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Abstract: The nature of the relationship between structure and function is a fundamental question in
neuroscience, especially at the macroscopic neuroimaging level. Although mounting studies have
revealed that functional connectivity reflects structural connectivity, whether similar structural and
functional connectivity patterns can reveal corresponding similarities in the structural and functional
topography remains an open problem. In our current study, we used the right inferior parietal lobule
(RIPL), which has been demonstrated to have similar anatomical and functional connectivity patterns
at the subregional level, to directly test the hypothesis that similar structural and functional connectivi-
ty patterns can inform the corresponding topography of this area. In addition, since the association
between the RIPL regions and particular functions and networks is still largely unknown, post-hoc
functional characterizations and connectivity analyses were performed to identify the main functions
and cortical networks in which each subregion participated. Anatomical and functional connectivity-
based parcellations of the RIPL have consistently identified five subregions. Our functional characteri-
zation using meta-analysis-based behavioral and connectivity analyses revealed that the two anterior
subregions (Cl1 and Cl2) primarily participate in interoception and execution, respectively; whereas
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the posterior subregion (Cl3) in the SMG primarily participates in attention and action inhibition. The
two posterior subregions (Cl4, Cl5) in the AG were primarily involved in social cognition and spatial
cognition, respectively. These results indicated that similar anatomical and functional connectivity pat-
terns of the RIPL are reflected in corresponding structural and functional topographies. The identified
cortical connectivity and functional characterization of each subregion may facilitate RIPL-related clini-
cal research. Hum Brain Mapp 37:4316–4332, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Fundamental to understanding the mechanisms of infor-
mation processing in the human brain is relating structural
connections to functional activity. Many previous studies
have revealed that functional connectivity can reflect struc-
tural connectivity. Using empirical quantitative analyses of
interregional structural and functional connectivity cou-
plings, a number of previous studies revealed that dense
structural connectivity (SC) tends to be strongly connected
functionally [Hagmann et al., 2008; Honey et al., 2009;
Koch et al., 2002; Skudlarski et al., 2008]. In addition, stud-
ies using functionally guided white matter pathway trac-
tography demonstrated that functionally connected brain
areas also showed direct structural connections [Greicius
et al., 2009; Van den Heuvel et al., 2009]. Using computa-
tional modeling, a number of studies suggested that ongo-
ing brain spontaneous fluctuations are highly structured
[Deco et al., 2013, 2014; Honey et al., 2009].

The right inferior parietal lobule (RIPL) is one of the most
important areas of the ventral attention network, which is
largely lateralized to the right hemisphere [Corbetta and
Shulman, 2002]. Compared with the left IPL, the RIPL is
more involved in visuospatial attention processing, especially
in attention reorientation [Fan et al., 2005]. Recently, using
an anatomical connectivity-based parcellation approach,
Mars et al. [2011] demonstrated that subregions of the right
parietal cortex including the superior parietal lobule (SPL)
and IPL showed similar anatomical and functional connec-
tivity patterns. Subsequently, Wang et al. [2015b] utilized a
connectivity-based parcellation approach to reveal conver-
gent structural and functional architecture of the SPL. Thus,
we hypothesized that similar structural and functional con-
nectivity patterns of the RIPL can inform the corresponding
topographical architecture of this area.

A connectivity-based parcellation approach is currently
the best way to test whether the RIPL has corresponding
structural and functional topographies. Recently,
connectivity-based parcellation has been widely used to
define functional subregions of the brain. On the basis of dif-
ferences in their structural connectivity patterns, many corti-
cal and subcortical areas have been parcellated to define
their functional subregions [Anwander et al., 2007; Behrens
et al., 2003; Fan et al., 2013; Johansen-Berg et al., 2004; Li et al.,
2013; Liu et al., 2013; Mars et al., 2011; Neubert et al., 2014;

Sallet et al., 2013; Wang et al., 2012, 2015a, b; Zhang et al.,
2014]. In addition to structural connectivity-based parcella-
tion, resting-state functional connectivity [Cohen et al., 2008;
Craddock et al., 2012; Kelly et al., 2012; Kim et al., 2010; Nebel
et al., 2014; Wang et al., 2015b] has been used to identify sub-
regions of brain. Using different types of connectivity pat-
terns and then comparing the results could yield structural
and functional topographies of brain areas and provide a
new way to explore the relationship between structure and
function.

Several previous studies have parcellated the RIPL using
different modalities. Caspers et al. [2006] parcellated the IPL
into seven subregions in both the left and right IPLs based
on their regional cytoarchitectonic properties. Subsequently,
Caspers and her colleagues demonstrated that the seven
cytoarchitectonic subregions can be grouped into three clus-
ters which have different receptor distribution patterns
[Caspers et al., 2013]. Using an anatomical connectivity-
based parcellation, Mars et al. [2011] subdivided the right
parietal cortex into component subregions and identified five
subregions in the RIPL, a parcellation scheme which was
further supported by Wang and his colleagues’ study [Wang
et al., 2012]. Recently, Ruschel et al. parcellated the IPL into
three subregions based on different anatomical connectivity
patterns [Ruschel et al., 2014]. Although these previous stud-
ies proposed fine-grained subdivisions of the RIPL, the asso-
ciation between these RIPL subregions and specific functions
and networks remains an open question.

The goal of this study was to test the hypothesis that
similar structural and functional connectivity patterns can
inform the corresponding topography using connectivity-
based parcellation approaches. In addition, because of the
lack of a detailed functional network investigation of the
RIPL, we mapped the network that each subregion partici-
pated in using multimodal connectivity analyses. We also
characterized the detailed functions that each subregion
was involved in using a meta-analysis of behavioral
domains and paradigms based on the BrainMap database.

MATERIALS AND METHODS

Definition of the Regions of Interest

The RIPL was defined on the basis of probabilistic
cytoarchitectonic maps [Caspers et al., 2008], and a
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maximum probability map (MPM) was calculated using
the SPM Anatomy Toolbox [Eickhoff et al., 2005] (Fig. 1A).
A definition of the RIPL that is based on a probabilistic
cytoarchitectonic map can retain quantitative inter-subject
variability information. Next, the RIPL seed mask in MNI
space was transformed into each participant’s individual
diffusion space for fiber tracking and was resampled into
3 mm cubic voxels for the resting-state functional connec-
tivity analyses.

