correspond to distinct nuclei defined
on the basis of cytoarchitecture [Scheperjans et al., 2008a],
the three types of connectivity-based parcellation results
for the SPL were anatomically assigned to cytoarchitectonic maximum probability maps of the SPL using the
SPM Anatomy toolbox [Eickhoff et al., 2005]. Finally, the
overlap between the SPL subregions obtained from the
anatomical, resting state, and coactivation connectivitybased parcellations and the cytoarchitectonic subregions of
the SPL were calculated separately.

r

Whole-Brain Structural Connectivity Patterns
To investigate the relationship between structure and
function, we mapped the whole-brain structural, restingstate functional, and task-related coactivation connectivity
for each of the derived clusters. To map the whole-brain
anatomical connectivity pattern for each subregion of the
SPL, we transformed the seed masks to diffusion space,
and Probtracking [Behrens et al., 2003] was used to obtain
the connectivity probability between each subregion of the
SPL and all the other voxels in the brain. We drew 5000
samples from the connectivity distribution for each voxel
and calculated the connection probability for each voxel.
The identified fiber tracts were transformed into MNI
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space and all the connection probability maps were averaged to obtain a mean probability connectivity map for
each subregion.

Specific coactivation connectivity pattern of each
subregion
Moreover, we examined the specific coactivation connectivity pattern for each subregion to reveal the unique coactivation connectivity for each cluster. The specific
coactivation connectivity was the brain regions which
were significantly more coupled with a given subregion
than with any of the others.

Whole-brain resting-state FC
To determine the FC for each subregion in MNI space,
we first resampled these subregions to 3 mm cubic voxels
in MNI space. In this study, the FC was defined by the
correlations between the time series. The Pearson correlation coefficients between the mean time series of each seed
region and that of each voxel of the whole brain were calculated for each subject and then converted to z-values
using Fisher’s z transformation to improve normality.
Then, each individual’s z-values were entered into a random effects one-sample t-test in a voxel-wise manner to
determine the regions that showed significant correlations
with the seed region. Then, the FC map was thresholded
at a cluster-level FWE-corrected threshold of P < 0.05 (cluster-forming threshold at voxel-level P < 0.001).

Overlap networks
We mapped the overlap networks formed by the overlapping the resting-state functional and coactivation networks.
To calculate the conjunction network, we first obtained
whole-brain resting-state functional and coactivation networks, as described above. Then, the overlap between the
two networks was calculated for each subregion.
To quantitatively evaluate the correspondence between
the resting-state and task-based coactivation network, we
calculated the Pearson cross-correlation coefficient between
the resting-state functional network and the coactivation
network for each SPL subregion on the basis of restingstate fMRI data [Smith et al., 2009]. The cross-correlation
coefficients indicated that the same network that was identified from the resting-state FC for each SPL subregion is
likely to be involved in specific cognitive tasks.

Whole-brain coactivation connectivity
The task-dependent coactivated FC of each subregion
was mapped using structure-based meta-analysis and metaanalytic connectivity modeling (MACM) [Eickhoff et al.,
2010; Laird et al., 2013; Robinson et al., 2010] approaches in
the BrainMap database that featured at least one focus of
activation in the particular connectivity-based parcellationyielded subregion. Then, an ALE meta-analysis was performed on the obtained experiments, and statistical inference calculations were also performed to establish which
brain regions were significantly coactivated with a particular subregion, as obtained from the connectivity-based parcellation. The ALE score for the MACM analysis of each
cluster was compared to a null distribution that reflected a
random spatial association between experiments with a
fixed within-experiment distribution of foci [Eickhoff et al.,
2009]. This random-effects inference assesses the abovechance convergence between experiments instead of the
clustering of foci within a particular experiment. The
observed ALE scores from the actual meta-analysis of
experiments activated within a particular subregion were
then tested against the ALE scores obtained under this nulldistribution yielding a P-value based on the proportion of
equal or higher random values [Eickhoff et al., 2012]. These
nonparametric P-values were converted to z-scores and
thresholded at P < 0.05 (cluster-level FEW-corrected, clusterforming threshold at voxel-level P < 0.001).

