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The inferior parietal lobule (IPL) of the human brain is a heterogeneous
region involved in visuospatial attention, memory, and mathematical
cognition. Detailed description of connectivity profiles of subdivisions
within the IPL is critical for accurate interpretation of functional
neuroimaging studies involving this region. We separately examined
functional and structural connectivity of the angular gyrus (AG) and
the intraparietal sulcus (IPS) using probabilistic cytoarchitectonic
maps. Regions-of-interest (ROIs) included anterior and posterior AG
subregions (PGa, PGp) and 3 IPS subregions (hIP2, hIP1, and hIP3).
Resting-state functional connectivity analyses showed that PGa was
more strongly linked to basal ganglia, ventral premotor areas, and
ventrolateral prefrontal cortex, while PGp was more strongly
connected with ventromedial prefrontal cortex, posterior cingulate,
and hippocampus—regions comprising the default mode network. The
anterior-most IPS ROIs, hIP2 and hIP1, were linked with ventral
premotor and middle frontal gyrus, while the posterior-most IPS ROI,
hIP3, showed connectivity with extrastriate visual areas. In addition,
hIP1 was connected with the insula. Tractography using diffusion
tensor imaging revealed structural connectivity between most of
these functionally connected regions. Our findings provide evidence
for functional heterogeneity of cytoarchitectonically defined subdivi-
sions within IPL and offer a novel framework for synthesis and
interpretation of the task-related activations and deactivations
involving the IPL during cognition.
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Introduction

The posterior parietal cortex (PPC), and in particular the inferior

parietal lobule (IPL), is a brain region which is engaged in a wide

variety of cognitive domains ranging from visuospatial attention

(Corbetta and Shulman 2002) to episodic memory (Cabeza et al.

2008) and mathematical cognition (Dehaene et al. 2004). Its

involvement in multiple cognitive operations suggests that the

region is highly heterogeneous, and may be further subdivided

into functional areas. The subdivisions of the human IPL are not

well understood, and their relation to functional and structural

connectivity is completely unknown. Autoradiographic tracer

studies in the macaque brain have demonstrated a rostro-caudal

gradient of connectivity within the IPL, with rostral IPL

connected to ventral premotor areas and caudal IPL connected

to Brodmann areas 44 and 45 (Petrides and Pandya 2009).

However, the extent to which the human IPL can be considered

strictly homologous to its monkey counterpart is a matter of

debate. While Brodmann’s initial characterization of the region

led him to conclude that the human IPL consists of novel

cortical areas not present in the monkey, others have argued

that the IPL is similar across both species (Husain and Nachev

2007). Thus, it is unclear to what degree monkey anatomical

tracer studies can be extrapolated to understanding these

pathways in the human brain.

The human IPL consists of 3 prominent functional and

anatomical subdivisions, the angular gyrus (AG), the supra-

marginal gyrus, and the banks of the intraparietal sulcus (IPS).

Situated at the junction of the temporal, parietal, and occipital

lobes, the AG is a heteromodal region. Previous functional

neuroimaging studies have focused on its role in language and

semantic processing (Binder et al. 2009; Brownsett and Wise

2009) or spatial attention and orienting (Chambers et al. 2004),

but it has also been implicated in verbally mediated fact retrieval

during mathematical cognition tasks (Dehaene et al. 2004).

However, resting-state functional magnetic resonance imaging

(fMRI) and positron emission tomography studies have consis-

tently identified the AG as a key parietal node of the default

mode network (DMN) (Raichle et al. 2001; Greicius et al. 2003;

Uddin et al. 2009), and task-related deactivations have been

widely reported in the AG (Shulman et al. 1997; Wu et al. 2009).

Marking the dorsal border of the IPL is the infolding along the

banks of the IPS, which separates the IPL from the superior

parietal lobule and dorsally bounds the AG. Activation of the IPS

has been reported during tasks involving visuo-spatial attention

(Egner et al. 2008), visual short-term memory (Vogel et al. 2005;

Xu and Chun 2009), basic number processing (Ansari and Dhital

2006; Nieder and Dehaene 2009), and numerical and ordered

sequence processing (Cantlon et al. 2006; Ischebeck et al. 2007).