Subjects

Ninety-six healthy, right-handed, undergraduate stu-
dents subjects (55 males and 41 females, mean age 5 20.5
years, standard deviation 5 0.58) were recruited via adver-
tisement. 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 before the MRI scanning. The study
was in accordance with the latest revision of the declara-
tion of Helsinki and had full ethical approval 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 non-
collinear diffusion gradients (b 5 1000 s/mm2) and 3 non-
diffusion-weighted images (b 5 0 s/mm2). A diffusion MRI
for each participant was scanned using the following
parameters: 75 slices, acquisition matrix 5 128 3 128, flip
angle (FA) 5 908, voxel resolution: 2 3 2 3 2 mm3, and no
gap. Sagittal 3D T1-weighted images were also acquired
(TR/TE 5 8.16/3.18 ms; inversion time 5 800 ms; FA 5 78;
FOV 5 256 mm 3 256 mm; 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 and cushions were used to
reduce head motion. Two hundred and fifty-five volumes
of echo planar images were acquired (repetition time-
5 2,000 ms, echo time 5 30 ms; no gap; 40 axial slices,
voxel size, 3.75 3 3.75 3 4 mm3).

Diffusion MRI Data Preprocessing

The data were preprocessed using the FSL software
(http://www.fmrib.ox.ac.uk/fsl). Eddy currents and head
motions were corrected. Skull-stripped T1-weighted
images for each subject were co-registered to the subject’s
non-diffusion-weighted image (b 5 0 s/mm2) using a sta-
tistical parametric mapping (SPM8) package (http://www.
fil.ion.ucl.ac.uk/spm). Next, the obtained T1 images (rT1)
in diffusion space were transformed to the Montreal Neu-
rological Institute (MNI) structural template. Finally, an
inverse transformation was performed to transform the

seed masks of the RIPL into the diffusion space for each
subject for fiber tracking.

Resting-State fMRI Data Preprocessing

Preprocessing of the resting-state fMRI data was carried
out using scripts provided by the 1,000 Functional Connec-
tomes Project (www.nitrc.org/projects/fcon_1000) utilizing
both the FSL and AFNI (http://afni.nimh.nih.gov/afni)
softwares. To allow for magnetization equilibrium, the first
10 volumes were discarded. The slice timing for the
remaining images was corrected, and the images were
realigned to the first volume for head motion correction.
The data from all the subjects with a maximum displace-
ment of less than 1.5 mm and an angular motion of less
than 1.58 were used in this study. On the basis of these cri-
teria, 20 subjects were eventually discarded, and the data
for the remaining 76 subjects were used for the subsequent
analyses. All of the fMRI images were further normalized
to the Montreal Neurological Institute (MNI) space using a
structural MRI-based registration and were resampled to a
3 mm cubic voxel. Then, all the functional images were
smoothed using a Gaussian kernel of 6 mm full-width at
half maximum (FWHM). Finally, six motion parameters
and the white matter, cerebrospinal fluid, and global mean
signals were regressed out and filtered with a temporal
band-path of 0.01–0.1 Hz.

First Set of Analyses: Connectivity-Based

Parcellation of the RIPL

Anatomical connectivity-based parcellation

of the RIPL

Diffusion probabilistic tractography was performed
using the FSL package. Probability distributions were esti-
mated for two fiber directions at each voxel [Behrens
et al., 2007]. Probabilistic tractography was applied by
sampling 5,000 streamline fibers in each voxel in the seed
region to estimate the connectivity probability. To facilitate
data storage and analysis, all of the connectivity patterns
for each voxel were down-sampled to 5 mm isotropic vox-
els. The connectivity matrix consisted of rows indicating
each RIPL voxel and columns representing each voxel of
the whole brain (Fig. 1B). From this connectivity matrix, a
symmetric cross-correlation matrix was generated (Fig.
1C). The size of this cross-correlation matrix was the num-
ber of voxels in the RIPL seed mask 3 the number of vox-
els in the RIPL seed mask of the RIPL, and the (i, j)th
element value is the correlation between the connectivity
profile of the RIPL voxel i and the connectivity profile of
the RIPL voxel j [Johansen-Berg et al., 2004].

The similarity matrix was then grouped using spectral
clustering for automated clustering to define different
numbers of clusters from 2 to 9 [Fan et al., 2014; Wang
et al., 2012, 2015a, b]. Then, the maximum probability map
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Figure 1.

Overall flowchart of this study. A. The right inferior parietal lob-

ule (RIPL) mask was defined by probabilistic cytoarchitectonic

maps using SPM Anatomy toolbox. B. Probabilistic tractography

was performed from each voxel in the seed area and yielded a

connectivity matrix between all voxels in the seed mask and each

brain voxel. C. These anatomical connectivity matrices were then

used to generate a symmetric cross-correlation matrix, which

was then segmented for automated clustering to define different

clusters/subregions. D. The overlap degree was calculated across

all the subjects’ parcellations at each cluster solution. E. The

resting-state functional connectivity (RSFC) between each voxel in

the seed area and each brain voxel was calculated to obtain a

functional connectivity matrix. F. These RSFC matrices were then

used to calculate a symmetric cross-correlation matrix using eta2.

G. The overlap degree across all the subjects’ parcellations at

each cluster solution was computed to obtain the optimal num-

ber of clusters. H. The overlap degree between the maximum

probability maps (MPM) yielded by anatomical and RSFC based

parcellations was calculated and used to provide a complementary

reference for determining the number of clusters. I. Statistical

tests were used to detect significant overlap between the struc-

tural and functional connectivity-based parcellations of the RIPL.