Functional Characterization: Behavioral Domain
Analysis
The functional characterization of the connectivity-based
parcellation-yielded subregions was based on a behavioral
domain and paradigm class analyses in the BrainMap database. The behavioral domain analysis results included five
behavior domains (Action, Cognition, Emotion, Interoception, and Perception) and 51 behavioral subdomains. The
paradigm class analysis primarily categorizes the specific
task used. The functional characterization of each subregion
yielded by the connectivity-based parcellation was determined using forward and reverse inferences [Bzdok et al.,
2013a; Cieslik et al., 2013; Clos et al., 2013; Rottschy et al.,
2013]. Forward inference represents the probability of
observing activity in a brain region given knowledge of the
psychological process, whereas reverse inference is the probability of a psychological process being present given information about activation in a particular brain region. In the
forward inference approach, a subregion’s functional profile
was determined by identifying the taxonomic labels
(domains or subdomains) for which the probability of finding activation in a specific subregion was significantly
higher than the overall chance (across the entire database) of
finding activation in that particular subregion. Significance
was established using a binomial test (P < 0.05 corrected for
multiple comparisons using the false discovery rate [FDR]
method) [Eickhoff et al., 2011]. In the reverse inference
approach, a subregion’s functional profile was determined

Specific resting-state FC pattern for each subregion
In this study, we mapped the specific resting-state FC
pattern of each subregion of the SPL to reveal the unique
resting-state FC for each cluster. The specific connectivity
was the brain areas that were significantly more coupled
with a given subregion than with any of the others.
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Figure 1.
Superior parietal lobule (SPL) parcellation results using multimodal
neuroimaging methods and selection of the optimal number of SPL
subregions. (A) The degree of overlap between the structural,
resting-state functional, and coactivation connectivity-based parcellation results of the left (SPL) was calculated for each number of
clusters using the generalized Dice coefficient. (B) The degree of
overlap between the structural, resting-state functional, and coactivation connectivity-based parcellation results of the right SPL was

computed as in A. (C) The maximum probability maps for the SPL
subregions were obtained using structural and resting-state functional connectivity-based parcellation in the first two column. The
third and last column showed the SPL parcellation result obtained
on the basis of a coactivation connectivity-based parcellation and
the overlap between the parcellation results across the different
modalities. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

by identifying the most likely behavioral domains and paradigm classes given activation in a particular subregion using
Bayes’ rule. Significance (P < 0.05 corrected for multiple
comparisons using Bonferroni’s method) was then assessed
by means of a chi-square test [Clos et al., 2013].

culated the degree of overlap between the maximum probability maps from the structural connectivity-based
parcellation, the maximum probability maps from the
resting-state FC-based parcellation and the coactivated
connectivity-based parcellation results of the SPL. The
optimal number of parcels for the left and right SPLs was
estimated to be 5, which was the nontrivial (k > 2) clustering solution that resulted in the highest Dice’s coefficient
between clustering solutions for the three types of parcellation (Fig. 1A, B). Therefore, we selected a five-way parcellation of the SPL as a guide for further analyses (Fig.
1C). Furthermore, this parcellation scheme for the left and
right SPLs was the same for all three types of connectivitybased parcellation results and showed high consistency
with the cytoarchitectonic mapping of the SPL.

RESULTS
Connectivity-Based Parcellation of the SPL
In this study, we utilized the structural connectivity pattern, intrinsic FC pattern and coactivation connectivity pattern to parcellate the human SPL into distinct components
to establish the functional organization of its subregions.
To determine the number of subregions in the SPL, we cal-
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Figure 2.
The overlap with the cytoarchitectonic map of the superior
parietal lobule (SPL). (A) The maximum probability map for
each SPL subregion as defined using cytoarchitecture and
extracted using the SPM Anatomy Toolbox. (B) The overlap
between the cytoarchitectonic map of each SPL subregion and

the corresponding SPL subregion derived using the different
neuroimaging modalities of connectivity-based parcellation as calculated for each hemisphere. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