Recent cytoarchitectonic analyses of the human IPL have

suggested that the AG and IPS can be parcellated into distinct

subregions (Choi et al. 2006; Caspers et al. 2008). Using

observer-independent definitions of cytoarchitectonic borders,

Caspers and colleagues have defined 2 subdivisions within the

AG, one anterior (PGa) and one posterior (PGp) (Caspers et al.

2006). Within the IPS, this group has demonstrated at least 3

cytoarchitectonically distinct areas, labeled hIP2, hIP1, and

hIP3 (Caspers et al. 2008).

One way to gain insights into functional brain organization is

by capitalizing on these methodological advances to examine

functional and structural connectivity of putative distinct

cortical regions. The study of large-scale brain networks offers

novel insight into the integrated functioning of the human brain

(Mesulam 1998). Connectivity analysis using resting-state fMRI

data has become increasingly informative for understanding the

role of specific brain regions from a systems neuroscience

perspective. Studies of brain networks are shedding new light on
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how different regions of the brain interact with each other

during behavior and cognition. In particular, the existence of

‘‘intrinsic connectivity networks’’—brain networks that are

functionally coupled even in the absence of a task (Greicius

et al. 2003; Seeley et al. 2007)—can provide novel insights into

the integrative functions subserved by specific brain regions.

Since the initial discovery of spontaneous low frequency cor-

relations in blood oxygen level-dependent signal within the

sensorimotor system at rest (Biswal et al. 1995), several other

intrinsic connectivity networks have been described, including

theDMN (Greicius et al. 2003; Fransson 2005), dorsal and ventral

attention systems (Fox et al. 2006), and hippocampal memory

systems (Vincent et al. 2006). Resting-state functional connec-

tivity data have also been shown to differentiate brain networks

in clinical populations (Castellanos et al. 2008; Kennedy and

Courchesne 2008; Supekar et al. 2008; Seeley et al. 2009) and is

related to cognition and behavior (Fox et al. 2007; Seeley et al.

2007; Kelly et al. 2008; Di Martino et al. 2009). Recently, resting-

state fMRI has been used to describe distinct functional

boundaries within the human IPL (Cohen et al. 2008).

In parallel to these advances in resting-state fMRI, recent

refinements in the acquisition and analysis of diffusion tensor

imaging (DTI) data have enabled the visualization of structural

connections between discrete brain regions in vivo. DTI is a non-

invasive imaging method that enables the study of white matter

circuits in the human brain by examining directional diffusion of

water restricted by the orientation and structure of axon bundles

(Ben-Shachar et al. 2007; Hew et al. 2008; Jones 2008) and used

alongside resting-state functional connectivity measures, can

lead to a more complete characterization of human brain net-

works (Damoiseaux and Greicius 2009; Greicius et al. 2009). It

has also recently been demonstrated that connectivity patterns

obtained from DTI and resting-state fMRI data show significant

agreement in many (Skudlarski et al. 2008; Honey et al. 2009; van

den Heuvel et al. 2009), but not all cases (Uddin et al. 2008).

The recent availability of probabilistic cytoarchitectonicmaps

has the potential to inform and significantly enhance our

understanding of the functional architecture of the human IPL.

Cytoarchitectonic maps obtained from post-mortem brains

suggest that the human IPL has amore finely grained parcellation

than previously suggested by the classical Brodmann map

(Caspers et al. 2008). Here, we examined the functional and

structural connectivity of 2 anterior and posterior AG ROIs (PGa

and PGp) and 3 hIP ROIs (hIP2, hIP1, and hIP3) encompassing

2 major subdivisions within the caudal and dorsal IPL. Using

resting-state fMRI and DTI data collected from healthy adult

participants, we mapped functional and structural networks

associated with each of these ROIs and examined their

differential patterns of whole-brain connectivity, taking note of

differences in connectivity patternswithin theAGandwithin the

IPS. Our results demonstrate that these spatially adjacent and

cytoarchitectonically distinct regions in the IPL have distinct

patterns of long-range functional and structural connectivity.

Materials and Methods

Participants
All protocols were approved by the human participants Institutional

Review Board at the Stanford University School of Medicine. All

participants were volunteers and were treated in accordance with the

American Psychological Association ‘‘Ethical Principles of Psychologists

and Code of Conduct.’’ Brain imaging data were obtained from 22 right-

handed healthy adults (11 males and 11 females, mean age 20.24 ±
0.84). DTI data were obtained from 15 of 22 participants.