The negative logarithm of the statistical P-values was calculated

and the biggest negative logarithm of the P-values was considered

to be the optimal overlap across all the subjects. J. Anatomical

and RSFC patterns-based parcellation approached were used sep-

arately to define the subregions. In this way the optimal five-way

parcellation of the RIPL and the MPM for each subregion were

calculated. The overlap of the MPMs yielded by the anatomical

and RSFC-based parcellations was obtained and used to guide the

subsequent analyses. K. The anatomical, RSFC, and task-related

coactivation patterns for each RIPL subregion were mapped to

identify the cortical network in which each subregion participated.

L. A functional characterization, obtained using a meta-analysis of

data from the BrainMap database, was used to determine the

main functions for each RIPL subregion. [Color figure can be

viewed at wileyonlinelibrary.com]
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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 MNI152 template in MNI space. The maximum
probability map, which used all the subjects’ parcellation
results in MNI space, 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; Wang et al.,
2012].

Functional connectivity-based parcellation

To explore whether the RIPL has similarities between its
structural and its functional topographies, we utilized
resting-state functional connectivity patterns to subdivide
the RIPL into different subregions. First, the RIPL seed
masks were resampled into 3 mm cubic voxels, and the
functional connections, computed using Pearson correla-
tion coefficients between each voxel in the seed area and
the other voxels in the rest of the brain, were calculated
for each subject. Then, these functional connectivity maps
were converted to z-score maps using the Fisher z trans-
form (Fig. 1E). The similarity between the functional con-
nectivity maps for every pair of voxels within the RIPL
was computed using eta2 [Cohen et al., 2008; Kelly et al.,
2012; Nebel et al., 2012; Wang et al., 2015b]. This resulted
in a correlation matrix in which the elements were the
fraction of the variance in one functional connectivity map
that was accounted for by the variance in a second func-
tional connectivity map (Fig. 1F). The cross-correlation
matrix was permutated using a spectral clustering method
to parcellate the RIPL into 2–9 subregions [Fan et al., 2014;
Wang et al., 2012, 2015a, b]. Next, the maximum probabili-
ty map was created for each solution across all the
subjects.

eta2 5 12
SSwithin

SScombined
5 12

Xn

i51
ðai2miÞ21ðbi2miÞ2Xn

i51
ðai2 MÞ21ðbi2 MÞ2

where, ai and bi are the values at position i in the function-
al connectivity maps a and b, respectively, mi is the mean
value of the two functional connectivity maps at position i,
and �M is the grand mean across all locations in both corre-
lation maps.

Determining the number of clusters

In this study, we used the generalized Dice coefficient
as an index to determine the final number of clusters
[Dice, 1945; Wang et al., 2015b]. The maximum consistency
across all the subjects’ parcellation results obtained from
the anatomical or resting-state functional connectivity pat-
terns was set as the optimal number of clusters. In

addition, we calculated the overlap degree between the
maximum probability maps yielded by an anatomical or
resting-state functional connectivity-based parcellation to
provide the results of a complementary method as a refer-
ence for determining the number of clusters.

Dice coefficient 5
A \ B

A [ B

In addition, we used a statistical analysis to determine the
amount of significant overlap between the structural and
functional connectivity-based parcellations of the RIPL.
The main procedures were as follows: First, we registered
the structural connectivity-based parcellation results for
the RIPL in diffusion space to the standard MNI space.
Then, we re-sampled the structural connectivity and func-
tional connectivity-based parcellation results into 1 mm
cubic voxels. Next, we calculated the degree of overlap
between the structural and functional connectivity-based
parcellations of the RIPL in each subject. Subsequently, a
one-sample t-test was used to determine the significance
and a P-value was obtained. Finally, the negative loga-
rithm of the P-values was calculated to detect the signifi-
cance, and the biggest negative logarithm of the P-value
was considered to be the optimal overlap across all the
subjects. The optimal solution for RIPL was used to guide
the further analyses.

Second Set of Analyses: Connectivity and

Functional Characterization of the RIPL

Subregions

Whole brain structural connectivity patterns

To investigate the relationship between structure and
function, we mapped the whole brain structural, resting-
state functional, and task-related coactivation patterns for
each of the derived clusters (Fig. 1K). To map the whole
brain anatomical connectivity pattern of each subregion of
the RIPL, we transformed the seed masks to diffusion
space and used Probtracking [Behrens et al., 2003] to
obtain the connectivity probability between each subregion
of the RIPL and all the other voxels in the brain. We drew
5,000 samples from the connectivity distribution for each
voxel and calculated the connection probability for each
voxel. Finally, we transformed the identified fiber tracts
into MNI space and averaged all the connection probabili-
ty maps to obtain a mean probability connectivity map for
each subregion.

Whole brain resting-state functional connectivity

To determine the whole brain resting-state functional
connectivity (RSFC) patterns for each subregion, we first
resampled the subregions to 3 mm cubic voxels in MNI
space. In the current study, the FC was defined by the cor-
relations between the time series. The Pearson correlation
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coefficients between the mean time series for each seed
region and the mean time series for each voxel of the
whole brain were calculated for each subject and then con-
verted 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 signifi-
cant correlations with the seed region. Finally, the func-
tional connectivity map was thresholded at a cluster-level
FWE-corrected threshold of P< 0.05 (cluster-forming
threshold at voxel-level P< 0.001)