In the final SPL parcellation results, the most anterior
clusters were Cluster 1 (blue/label 1) and Cluster 2
(green/label 2), which were behind the postcentral sulcus.
Cluster 1 was ventral to Cluster 2 and corresponded with
the cytoarchitectonically defined area 7PC [Scheperjans
et al., 2008a], whereas the dorsal Cluster 2 was similar in
location to the cytoarchitectonically defined area 5L [Scheperjans et al., 2008a]. Cluster 3 (yellow/label 3) was posterior to Cluster 1 and resembled area hIP3, as defined by
cytoarchitecture [Scheperjans et al., 2008a]. Cluster 4
(ocher/label 4) was medial to Cluster 3 and posterior to
Cluster 2 and was similar in location to the cytoarchitectonically defined area 7A [Scheperjans et al., 2008a]. The
most posterior cluster in the SPL was Cluster 5 (red/label
5), which resembled the cytoarchitectonic subdivision 7P
[Scheperjans et al., 2008a].
Furthermore, we calculated the overlap to characterize
the consistency between the connectivity-based parcellation of the SPL and the cytoarchitectonic mapping of the

SPL. The overlap for each SPL subregion was separately
computed between the cytoarchitectonic mapping and the
anatomical, resting state, and coactivation connectivitybased parcellations (Fig. 2). The left subregions of the SPL
showed a high level of consistency in Clusters 1, 2, and 5
(Cluster 1: DTI, 79.66%, Resting state, 93.22%, Coactivation, 55.08%; Cluster 2: DTI, 68.63%, Resting state, 77.86%,
Coactivation, 85.42%; Cluster 4: DTI, 47.57%, Resting state,
85.11%, Coactivation, 87.15%). However, the overlap
between the anatomical connectivity-based parcellation
and the cytoarchitectonic mapping was very low for Clusters 3 and 4 (Cluster 3: DTI, 14.82%, Resting state, 24.91%,
Coactivation, 42.11%; Cluster 4: DTI, 12.28%, Resting state,
37.48%, Coactivation, 32.49%). The right subregions of the
SPL showed a high level of overlap between the
connectivity-based parcellation and the cytoarchitectonic
mapping for all subregions (Cluster 1: DTI, 39.23%, Resting state, 60.39%, Coactivation, 66.77%; Cluster 2: DTI,
43.84%, Resting state, 87.58%, Coactivation, 81.73%; Cluster
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frontal gyrus, but, unlike L5, no connection was found
with the cerebellum (Fig. 3).

3: DTI, 67.06%, Resting state, 64.71%, Coactivation, 55.29%;
Cluster 4: DTI, 30.97%, Resting state, 38.45%, Coactivation,
43.31%; Cluster 5: DTI, 56.22%, Resting state, 39.27%,
Coactivation, 73.76%).

Whole-Brain Coactivation Connectivity
The whole-brain coactivation connectivity pattern for
each subregion was obtained using MACM analysis. The
coactivation connectivity pattern for each subregion was
very consistent with each resting-state FC pattern (Fig. 2).
For L1 and R1, the coactivation connectivity was primarily
found in the postcentral gyrus, PMd and PMv, inferior
frontal gyrus, middle frontal gyrus, posterior ITG, supplementary motor area (SMA), and IPL. For L2 and R2, the
primary coactivation connectivity was observed in the
PMd and PMv, SMA, superior temporal sulcus, and cerebellum. L3 and R3 primarily coactivated with the ventral
and PMd, inferior frontal gyrus, middle frontal gyrus,
frontal eye field, SMA, posterior ITG, and visual cortex.
The coactivated brain areas for L4 and R4 were similar to
those of the third subregions (L3 and R3), but L4 and R4
did not connect with the visual cortex but had additional
connectivity with the anterior middle frontal gyrus. Moreover, different coactivation patterns were found for L4 and
R4, in that L4 additionally coactivated with the superior
temporal sulcus and cerebellum, whereas R4 additionally
coactivated with the visual cortex. The brain areas that
coactivated with L5 and R5 were primarily in the frontal
eye field, middle and inferior frontal gyrus, SMA, posterior ITG, and visual cortex.