Data Acquisition

fMRI

Functional imaging data were acquired at the 3-T General Electric Signa

Scanner at the Stanford Lucas Center using the following parameters:

2000 ms TR, 30 ms TE, 80� flip angle, and a 256 3 256 3 132 matrix using

a spiral in, spiral in/out pulse sequence to reduce magnetic susceptibility

artifacts (Li et al. 2006). A total of 29 axial slices (4.0 mm thickness,

0.5 mm skip) parallel to the AC-PC line and covering the whole brain

were acquired. The field of view was 20 cm, and the matrix size was 64 3

64, providing an in-plane spatial resolution of 3.125 mm. Participants lay

in the fMRI scanner with their eyes closed for the duration of an

8-minute resting-state scan. A high resolution T1-weighted spoiled grass

gradient recalled inversion recovery 3D MRI sequence was acquired to

facilitate anatomical localization of functional data using the following

parameters: TI = 300 ms, TR = 8.4 ms; TE = 1.8 ms; flip angle = 15�; 22 cm

field of view; 132 slices in coronal plane; 256 3 192 matrix; 2 NEX,

acquired resolution = 1.5 3 0.9 3 1.1 mm.

DTI

The DTI pulse sequence was a diffusion-weighted single-shot spin-

echo, echo planar imaging sequence (TE = 70.8 ms; TR = 8.6 s; field of

view = 220 mm; matrix size = 128 3 128; bandwidth = ±110kHz; partial
k-space acquisition). We acquired 63 axial, 2-mm thick slices (no skip)

for 2 b values, b = 0 and b = approximately 850 s/mm2. The high b value

was obtained by applying gradients along 23 different diffusion

directions. Two gradient axes were energized simultaneously to

minimize TE. The polarity of the effective diffusion-weighting gradients

was reversed for odd repetitions to reduce cross-terms between

diffusion gradients and imaging and background gradients. Although it

has been suggested that measuring more diffusion directions is a more

efficient way to reliably estimate diffusion tensors of arbitrary

orientation (Jones 2004), our signal-to-noise ratio is sufficiently high

from our 4 repeats to produce very reliable tensor estimates suitable for

tractography (Mori 2007; Sherbondy et al. 2008).

fMRI Data Preprocessing

Data were preprocessed using SPM5. Images were corrected for

movement using least-square minimization without higher order

corrections for spin history (Friston et al. 1995) and normalized to

the Montreal Neurologic Institute template. Resulting images were

then resampled every 2 mm via sinc interpolation and smoothed with

a 6-mm Gaussian kernel to reduce spatial noise. High and low

frequency artifacts were removed through the implementation of

a bandpass filter (0.00833 to 0.15 Hz) on the smoothed data.

Regions-of-Interest
Five source region-of-interest (ROI) masks in each hemisphere were

constructed using maximum probability maps (MPMs) defined through

the Anatomy Toolbox in SPM5. These MPMs allow the definition of non-

overlapping regions from cytoarchitectonic probability maps that are

inherently overlapping (Eickhoff et al. 2005; Caspers et al. 2008). ROIs

derived from these maps using the MarsBar tool (http://marsbar.sour-

ceforge.net/) consisted of the left and right anterior AG (PGa),

posterior AG (PGp, Fig. 1a) and IPS (hIP2, hIP1, and hIP3, Fig. 2a).

Detailed information about the anatomical boundaries of these maps

has been published elsewhere (Caspers et al. 2006; Choi et al. 2006;

Caspers et al. 2008). These 10 ROIs were used as seeds in a resting-state

functional connectivity analysis, as well as starting points in de-

terministic tractography analyses as described below.

Resting-State Functional Connectivity Analysis
Functional connectivity of each left and right region’s source ROI was

computed individually using methods similar to those described in

(Etkin et al. 2009; Habas et al. 2009). For each ROI, a seed resting-state

time series was extracted by averaging the time series of all voxels within

it. The resulting ROI time series was then used as a covariate of interest
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Figure 1. Functional connectivity of PG subdivisions. (a) ROIs derived from cytoarchitectonic maps for PGa (yellow) and PGp (red). (b) Functional connectivity map associated
with anterior AG (PGa) source ROI in the left hemisphere. The color yellow represents voxels correlated with the source ROI, colored to match the ROI itself. Group-level maps
were thresholded at P\ 0.001 FWE, cluster threshold of 100 voxels. (c) Functional connectivity map associated with posterior AG (PGp) source ROI in the left hemisphere. The
color red represents voxels correlated with the source ROI, colored to match the ROI itself. Group-level maps were thresholded at P\0.001 FWE, cluster threshold of 100 voxels.