Whole brain coactivation connectivity

The task-dependent co-activated functional connectivity
of each subregion was mapped using a structure-based
meta-analysis and meta-analytic connectivity modeling
(MACM) approach [Eickhoff et al., 2010; Laird et al., 2013;
Robinson et al., 2010]. The data was obtained from the
BrainMap database and included the data that had at least
one focus of activation in a particular connectivity-based
parcellation-yielded subregion. Structure-based meta-anal-
yses are based on the co-occurrence of spatially separate
neurophysiological events. The main procedures of the
MACM analyses were as follows. First, we retrieved for
each of the subregions yielded by a tractography-based
parcellation all of the studies from the BrainMap database
that reported activation within that particular subregion.
Note that we considered all eligible BrainMap experiments
because any pre-selection based on taxonomic categories
would have constituted a strong a priori hypothesis about
how brain networks are organized. However, how well
psychological constructs, such as emotion and cognition,
map regional brain responses is unclear. In other words,
the experiments we used were defined purely based on
location not by the type of experiment or the contrast they
probed in yielding unbiased maps of whole-brain co-acti-
vations. In turn, the subsequent functional characterization
then probed the types of the paradigm classes and behav-
ioral domains that were featured by the experiments that
activated each subregion. Then, an activation likelihood
estimation (ALE) meta-analysis was performed on the
obtained experiments, and statistical inference calculations
were done to establish which brain regions were signifi-
cantly coactivated with a particular subregion of the RIPL.
The key idea behind ALE is to treat the foci reported in
the associated experiments not as single points but as cen-
ters for 3D Gaussian probability distributions that reflect
the spatial uncertainty associated with neuroimaging
results. For each experiment, the probability distributions
for all the reported foci were then combined into a mod-
eled activation (MA) map for that particular experiment.
The voxel-wise union of these MA (modeled activation)-
values for all the experiments associated with a particular
seed voxel then yielded an ALE score for each voxel of the
brain that describes the co-activation probability of that
particular location with the current seed voxel. No

threshold was applied to retain the complete pattern of co-
activation likelihood [Eickhoff et al., 2009]. The ALE score
for the MACM analysis of each cluster was compared
with 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 above-chance conver-
gence between experiments rather than the clustering of
foci within a particular experiment. The observed ALE
scores from the actual meta-analysis of the experiments
activated within a particular subregion were then tested
against the ALE scores obtained under this null-
distribution, yielding a P-value based on the proportion of
the equal or higher random values [Eickhoff et al., 2012].
These non-parametric P-values were converted to z-scores
and thresholded at P< 0.05 (cluster-level FWE-corrected,
cluster-forming threshold at voxel-level P< 0.001).

Overlap and specific networks

We mapped the overlap networks formed by overlap-
ping the RSFC and coactivation networks. To calculate the
overlap network shared by the whole brain RSFC patterns
and the coactivation patterns for each subregion, we ini-
tially computed whole brain RSFC and task-related coacti-
vation networks for each RIPL subregion, as described
above. Next, both the coactivation and the RSFC maps
were thresholded at a FWE-corrected cluster-level thresh-
old of P< 0.05 (cluster-forming threshold at a voxel-level
P< 0.001). Finally, a conjunction analysis (i.e., the intersec-
tion connectivity analysis) was performed to calculate the
overlap between the two networks for each subregion.

In addition, we mapped the specific overlap networks
for each subregion to reveal the unique RSFC and task-
dependent coactivation patterns. The specific networks
were the brain areas that were significantly more coupled
with a given subregion than with any of the others.

Functional characterization: behavioral

domain analysis

The functional characterization of the connectivity-based
parcellation-yielded subregions was used to identify the
main functions for each subregion based on analyses of
the behavioral domains and paradigm classes in the Brain-
Map database (Fig. 1L). The behavioral domain analysis
results included five behavioral domains (Action, Cogni-
tion, Emotion, Interoception, and Perception) and 51
behavioral sub-domains. Paradigm class analyses primari-
ly categorize the specific task employed. A functional
characterization of each subregion yielded by the
connectivity-based parcellation was determined using for-
ward inferences [Bzdok et al., 2013; 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 about psychological processes.
Based on the forward inference approach, a subregion’s
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functional profile was determined by identifying the taxo-
nomic labels (domains or subdomains) for which the prob-
ability of finding activation in a specific subregion was
significantly higher than the overall chance (across the
entire database) of finding activation in that particular sub-
region. The 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].

RESULTS

First Set of Analyses: Connectivity-Based

Parcellation of the RIPL

Correspondence between the structural and

functional topographies of the RIPL

In this study, we tested whether similar anatomical and
functional connectivity patterns could reveal correspond-
ing similarities in the structural and functional topogra-
phies of the RIPL using a connectivity-based parcellation
approach. The overall approach of the study is shown in
Figure 1. The maximum consistency across all the subjects’
parcellation results obtained from the anatomical or
resting-state functional connectivity patterns identified the
optimal five subregions of RIPL (Fig. 1D,G). In addition,
the overlap degree between the maximum probability
maps yielded by an anatomical or resting-state functional
connectivity-based parcellation also identified the optimal
five-way parcellation of RIPL (Fig. 1H), and the subsequent
statistical test for the overlap across all the subjects also
revealed that the five-way parcellation of the RIPL was the
optimal one (Pk 5 2 5 2.0883 3 10218, Pk 5 3< 9.3180 3 10214,
Pk 5 4< 2.0487 3 10215, Pk 5 5< 3.2635 3 10222, Pk 5 6<
6.9076 3 10216, Pk 5 7< 7.4746 3 10212, Pk 5 8< 5.1004 3

10214, Pk 5 9< 3.6401 3 10213) (Fig. 1I). These analyses
revealed a five-way parcellation of the RIPL as the optimal
solution, which was used to guide the further analyses
(Fig. 1J). The anatomical and functional topographies of the
RIPL were found to be consistent with the cytoarchitectonic
maps of this area by calculating the overlap degree between
each RIPL subregion yielded by the connectivity-based par-
cellation and each cytoarchitectonic subregion (Fig. 2). The
consensus of the RIPL parcellation results was: The most
anterior clusters were Cluster 1 (gray/Cl1) and Cluster 2
(light blue/Cl2), which were posterior to the postcentral sul-
cus. Cluster 1 was ventral to Cluster 2 and corresponded to
the cytoarchitectonically defined area PFcm [Caspers et al.,
2008] (Fig. 2), whereas the dorsal Cluster 2 was similar in
location to the cytoarchitectonically defined area PFt
[Caspers et al., 2008] (Fig. 2). Cluster 3 (dark green/Cl3) was
posterior to Cluster 2 and resembled area PFm [Caspers
et al., 2008], as defined by cytoarchitecture (Fig. 2). Cluster 4
(green/Cl4) was located on the anterior AG and was similar
in location to the cytoarchitectonically defined area PGa
[Caspers et al., 2008] (Fig. 2). The most posterior cluster in
the RIPL was Cluster 5 (red/Cl5), which resembled

cytoarchitectonic subdivision PGp [Caspers et al., 2008] (Fig.
2). Furthermore, the consensus structural and functional top-
ographies of the RIPL were also consistent with a previous
anatomical connectivity patterns-based parcellation of the
right parietal cortex, which also identified five RIPL subre-
gions arranged rostrally to caudally [Mars et al., 2011].