Whole-Brain Structural Connectivity
We mapped the whole-brain structural connectivity of
each subregion of the SPL. The whole-brain structural connectivity revealed different whole-brain connectivity patterns for each subregion. The primary anatomical
connections for the first left and right subregions (L1, R1)
were in the postcentral gyrus, inferior parietal lobule
(IPL), insula, and inferior frontal gyrus via the superior
longitudinal fasciculus (SLF) II and extreme capsule (EmC)
[Makris et al., 2005; Makris and Pandya, 2009]. The structural connectivity patterns of L2 and R2 were primarily to
the insula, inferior frontal gyrus, contralateral parietal cortex, and brainstem through the EmC, corpus callosum
(CC), and corticospinal tract. L3 and R3 primarily connected with the IPL, inferior frontal gyrus, insula, and contralateral posterior parietal cortex through the EmC and
CC. Unlike the R3, the most significant white matter pathway for L3 was the CC connected to the contralateral posterior parietal cortex. The connectivity patterns of L4 and
R4 were similar to those of L2 and R2, except that L4 and
R4 showed more connections with the contralateral superior temporal gyrus (STG) and fewer connections with the
contralateral posterior parietal cortex via the CC. The most
posterior subregions, L5 and R5, predominantly connected
with the STG, inferior frontal gyrus, insula, posterior hippocampus, and contralateral posterior parietal cortex via
the EmC and CC (Fig. 3).

Specific resting-state FC pattern for each subregion
We calculated the specific resting-state FC pattern for
each subregion to identify the unique connectivity of each
cluster Figure 4. L1 and R1 particularly connected with the
bilateral ventral and PMd, supramarginal gyrus, and postcentral gyrus. L1 has additional connections with the left
anterior STG, whereas R1 has additional connections with
the bilateral posterior ITG. L2 and R2 were particularly
connected with the bilateral STG, postcentral gyrus, and
SMA. L3 and R3 had connections with the frontal pole
and posterior parietal cortex. L3 had additional connections with the left posterior ITG, left cerebellum, right dorsolateral prefrontal cortex, and frontal polo. L4 had
connections with the bilateral posterior ITG and superior
occipital gyrus, whereas R4 particularly connected with
the bilateral cerebellum and PMd. L5 particularly connected with the left PMd, bilateral SPL, and tempoparietal
junction area. R5 particularly connected with the left inferior frontal sulcus (IFS), dorsolateral prefrontal cortex,
frontal polo, IPL, middle ITG, and bilateral cerebellum.

Whole-Brain Resting-State FC
The whole-brain resting-state FC of each subregion, as
identified by connectivity-based parcellation, was mapped
to reveal its intrinsic functional organization (Fig. 3). The
resting-state FC patterns of the SPL subregions were very
similar to those of the structural connectivity patterns. For
L1 and R1, the primary functional connections were in the
precentral gyrus, postcentral gyrus, IPL, posterior inferior
temporal gyrus (ITG), and cerebellum. L2 and R2 were
primarily correlated with the postcentral gyrus, dorsal premotor cortex (PMd), anterior STG, posterior ITG, and cerebellum. L3 and R3 were primarily functionally connected
with the anterior inferior frontal gyrus, frontal eye field,
PMd, and posterior ITG. The functional correlated brain
areas for L4 and R4 were found in the PMd, supramarginal gyrus, posterior ITG, and cerebellum. L5 and R5 primarily connected with the frontal eye field, middle frontal
gyrus, anterior inferior frontal gyrus, and posterior ITG.
Comparing L5 and R5, we found that R5 had additional
contralateral connections with the frontal eye field, middle
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Specific coactivation connectivity patterns of each
subregion
We also mapped the specific coactivation connectivities
of each SPL subregion Figure 5. The specific connections
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Figure 3.
Whole-brain structural, resting-state functional, and coactivation
connectivity patterns for each subregion. Whole-brain population
maps of the probabilistic tractography results for each subregion of
the SPL. The main tract pathways include the SLF, extreme capsule
(EmC), and corpus callosum (CC). Whole-brain resting-state functional connectivity patterns for each cluster were obtained using
one sample t-tests (thresholded at P < 0.05, cluster-level FEW-cor-

rected, cluster-forming threshold at voxel-level P < 0.001). The
whole-brain coactivation connectivity pattern for each subregion of
the SPL was obtained using meta-analytical connectivity modeling
(MACM) analyses (thresholded at P < 0.05, cluster-level FEW-corrected, cluster-forming threshold at voxel-level P < 0.001). [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 4.
Specific resting-state functional connectivity pattern of each SPL subregion. Regions show significantly more resting-state connectivity with a given cluster than with any of the other four clusters.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