Figure 2. Functional connectivity of hIP subdivisions. (a) ROIs derived from cytoarchitectonic maps for hIP1 (red), hIP2 (blue), and hIP3 (green). (b) Functional connectivity map
associated with hIP1 source ROI in the left hemisphere. The color red represents voxels correlated with the source ROI, colored to match the ROI itself. Group-level maps were
thresholded at P\ 0.001 FWE, cluster threshold of 100 voxels. (c) Functional connectivity map associated with hIP2 source ROI in the left hemisphere. The color blue represents
voxels correlated with the source ROI, colored to match the ROI itself. Group-level maps were thresholded at P\ 0.001 FWE, cluster threshold of 100 voxels. d. Functional
connectivity map associated with hIP3 source ROI in the left hemisphere. The color green represents voxels correlated with the source ROI, colored to match the ROI itself. Group-
level maps were thresholded at P\ 0.001 FWE, cluster threshold of 100 voxels.
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in a linear regression whole-brain analysis. A global time series,

computed across all brain voxels, along with 6 motion parameters, were

used as additional covariates to remove confounding effects of

physiological noise and participant movement. Ten separate linear

regressions were conducted at the individual subject level, each using

a different ROI time series from one of the 10 source ROIs as a covariate

of interest. Group-level functional connectivity maps of each ROI were

then generated using one-sample t-tests of individual functional

connectivity contrast images. Group level functional connectivity maps

were stringently thresholded using family-wise error (FWE) correction

at the whole-brain level (P < 0.001 FWE, cluster threshold of 100 voxels)

to reveal regions most robustly correlated with each ROI.

Direct comparisons between target maps of multiple source ROIs

were computed using ANOVAs with false discovery rate (FDR)

corrections at the whole-brain level (P < 0.05 FDR, and P < 0.05

FWE correction at the cluster level). To limit problems with multiple

comparisons, we restricted the analysis to 2 separate whole-brain

ANOVAs. The first ANOVA assessed differences between the 2 AG (PGa

and PGp) connectivity maps using t-contrasts (PGa > PGp and PGp >

PGa); the second assessed differences between the 3 IPS (hIP2, hIP1,

and hIP3) connectivity maps using t-contrasts (hIP1 > [hIP2 and hIP3]

and hIP3 > [hIP1 and hIP2]). For these ANOVAs, results were masked

by the combined functional connectivity maps of the source ROIs

(combined maps of PGa and PGp for the first ANOVA and combined

maps of hIP2, hIP1, and hIP3 for the second ANOVA).

To illustrate differential connectivity of each source ROI to specific

target brain regions, contrast maps from the ANOVA were masked with

target regions selected from the Anatomical Automatic Labeling (AAL)

atlas within the MarsBar SPM Toolbox (Fig. S1, Table 1), and 3-mm

spheres around peak voxels were created (Table 2). T-scores of

functional connectivity strength between each source ROI (PGa, PGp,

hIP2, hIP1, and hIP3) and their targets were plotted (Fig. 3b,d and Fig.

4b,d).

DTI Analyses
DTI data were preprocessed to remove eddy current distortion effects

and determine a constrained nonrigid image registration of the

diffusion images, using an algorithm based on normalized mutual

information (Bammer et al. 2002). Multivariate regression was used to

determine the 6 elements of the diffusion tensor (Basser 1995; Basser

and Pierpaoli 1996). For each participant, the non-diffusion-weighted

(B0) images were coregistered to the T1-weighted anatomical images

using SPM’s 3-D rigid-body coregistration algorithm. Coregistration of

DTI and T1 images was confirmed by visual inspection of each dataset

to ensure alignment. Anatomical landmarks including the anterior

commissure, posterior commissure, and midsagittal plane were

identified by hand on the anatomical images and used to compute

a rigid-body transform from the native image space to the conventional

AC-PC aligned space. DTI data were resampled to this AC-PC aligned

space with 2-mm isotropic voxels using a spline-based tensor in-

terpolation algorithm (Pajevic et al. 2002). The tensors were rotated to

the same space using algorithms designed to preserve their orientation

with respect to brain anatomy (Stuss et al. 2001). Anatomical images

were resampled to AC-PC-aligned space with 1-mm isotropic voxels.