Second Set of Analyses: Connectivity and

Functional Characterization of the RIPL

Subregions

Whole brain anatomical connectivity

The whole brain structural connectivity patterns of each
subregion of the RIPL were mapped using probabilistic
tracking (Fig. 3B). In addition, we randomly selected five
subjects’ tracking results in individual diffusion space and
displayed them on the individual diffusion images (Sup-
porting Information Fig. S1). For the first subregion (Cl1),
the primary anatomical connections were found in the
bilateral parietal opercula, superior and middle temporal
gyri, inferior frontal gyrus, insula, caudate, superior parie-
tal lobule, and thalamus via the corpus callosum (CC), cor-
ticospinal tract (CST), superior longitudinal fasciculus
(SLF) III, and extreme capsule (EmC) [Makris et al., 2005;
Makris and Pandya, 2009]. The structural connectivity pat-
terns of Cl2 were found to primarily connect to the superi-
or parietal lobule, postcentral gyrus, inferior frontal gyrus,
insula, ventral and dorsal premotor cortex, superior
temporal gyrus, posterior middle temporal gyrus, inferior
temporal gyrus, caudate, and thalamus through the SLFII,

Figure 2.

Overlap between the RIPL subregions defined using a

connectivity-based parcellation and cytoarchitecture. The quanti-

tative overlap between the overlap of each subregion yielded by

anatomical connectivity and the RSFC-based parcellation and

each cytoarchitectonic subregion of RIPL was computed. [Color

figure can be viewed at wileyonlinelibrary.com]
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Figure 3.

Whole brain anatomical, resting-state functional, and coactiva-

tion connectivity patterns for each subregion of the right inferi-

or parietal lobule (RIPL). A. Each subregion of the RIPL was

overlaid on the structural template. B. Whole brain population

maps of the probabilistic tractography results of each subregion

of the RIPL. The main tract pathways include the superior longi-

tudinal fasciculus (SLF), extreme capsule (EmC), corticospinal

tract (CST), and corpus callosum (CC). C. Whole brain resting-

state functional connectivity patterns for each cluster were

obtained using one sample t-tests (thresholded at P< 0.05,

cluster-level FWE-corrected, cluster-forming threshold at voxel-

level P< 0.001). D. The whole brain coactivation connectivity

pattern for each subregion of the RIPL was obtained using meta-

analytical connectivity modeling (MACM) analyses (thresholded

at P< 0.05, cluster-level FWE-corrected, cluster-forming thresh-

old at voxel-level P< 0.001). [Color figure can be viewed at

wileyonlinelibrary.com]
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SLFIII, EmC, inferior longitudinal fascicules (ILF), CC, and
CST. Cl3 primarily connected with the inferior frontal
gyrus, insula, superior parietal lobule, postcentral gyrus,
ventral and dorsal premotor cortices, middle frontal gyrus,
posterior middle temporal gyrus, inferior temporal
gyrus, caudate, and thalamus. The connectivity patterns of
Cl4 were mainly with the inferior and middle frontal gyri,
anterior insula, posterior middle temporal gyrus, inferior
temporal gyrus, caudate, and thalamus via the ILF, SLFII,
SLFIII, and CST. The most posterior subregion, Cl5, pre-
dominantly connected with the superior, middle, and infe-
rior temporal gyri, superior and middle frontal gyri,
insula, caudate, and thalamus via the ILF, SLFI, SLFII
and CST.

Whole brain resting-state functional connectivity

The whole brain resting-state functional connectivity of
each subregion identified by connectivity-based parcella-
tion was mapped to reveal its intrinsic functional organi-
zation (Fig. 3C). The resting-state functional connectivity
patterns of the RIPL subregions were very similar to those
of the structural connectivity patterns. For Cl1, the prima-
ry functional connections were found to be with the bilat-
eral inferior frontal gyrus, anterior middle frontal gyrus,
insula, precentral and postcentral gyri, superior temporal
gyrus, posterior middle temporal gyrus, supplementary
motor area, anterior cingulate cortex, caudate, and thala-
mus. Cl2 was primarily correlated with the bilateral inferi-
or and middle frontal gyri, postcentral and precentral gyri,
posterior middle and inferior temporal gyri, supplementa-
ry motor area, anterior cingulate cortex, caudate, and thal-
amus. Cl3 was primarily functionally connected with the
superior, middle, and inferior frontal gyri, medial anterior
frontal cortex, anterior and posterior cingulate cortex, and
thalamus. The functionally correlated brain areas for Cl4
were in default mode network-related areas including the
dorsolateral prefrontal cortex, anterior temporal gyrus,
precuneus, and medial prefrontal cortex. Cl5 mainly con-
nected with the superior and middle frontal gyri, frontal
pole, inferior temporal gyrus, medial frontal cortex, precu-
neus, thalamus, and parahippocampus.

Whole brain coactivation connectivity

The whole brain coactivation connectivity pattern for
each subregion was obtained using meta-analysis connec-
tivity modeling (MACM). The coactivation connectivity
pattern for each subregion was very similar with each
resting-state functional connectivity pattern (Fig. 3D). For
Cl1, compared with the RSFC patterns, coactivation con-
nectivity was additionally found in the visual cortex. For
Cl2, coactivation connectivity was additionally observed in
the visual cortex, whereas RSFC was additionally found in
the posterior inferior temporal gyrus. Cl3 additionally
coactivated with the anterior visual cortex, whereas the
RSFC of Cl3 was additionally observed in the middle

cingulate cortex. Coactivated brain areas for Cl4 were
additionally found in the visual cortex, inferior and mid-
dle frontal gyri, and ventral postcentral gyrus. The extra
coactivation brain areas for Cl5 were primarily observed
in the anterior occipital gyrus, supplementary motor area,
and anterior middle temporal gyrus, whereas additional
RSFC was found in the inferior temporal gyrus.