shared connectivity in the PMd and PMv, posterior MT
gyrus, IPL, and SMA. For L2 and R2, the shared connectivity was primarily observed in the PMd and SMA. R2 additionally connected with the PMv, STG, and posterior ITG.
The conjunction between the two types of connectivity for
L3 and R3 was found in the PMd, PMv, posterior IFS, and
posterior ITG. The overlap between the functional and
coactivation connectivities of L4 and R4 was primarily in
the PMd. R4 had a shared connected with the PMv, V3,
and posterior ITG. The shared functional and coactivation
connectivity for L5 and R5 was predominantly in the PMd
and PMv, and connectivity with the MT and IFS was also
observed for R5 (Fig. 6).
Quantitative analyses were performed between the
resting-state functional network and the coactivationderived network (Fig. 7). High correlation coefficients were
obtained between the two networks, further demonstrating
the correspondence between the resting-state and task conditions (Left: L1, r 5 0.7422, L2, r 5 0.8529, L3, r 5 0.5253, L4,
r 5 0.6441, L5, r 5 0.8048; Right: R1, r 5 0.9166, R2,
r 5 0.8609, R3, r 5 0.8099, R4, r 5 0.8018, R5, r 5 0.6677).

for L1 were in the bilateral posterior superior/IPL, right
superior occipital gyrus, and posterior ITG, whereas R1 was
specifically connected with the left posterior STG, anterior
middle temporal (MT) gyrus, and right supramarginal
gyrus. L2 particularly connected with the left PMv and
PMd, supramarginal gyrus, and right intraparietal sulcus,
whereas R2 particularly connected with the left PMv and
posterior SPL. L3 and R3 specifically connected with the
left PMd, whereas R3 additionally connected with the left
posterior angular gyrus. L4 particularly connected with
bilateral inferior frontal gyrus, PMv, right supramarginal
gyrus, and posterior ITG, whereas R4 specifically connected
with the supplementary motor cortex, bilateral intraparietal
sulcus, left PMd, and right supramarginal gyrus. L5 had
connections with the left PMd, cerebellum, and bilateral
posterior ITG. R5 connected with the supplementary motor
cortex, bilateral inferior frontal gyrus, PMv, IFS, posterior
ITG, middle occipital gyrus, and right PMd.

Overlap Network
We mapped the intersection of the resting-state functional and coactivation connectivity patterns to characterize the correspondence between the resting-state and task
functional networks. This intersection was mapped by
determining the connectivity shared by both types of networks (Fig. 6). Subregion 1 (L1 and R1) showed this
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Functional Characterization: Behavioral Domain
and Paradigm Analysis
In addition, we used quantitative forward and reverse
inferences on the behavioral domains and paradigm
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Figure 5.
Specific coactivation connectivity pattern of each SPL subregion. Regions significantly more coactivated with a given subregion than with any of the other subregions. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

vision motion, space, vision shape, working memory, motor
learning, execution, and attention (Figs. 8 and 9).

classes to determine the functional organization of all the
subregions in the SPL. The significant activation probabilities
within a subregion given a certain taxonomic label (forward
inference) and the significant probability of domain and paradigm occurrences given activation in a certain subregion
(reverse inference) were recorded (Figs. 8 and 9). Functional
characterization revealed that the two anterior subregions
primarily participated in action processes, whereas the posterior three subregions primarily participated in visual perception and spatial cognition. In summary, the functions that
were significantly associated with L1 and R1 were vision
motion, observation, space, and execution. L1 was additionally associated with imagination, whereas R1 was additionally associated with vision shape, language orthography,
sexuality, and working memory. L2 and R2 were significantly associated with execution. In addition, R2 was associated with motor learning. For L3 and R3, the significantly
associated functions were vision shape and space. L3 additionally participated in reasoning, whereas R3 additionally
participated in vision motion and execution. L4 and R4 were
significantly associated with space, vision motion, working
memory, vision shape, and execution. L4 was also associated
with attention and reasoning, whereas R4 was also related to
imagination and observation. L5 was significantly associated
with vision motion, space, vision shape, attention, and working memory, whereas R5 was significantly associated with