Coregistration of DTI and T1 images was confirmed by visual inspection

of each dataset to ensure alignment. Fiber tractography was used to

estimate likely structural connections. Custom DTI analysis software

(http://sirl.stanford.edu/software/) was used to initiate whole-brain

fiber tracking. We were specifically interested in looking for tracts

between the source ROIs and target structures determined from

examination of the resting-state functional connectivity analyses.

Target structures were ROIs obtained from the AAL atlas within the

MarsBar SPM Toolbox. Specifically, we searched for fiber tracts

between pairs of structures initially identified using the functional

connectivity analyses, as described above (Fig. S1, Table 1). The source

(PGa, PGp, hIP2, hIP1, and hIP3) and target AAL ROIs were then

warped back to each individual brain by applying the inverse of the

spatial normalization transformation so that they could be used for the

subsequent DTI tractography analyses. As fiber tracking becomes

unreliable in gray matter, we ensured that our ROIs extended 3--4 mm

into the white matter. Tracts that did not end in or pass through both

source and target ROIs were discarded. Each fiber tract was estimated

using a deterministic streamlined tracking algorithm with a fourth

order Runge--Kutta path integration method and 1 mm fixed step size

(Mori et al. 1999; Barton et al. 2002). A continuous tensor field was

estimated using trilinear interpolation of the tensor elements. Starting

from the initial seed point, fiber paths were traced in both directions

along the principal diffusion axis. Path tracing proceeded until the

fractional anisotropy (FA) fell below 0.15 or until the minimum angle

between the current and previous path segments was larger than 30�. To
limit the number of false positives, fibers that were anatomically

implausible were identified visually and removed. It should be noted

that a limitation of all current DTI work is that tractography results are

susceptible to the confoundof crossing fibers,whichpotentiallymay lead

to both false positives and false negatives in structural connectivity

analyses. However, themajority of known false negatives in tractography

studies involve small laterally running tracts that are lost when crossing

larger tracts like the longitudinal fasiculii and corona radiata (Dougherty

et al. 2005). In our study, we did not examine such small tracts precisely

because of this concern. It is also the case that tractography results may

produce false positives. However, their likelihood is relatively low with

the stringent tractography parameters used in our analysis.

DTI Measures of Structural Connectivity
For each subject, the density of the fibers connecting each source to

target ROI pair was measured. The density of fibers connecting

2 regions u and v was computed as:

fiber-densityðu; vÞ = 2

Su + Sv
+

f 2F ðu;vÞ
1

lðf Þ ð1Þ

where F(u,v) is a set of all the fibers f connectingu and v, l(f) is the length

of the individual fiber, Su and Sv are sizes of theROIs (eq. 1, Hagmannet al.

2008). The fiber density (number of fibers per unit surface), a measure of

structural connectivity, approximates the axonal number interconnect-

ing theROIs. Fiber density has beenused previously to quantify structural

connectivity, particularly to measure the integrity of white matter

(Hagmann et al. 2008; van den Heuvel et al. 2008). In our study, we used

fiber density as a measure of the integrity of the fiber tracts connecting

ROIs. Fractional anisotropy (FA) values for each of the ROI pairs are

reported in Supplementary Materials (Table S1). To interpret the

anatomical location of the DTI tracts, we referenced the Johns Hopkins

University-International Consortium for Brain Mapping white matter

atlas and labeled our results by visual inspection.