Overlap and specific network

We mapped the intersection of the resting-state func-
tional and coactivation connectivity patterns to character-
ize the correspondence between the resting-state and task-
related coactivation networks. This intersection was
mapped by determining the connectivity shared by both
types of networks (Fig. 4B). The conjunct connectivity of
subregion 1 (Cl1) was found in the bilateral inferior frontal
gyri and insula, right posterior middle temporal gyrus,
bilateral supplementary motor area, and right middle cin-
gulate cortex. For Cl2, conjunct connectivity was primarily
observed in the bilateral insula, inferior frontal gyrus, pos-
terior inferior frontal sulcus, anterior middle frontal gyrus,
superior frontal gyrus, and pre-supplementary motor area.
The conjunctions between the two types of connectivity
for Cl3 were found in the bilateral middle and inferior
frontal gyri, insula, and right pre-supplementary motor
area. The overlap between the functional and coactivation
connectivity of Cl4 was primarily found in the bilateral
middle frontal gyri, pre-supplementary motor area, poste-
rior cingulate gyrus, and right middle temporal gyrus.
Conjunct functional and coactivation connectivity for Cl5
was predominantly observed in the left superior and mid-
dle frontal gyri and bilateral precuneus.

In addition, we mapped the specific RSFC and coactiva-
tion patterns of each RIPL subregion to identify the unique
connectivity patterns for each subregion (Fig. 5B). The con-
nections that were specific for Cl1 were found in the bilat-
eral inferior frontal gyri, supplementary motor area, and
superior temporal gyrus. Cl2 was specifically connected
with the bilateral dorsal premotor cortex. The specific
RSFC and coactivation areas for Cl3 were found in the left
inferior parietal lobule and right inferior frontal sulcus.
Cl4 had specific connections with the precuneus and pos-
terior middle temporal gyrus. Cl5 was specifically con-
nected with the left inferior parietal lobule and frontal eye
field.

Functional characterization: behavioral

domain and paradigm analysis

We used quantitative forward inferences on the behav-
ioral domains and paradigm classes to determine the func-
tional organization of each RIPL subregion. The significant
activation probabilities within a subregion given a certain
taxonomic label (forward inference) were recorded (Fig. 6).
Functional characterization revealed that the ventral ante-
rior subregion (Cl1) primarily participated in
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interoception, emotion, somesthesis, execution, and audito-
ry perception. The dorsal anterior subregion (Cl2) was
mainly involved in somesthesis, execution, and tactile
processing. The subregion of Cl3 mainly participated in
inhibition and attention related processing. The anterior
subregion in the AG was Cl4, and its main functions
included social cognition and reasoning. The posterior
subregion in the AG was Cl5, which primarily participated
in spatial cognition and imagined objects or scenes.

DISCUSSION

In our current study, we demonstrated that similar ana-
tomical and functional connectivity patterns can reveal a
corresponding topographic architecture of the RIPL.
Previous studies have revealed correspondence between
large-scale networks defined by resting-state functional con-
nectivity and brain structural connectivity [Greicius et al.,
2009; Van den Heuvel et al., 2009]. This correspondence was
also reflected in the consistent functional and structural
topography of the RIPL. In addition, together with evidence

of a strong correspondence between the anatomical and
functional networks, our findings supported the hypothesis
that the fundamental topographical organization of the
brain can be revealed by comparing the results obtained
using different connectivity patterns. This means that the
fundamental brain architecture can be detected in multiple
neuroimaging techniques and that the large-scale connectiv-
ity patterns detected by different methods and modalities
share a common basis [Kelly et al., 2012; Wang et al., 2015b].

The observed whole brain structural connectivity, resting-
state functional connectivity, and coactivation patterns for the
RIPL subregions were quite similar across different modali-
ties. The similar connectivity pattern between the anatomical
and functional connectivity indicated that the functional net-
works of the RIPL subregions are implemented by the ana-
tomical connectivity and that neuronal activity reflects direct
physical connectivity [Deco et al., 2013; Zhang et al., 2010].
However, some divergence between different types of con-
nectivity patterns was also observed. The observed diver-
gence between the task-independent rest-state and the task-
dependent coactivation connectivity may relate to the funda-
mental differences between the two states. The coactivations

Figure 4.

Overlapping connectivity between the resting-state functional and

coactivation connectivities. A. Each subregion of the RIPL was

overlaid on the structural template. B. The intersection connec-

tivity was calculated using the whole brain resting-state functional

and coactivation connectivities. We first obtained thresholded

(thresholded at P< 0.05, cluster-level FWE-corrected, cluster-

forming threshold at voxel-level P< 0.001) whole brain resting-

state functional connectivity and coactivation connectivity maps of

each right inferior parietal lobule (RIPL) subregion and then com-

puted the intersection connectivity between the two modalities.

[Color figure can be viewed at wileyonlinelibrary.com]
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primarily reflect patterns of coordinated activity in response
to external task demands in a broad range of tasks, whereas
the resting-state functional connectivity mainly reflects spon-
taneous networks related to self-initiated behavior and, thus,
cannot be completely mirrored by coactivation networks
[Eickhoff and Grefkes, 2011]. Compared with the amount of
divergence between the resting-state functional connectivity
and the coactivation patterns, greater differences were found
between the anatomical and the functional connectivity pat-
terns, especially in their contralateral hemispheric connec-
tions. This great discrepancy may have resulted from an
intrinsic limitation of the diffusion MRI technique, which has
difficulty tracing long-range connections, especially contralat-
eral hemispheric connections.