r

DISCUSSION
A convergent functional architecture of the SPL was
revealed on the basis of different connectivity patterns
characterized using different neuroimaging modalities.
Furthermore, the function of each SPL subregion was also
determined using forward and reverse inference. Previous
studies have demonstrated correspondence between largescale networks defined by resting-state FC, task-related
coactivation [Cieslik et al., 2013; Eickhoff et al., 2011;
Jakobs et al., 2012; Laird et al., 2013; Smith et al., 2009;
Toro et al., 2008], and brain structural connectivity [Greicius et al., 2009; Mars et al., 2011]. This correspondence
was also found in the SPL subregions. In addition, our
findings also supported the hypothesis that the fundamental topographical organization of the brain can be revealed
using different connectivity patterns.

Connectivity-Based Parcellation
It has been well established that the functional segregation of the brain can be characterized by its external
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Figure 6.
Overlapping connectivity between resting-state functional and
coactivation connectivities. The intersection connectivity was calculated with whole-brain resting-state functional and coactivation
connectivities. We first obtained thresholded whole-brain resting-

state functional connectivity and coactivation connectivity maps
for each SPL subregion and then computed the intersection connectivity between the two modalities. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

connectivity patterns [Passingham et al., 2002]. Recently,
connectivity pattern-based parcellation has been widely
used to define the functional subregions of the brain. On
the basis of different structural connectivity patterns, Behrens et al. [2003] first parcellated the thalamus into component subregions and found that the different subregions
connected with different cortical lobes. Subsequently,
many cortical areas have been parcellated to define the
functional subregions and showed consistency with
cytoarchitectonic mapping [Anwander et al., 2007; Fan
et al., 2013; Li et al., 2013; Liu et al., 2013; Mars et al., 2011;
Wang et al., 2012; Zhang et al., 2014]. In addition to structural connectivity-based parcellation, resting-state FC
[Cohen et al., 2008; Kelly et al., 2012; Kim et al., 2010] and
task-dependent coactivation have also been used to identify the subregions of the brain [Bzdok et al., 2013b; Cauda
et al., 2012; Cieslik et al., 2013; Clos et al., 2013; Eickhoff
et al., 2011]. But this is the first time that any research has
explored the relationship between structural, functional,
and coactivation connectivity based on connectivity-based
parcellation using different neuroimaging modalities.

Based on different types of connectivity patterns, we
obtained the structural, functional, and coactivation topography of a brain area. This approach provides a new way
to explore the relationship between structure and function.
This, together with evidence of a strong correspondence
between the networks defined by resting-state FC, structural connectivity, and coactivation connectivity, suggests
that the fundamental brain architecture can be detectable
across multiple neuroimaging techniques. Despite considerable methodological variations, this convergent functional architecture suggests that the large-scale
connectivity patterns detected by these different methods
and modalities share a common basis [Kelly et al., 2012].
Parcellation of the SPL consistently identified five subregions using different structural, resting-state functional,
and coactivation connectivity patterns. The intersection
between the three types of whole-brain connectivity for
each subregion suggested that a common basis exists for
the different connectivities. This common connectivity of
each subregion may underlie the consistent parcellation of
the SPL using different modalities.
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tion of cortical networks during behavior shapes the
organized pattern of correlated spontaneous activity at rest
[Deco and Corbetta, 2011; Eickhoff and Grefkes, 2011;
Shirer et al., 2012]. In spite of the close congruence
between the anatomical and FC, some divergences were
observed. The observed discrepancies might have resulted
from different causes, such as systematic or unsystematic
measurement errors and noise or conceptual differences
between anatomical and FC [Eickhoff et al., 2011; Eickhoff
et al., 2010]. Anatomical and FC assess different properties
of the brain network. The former primarily show the direct
axonal connections, whereas the latter serve to characterize
the interacting nodes in the brain networks. Functionally
connected brain areas might not necessary link to each
other by direct axonal connections but via a relay structure. Relay connectivity, however, might also be transmitted through cascades of several intermediates or via
cortical-subcortical loops [Eickhoff et al., 2010], such as
attentional top-down modulation from the parietal cortex
to the primary visual cortex through the superior colliculus [Gilbert and Li, 2013]. In addition, divergence between
the task-independent rest-state and the task-dependent
coactivation connectivity was also noted. This divergence
may relate to fundamental differences between the two
states. Coactivation primarily delineates networks which
are concurrently recruited by a broad range of tasks and
should, therefore, be able to reflect robust patterns of coordinated activity in response to external task-demands,
whereas the resting-state function mainly reflects spontaneous networks related to self-initiated behavior [Eickhoff
and Grefkes, 2011]. Hence, the resting-state functional network cannot be completely mirrored by coactivation
networks.

Figure 7.
The Pearson cross-correlation analyses between the restingstate network and the coactivation network for each SPL subregion on the basis of resting-state fMRI data. First, the restingstate functional network and the coactivation network of each
SPL subregion were established. Then, the Pearson correlation
coefficient between the resting-state network and coactivation
network was calculated.

Convergence and Divergence of Connectivity
Patterns

Parcellation of the SPL
Structural heterogeneity of the SPL has been demonstrated in many previous studies, many of which proposed
different parcellation schemes for the SPL to characterize
its heterogeneity (Fig. 10). The SPL was first defined in the
Brodmann atlas as including two anteriorly to posteriorly
arranged subareas, BA 5 and BA 7 [Brodmann, 1909]. The
anterior BA5 has been described as primarily integrating
information from the somatosensory cortex and providing
the PMd with a spatial representation of the body parts
[Jones et al., 1978; Lacquaniti et al., 1995; Mountcastle
et al., 1975; Pandya and Seltzer, 1982]. The posterior BA7,
in contrast, was considered to receive input from the visual
cortex and provide visual information for the PMd in the
context of visually guided reaching movements [BattagliaMayer and Caminiti, 2002; Caminiti et al., 1996; Marconi
et al., 2001; Pandya and Seltzer, 1982]. Subsequently,
receptor distribution patterns and observer-independent
cytoarchitectonic mapping were also applied to explore
the subdivisions of the SPL, and five subregions were
identified [Scheperjans et al., 2008a; Scheperjans et al.,

The observed connectivity patterns for the SPL subregions are quite consistent across different modalities. The
presence of a consistent connectivity pattern between the
structural and functional connectivities indicates that functional networks are implemented by anatomical connectivity [Eickhoff et al., 2011; Honey et al., 2009]. This
concordance may also indicate that FC is structured by
anatomical connectivity and that neuronal activity reflects
direct physical connectivity [Deco et al., 2013; Zhang et al.,
2010]. Moreover, the concordance between the taskindependent resting-state and the task-dependent coactivation functional networks for the SPL subregions may support the hypothesis that task-independent connectivity
contributes to keeping functional systems in an active
state, thereby improving performance and control whenever FC is needed [van den Heuvel and Hulshoff Pol,
2010]. The presence of such convergent evidence between
the two different states strongly suggests that functional
coupling with this area along with the coordinated activa-
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Figure 8.
Behavioral domains and paradigm classes of the left SPL subregions.
Forward inference and reverse inference were used to determine
the functional organization of each subregion. The significant activation probabilities for each subregion with respect to a given

domain or paradigm and the significant probability of a domain’s or
paradigm’s occurrence given activation in a cluster are depicted
separately. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

2005a; Scheperjans et al., 2008b; Scheperjans et al., 2005b].
Recently, tractography-based parcellation was also applied
to parcellate the SPL into different regions, which showed

similar functional and anatomical connectivity [Mars et al.,
2011]. Each subregion possessed different functions. These
researchers found that the two anterior subregions, that
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Figure 9.
Behavioral domains and paradigm classes of the right SPL subregions. Forward inference and reverse inference were used to
determine the functional organization of each subregion. The significant activation probabilities for each subregion with respect to

a given domain or paradigm and the significant probability of a
domain’s or paradigm’s occurrence given activation in a cluster
are depicted separately. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

were approximately located on BA 5, primarily participated in visual and somatosensory stimulation, motion
processing, and reaching movements, whereas the three
posterior subregions primarily participated in visually