Previous anatomical and functional connectivity analy-
ses of the RIPL subregions revealed different connectivity

properties [Caspers et al., 2011; Mars et al., 2011]. The
anterior subregion that corresponded to the PFop
cytoarchitectonic area primarily connected to the ventral
premotor area (PMv), whereas the dorsal subregion that
corresponded to PFt cytoarchitectonic area mainly con-
nected with dorsolateral prefrontal cortex (dlPFC). The
middle subregion, which is similar to the PF defined by
cytoarchitecture, was primarily connected to the dlPFC
and anterior prefrontal cortex (aPFC). The posterior two
subregions in the AG, corresponding to cytoarchitectonic
areas PGa and PGp, were primarily connected to the aPFC
and parahippocampus (PH). The specific connections pat-
terns for areas PFop and PF were consistent with our spe-
cific resting-state functional connectivity and coactivation
patterns analyses for the two corresponding areas, Cl1 and
Cl3. However, the specific connectivity patterns for the

Figure 5.

The specific resting-state and coactivation connectivity pattern of each right inferior parietal lob-

ule (RIPL) subregion. A. Each subregion of the RIPL was overlaid on the structural template. B.

The brain areas significantly more correlated and coactivated with a given subregions than with

any of the other subregions of RIPL. [Color figure can be viewed at wileyonlinelibrary.com]
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PFt, PGa, and PGp areas, which approximately corre-
sponded to areas Cl2, Cl4, and Cl5, respectively, in our cur-
rent study, were different. The specific functional
connections for Cl2 were found in the dorsal and ventral
premotor cortex. Cl4 and Cl5 were specifically connected to
the posterior middle temporal gyrus and the frontal eye
field, respectively. The differences in the functional connec-
tivity patterns for areas Cl2, Cl4, and Cl5 (corresponding to

cytoarchitectonic areas PFt, PGa, and PGp, respectively)
may have resulted from the different analytic methods.
Mars et al. [2011] used a target-to-seed method to calculate
the functional connectivity between each target area and
each voxel of the whole parietal cortex to identify which
parts of the parietal cortex significantly connected with the
target area. Thus, the specifically connected brain areas of
each RIPL subregion were limited. In contrast, we used a

Figure 6.

Behavioral domains and paradigm classes for the right inferior parietal lobule (RIPL) subregions.

Forward inference was used to determine the functional organization of each subregion. The sig-

nificant activation probabilities for each subregion with respect to a given domain or paradigm in

a cluster are depicted separately. [Color figure can be viewed at wileyonlinelibrary.com]
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seed-to-whole brain method to calculate the whole brain
functional connectivity patterns of each RIPL subregion to
identify the specific connectivities, which may clarify the
specific connectivity patterns for the RIPL subregions
throughout the whole brain. In addition, the specific con-
nectivity that we obtained was the result of the intersection
between the resting-state functional and the task-related
coactivation connectivities for each RIPL subregion. This
method, thus, may reduce the number of brain areas which
might connect specifically with different RIPL subregions.

The most ventral-rostral Cl1 was found to abut the pari-
etal operculum and temporoparietal junction area. The
anatomical location of this cluster suggests that this area
may be involved in many cognitive functions. The func-
tional characterization of Cl1 indeed revealed that this
area participated in different types of functions, including
audition, action, somesthesis, and even emotion. Previous
anatomical connectivity analyses indicated that the contra-
lateral corresponding area plays an important role in
transferring auditory input to motor output [Catani et al.,
2005; Hickok and Poeppel, 2000]. Thus, Cl1 plays an
important role in phonological processing and is part of
the phonological network [Graves et al., 2010]. In addition,
the functional characterization of Cl1 showed that this
area is primarily involved in interoception. This finding
suggests that Cl1 plays an important role in representa-
tions of bodily responses and subjective feeling states
[Craig, 2002, 2003; Critchley et al., 2004]. The dorsal-
anterior Cl2, which primarily corresponds to cytoarchitec-
tonic area PFt, was reported to be involved primarily in
action observation and imitation, suggesting that Cl2 may
be part of the mirror neuron system [Caspers et al., 2010;
Rizzolatti, 2005]. However, the behavioral analyses in our
current study indicated that Cl2 participated in somesthe-
sis and execution and, thus, may be mainly involved in
directing visually guided action [Frey et al., 2005], a con-
cept which was supported by its specific connectivity pat-
terns with the ventral and dorsal premotor (PMd and
PMv) cortex. In addition, the specific connectivity patterns
of Cl2 with the PMd and PMv, considering the different
functional roles of the PMd and PMv [Tomassini et al.,
2007], hinted that this area may be further parcellated into
component subregions. The middle subregion of Cl3,
which mainly corresponds to the PFm defined by
cytoarchitecture, was related to changes in response strate-
gy [Boorman et al., 2009] and exploratory decisions [Daw
et al., 2006] in previous fMRI based studies. Cl3 was also
shown to be involved in reevaluating conflicting choice
options as well as in spatial attention and reorienting tasks
[Caspers et al., 2013; Mevorach et al., 2009; Vossel et al.,
2006], which were consistent with the findings of the func-
tional characterization using meta-analysis in our current
study of this area. Taken together, Cl3 maybe primarily
contribute to rule changes during visually guided attention
[Corbetta and Shulman, 2002]. The most posterior two sub-
regions are mainly located on the angular gyrus. The

anterior angular subregion was Cl4, which has primarily
been considered to participate in the inhibition of inappro-
priate responses across a variety of go/no-go tasks, unlike
the left anterior subregion in the angular area, which has
primarily been found to be involved in language process-
ing [Nee et al., 2007; Wager et al., 2005]. However, the
meta-analyses in our current study suggested that this area
primarily participated in higher cognitive functions, includ-
ing social cognition and reasoning. This discrepancy may
result from our meta-based behavioral analysis approach,
which identified the most significant functions associated
with this area. However, finding these associations does not
mean that this area is not involved in other functions. In
addition, the functional characterization of this area in our
current study was supported by its specific connectivity
with the posterior middle temporal gyrus and precuneus
and by the previous theory-of-mind or mentalizing tasks
findings that were based on fMRI studies [Gallagher et al.,
2000; Mar, 2011; Raine and Yang, 2006; Spreng et al., 2009].
These findings suggested that Cl4 may still be a functional-
ly heterogeneous area which could be further parcellated
using high resolution MRI. The most posterior subregion,
Cl5, primarily participated in spatial cognition, according to
our study. The functional characterization for this area is
consistent with previous anatomical connectivity analyses
of the corresponding cytoarchitectonic area, PGp, which pri-
marily connected with extrastriatal visual areas for spatial
processing [Caspers et al., 2011]. In addition, resting-state
functional connectivity and anatomical connectivity analy-
ses of this area revealed that it strongly connects with the
parahippocampus and may contribute to spatial navigation
[Uddin et al., 2010].