guided movement, guiding for the location of attention,
visuospatial attention, and oculomotor intention. However,
none of these studies directly investigated whether the
functional topography of the SPL would be consistent
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Figure 10.
Summary of the parcellation schemes for the superior parietal
lobule (SPL). Scheperjans et al. [2008] parcellated the SPL into
different subregions on the basis of different cytoarchitectonic
properties. Nelson et al. [2010] applied resting-state functional
connectivity to subdivide the left lateral parietal cortex (LLPC)
into different parts and identified the SPL. Subsequently, Barnes

et al. [2010] used similar procedures to parcellate the LLPC and
identified two similar subregions in the SPL in both adults and
children. Mars et al. [2011] parcellated the right parietal cortex
into subregions, identifying five subregions in the SPL. With permission. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

between different neuroimaging modalities. Such an investigation could provide important insights into ways to
identify brain function. Although all the aforementioned
studies parcellated the SPL using cytoarchitecture, receptor
distribution patterns, or different anatomical connectivity
patterns, the cortical network and functional organization
of each SPL subregion remained unknown. In addition,
given the asymmetry of the structure, anatomical connections, and functions of the SPL [Corbetta et al., 1993; Koch
et al., 2011; Scheperjans et al., 2008a], although Mars et al.
[2011] parcellated the right SPL based on different anatomical connectivity patterns, whether this parcellation scheme
for the right SPL could be directly extrapolated to the left
SPL was still unknown. Nelson et al. [2010] used resting-

state FC to parcellate the left lateral parietal cortex and
identified the SPL, but they did not further explore the
more fine-grained subdivisions of the SPL. In a subsequent
study, Barnes et al. [2012] subdivided the SPL into two
subregions from anterior to posterior in both adults and
children, but this parcellation of the SPL cannot well characterize the heterogeneity of the SPL.
To identify a consistent and symmetrical topographical
organization of the left and right SPLs, we used different
patterns of structural, resting-state functional, and coactivation connectivity to parcellate the SPL into subregions in
each hemisphere. The resting-state and task-related cortical
network and their corresponding anatomical basis were
established. The two anterior subregions (Clusters 1 and 2)
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tomical and functional subregions of brain areas using
noninvasive MRI techniques.

resemble cytoarchitectonic subregions 7PC and 5L, respectively. Visually guided visuomotor and observational processes were primarily associated with the anterior
Subregion 1, but the dorsal Subregion 2 was only related
to execution function, findings which matched previous
functional concepts about the two areas [Buccino et al.,
2001; Calvo-Merino et al., 2005; Calvo-Merino et al., 2006;
Culham et al., 2006]. This indicated that Subregion 2 was
involved in motor functions, per se. The functional characterization of the two subregions may suggest that the ventral Subregion 1 receives visual signals for action and the
dorsal Subregion 2 takes charge of the corresponding
motor output. This functional characterization for Subregions 1 and 2 is furthermore in agreement with the specific coactivation connectivity. The specific coactivation
connectivity for Subregion 1 was observed to be to the
posterior BA 44 and the IPL, which are related to action
observation [Caspers et al., 2010]. The specific coactivation
connectivity for Subregion 2 was observed to be with the
cerebellum, which is associated with motor function
[Stoodley et al., 2012]. The three posterior subregions
(Clusters 3, 4, and 5) resemble hIP3, 7A, and 7P, respectively [Scheperjans et al., 2008a]. These three subregions
were primarily associated with the functions of reasoning,
attention, and working memory. Reasoning was primarily
related to Subregions 3 and 4, whereas attention and
working memory were primarily related to Subregions 4
and 5. The paradigm analyses results indicated that reasoning and working memory were more likely to be associated with Subregions 3 and 4, respectively. The
functional characteristics for the two subregions were also
reflected in their connectivity patterns with the anterior
inferior frontal gyrus and IFS. The anterior inferior frontal
gyrus was primarily associated with reasoning, and the
IFS was primarily related to working memory [Goel and
Dolan, 2003; Nee et al., 2013]. The paradigm analyses
results indicated that Subregion 5 is more likely to participate in visual attention, especially attention shifting [Corbetta et al., 1995; Rushworth et al., 2001; Vandenberghe
et al., 2001; Wager et al., 2004]. This functional characterization for this area was also supported by its connectivity
with the visual cortex and bilateral frontal eye fields.
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