The structural and functional asymmetry of the IPL
between the left and the right hemispheres has been docu-
mented in many previous studies [Caspers et al., 2006;
Gorno-Tempini et al., 2004; Smith et al., 1987; Vesia et al.,
2006]. The asymmetric anatomical connectivity patterns of
the cytoarchitectonic left and right IPL subregions were
also identified using a probabilistic fiber tracking approach
[Caspers et al., 2011], which provided a neuroanatomical
basis for the functional asymmetry. However, whether the
asymmetric connectivity patterns result in different func-
tional topographies for the left and the right IPL is contro-
versial. In our current study, using a connectivity-based
parcellation approach, we further demonstrated that asym-
metric connectivity patterns can generate differences in the
functional topographical architecture of the brain.

Visuospatial attention is controlled by the dorsal and
ventral attention network, and the ventral attention net-
work, primarily including the right inferior frontal gyrus
and inferior parietal lobule, is largely lateralized to the
right hemisphere [Corbetta and Shulman, 2002]. Previous
task-based fMRI studies revealed that the angular gyrus is
primarily involved in visuospatial attention processing,
especially in attention reorientation [Fan et al., 2005; Mort
et al., 2003]. More recently, Mars et al. [2012] used an
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anatomical connectivity-based parcellation approach to
parcellate the right temporoparietal junction (TPJ) includ-
ing the IPL, and found that the anterior TPJ, not the IPL
that we found, primarily participated in the attention net-
work. The inconsistencies between their findings and ours
may have been caused by differences in the analysis meth-
ods and/or by inexact anatomical localization. The task-
based fMRI detected the functional activation and revealed
the approximately anatomical location. Mars et al. [2012]
used a parcellation approach to subdivide the TPJ and
resting-state functional connectivity to evaluate the func-
tional network in which each TPJ subregion participated.
However, resting-state functional connectivity analyses
only identify the network that is involved in the resting
state although some studies reported corresponding net-
works at rest and during tasks [Smith et al., 2009; Wang
et al., 2015a,b]. Whether resting-state networks can
completely inform task-related networks, especially the
task-dependent positive activation network, still needs to
be validated. Thus, the inferential ability of resting-state
network analyses to elucidate task-related networks also
needs to be further confirmed. Furthermore, the ability to
reorient attention was tested by comparing invalidly cued
with validly cued trials identifying the brain areas related
to inhibition control [Thiel et al., 2004]. Thus, the ability to
inhibit information plays an important role in reorienting
attention. In our current study, we used a structure-based
meta-analysis of a number of previous task-related fMRI
studies pooled in the BrainMap database to identify the
main functions for each subregion. This method can better
and more reliably identify the associated functions for a
specific brain area. The behavioral domain and paradigm
analyses of the IPL subregions revealed that Cl3 primarily
participated in inhibition and attention and suggested that
Cl3 in the RIPL plays a key role in attention reorientation.
Our finding was supported by previous anatomical con-
nectivity analyses, which revealed that the between-
hemispheric asymmetry of the anatomical connections of
the IPL with the middle and inferior frontal gyri underlies
the lateralization of visuospatial attention [Thiebaut de
Schotten et al., 2011; Wu et al., 2016].

There are also limitations to our current study. During
the resting-state fMRI data preprocessing, we did not
exclude the physiological signals, such as respiration and
heart rate, because we did not collect these data during
the fMRI scanning. Because these physiological signals can
affect the blood-oxygen level dependent (BOLD) signal,
the whole brain resting-state functional connectivity
(RSFC) pattern may be affected [Chang et al., 2009]. In
addition, during the preprocessing of the fMRI data, we
regressed out the global mean signal to map the whole
brain RSFC patterns. Many previous studies have shown
that global mean regression can lead to spurious resting-
state functional correlations and false inferences, particu-
larly when comparing groups of participants [Gotts et al.,
2013a,b; Saad et al., 2013]. However, regressing out the

global mean signal can also identify stable brain networks,
such as the default mode network [Andrews-Hanna et al.,
2010; Power et al., 2011]. Thus, whether to regress out the
global mean signal for the fMRI data during preprocessing
remains controversial. To validate the RSFC patterns for
each RIPL subregion and identify the stable functional
connectivity patterns, we further mapped the task-related
coactivation patterns and overlapped them with the whole
brain RSFC patterns for each RIPL subregion. The overlap
between the functional connectivity patterns at rest and
under task indicated that the resting-state functional con-
nectivity pattern for each subregion is reliable.

In summary, we demonstrated that corresponding topo-
graphical architecture of the RIPL can be revealed on the
basis of similar anatomical and functional connectivity pat-
terns. The maximum consistent parcellation of the RIPL
across different modalities identified five subregions, and
this parcellation result was similar to cytoarchitectonical
maps and previous anatomical connectivity-based parcella-
tions. The three anterior subregions in the SMG (Cl1, Cl2,
and Cl3) resemble the areas PFop, PFt, and PFm defined
by cytoarchitecture, respectively. The two posterior subre-
gions resemble the cytoarchitectonic areas PGa and PGp,
respectively. Functional characterization of each RIPL sub-
region revealed that the three anterior subregions Cl1, Cl2,
and Cl3 in the SMG primarily participated in execution,
somesthesis processing, and action inhibition, respectively,
whereas the two posterior subregions (Cl4, Cl5) in the AG
were primarily involved in social cognition and spatial
cognition, respectively. Furthermore, these functionally dif-
ferent subregions were supported by their distinct struc-
tural, resting-state functional, and coactivation connectivity
patterns. The cortical connectivity patterns and functional
characterization of each subregion may facilitate future
RIPL-related clinical and cognitive neuroscience research.
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