Table 1
Source (cytoarchitectonic) and target (AAL atlas) ROIs for functional and structural connectivity

analyses. See Figures 1a and 2a, and Figure S1

Source cytoarchitectonic ROIs Target AAL ROIs

PGa Caudate
PGp Putamen

Hippocampus
Parahippocampal gyrus

hIP2 Inferior frontal opercular
hIP1 Inferior frontal triangular
hIP3 Insula

Superior occipital

Table 2
Coordinates of peak signal within each AAL ROI from functional connectivity analysis of PGa,

PGp, hIP2, hIP1, and hIP3. See Figures 3 and 4

Functional connectivity
contrast

Masked with
target AAL
ROI

Peak coordinate

PGa[ PGp Caudate �8 2 14
PGp[ PGa Hippocampus �26 �20 �20
PGp[ PGa Parahippocampal �26 �22 �22
hIP1[ hIP2, hIP3 Inferior frontal opercular �44 20 34
hIP1[ hIP2, hIP3 Inferior frontal triangular �38 44 2
hIP1[ hIP2, hIP3 Insula �28 18 �4
hIP3[ hIP1, hIP2 Superior occipital �14 �100 16
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Results

Functional Connectivity: PGa and PGp

The left PGa showed functional connectivity with the

homologous area in the right hemisphere (AG) and with

posterior, and mid- and anterior cingulate, bilateral superior

frontal gyrus, bilateral frontal pole, left middle and inferior

frontal gyrus, left anterior insula, left caudate, and left posterior

middle and inferior temporal gyrus (Fig. 1b).

The left PGp was correlated with the right AG and adjacent

lateral occipital cortex, the precuneus and posterior cingulate,

bilateral middle temporal gyrus, bilateral parahippocampal and

hippocampal gyri, left middle and inferior frontal gyrus,

bilateral superior frontal gyrus, bilateral frontal pole, and

ventromedial frontal cortex (Fig. 1c, Table S2).

Direct comparisons of the PGa and PGp revealed greater

connectivity of left PGa with caudate, bilateral frontal poles,

and posterior and anterior cingulate (Fig. 3a). PGp showed

greater connectivity than PGa with medial prefrontal cortex,

hippocampus and parahippocampal gyrus, and precuneus and

the occipital poles (Fig. 3c, Table S3). Average t-scores showing

differential connectivity of PGa and PGp to target structures

are plotted in Figure 3b,d.

Right hemisphere ROIs showed a similar, although weaker,

pattern of connectivity as left hemisphere ROIs (Figs S2 and S3).

Structural Connectivity: PGa and PGp

Fiber densities were computed between each of the source

ROIs (PGa and PGp) and target AAL ROIs identified from

functional connectivity analyses (Fig. S1). PGp showed greater

density of fibers connecting to the hippocampus and para-

hippocampal ROIs than did PGa (Fig. 5a). These fibers primarily

overlap with the inferior longitudinal fasciculus. In contrast,

both the PGa and PGp showed fiber tracts to the caudate via

the inferior fronto-occipital fasciculus. However, there were no

significant differences between density of fibers connecting

PGa and PGp to the target caudate ROI (Fig. 5b).

Functional Connectivity: hIP2, hIP1, and hIP3

The left hIP2 showed strong functional connectivity with the

right supramarginal gyrus, left inferior frontal gyrus extending

ventrally into the insular cortex, left posterior middle temporal

gyrus, bilateral precentral gyrus extending rostrally to superior

frontal gyrus, mid-cingulate, left putamen, and left frontal pole

(Fig. 2c).

Left hIP1 was correlated with bilateral lateral occipital

cortex extending rostrally through the angular and supra-

marginal gyri, mid-cingulate, bilateral precentral gyri, left

inferior and middle frontal gyri and frontal pole, left inferior

temporal gyrus, left insula, and left putamen (Fig. 2b).

Left hIP3 was correlated with bilateral superior lateral

occipital cortex extending into supramarginal gyrus, bilateral

superior frontal gyri, left precentral gyrus, and left inferior

frontal gyrus (Fig. 2d, Table S2).

Direct comparisons of hIP2, hIP1, and hIP3 in an ANOVA-

revealed greater connectivity of hIP1 compared with hIP2 and

hIP3 with a large cluster extending from bilateral angular gyri

to the frontal pole (Fig. 4a). Closer examination of this

difference by plotting t-scores showed that the difference

was driven by hIP1 > hIP2 in the opercular region of the

inferior frontal cortex and hIP1 > hIP3 in the triangular region

of the inferior frontal cortex (Fig. 4b).

Figure 3. Comparison of functional connectivity between PG subdivisions. (a,c) Direct contrasts of functional connectivity maps associated with PGa and PGp ROIs, from ANOVA
(FDR corrections at the whole brain level [P\0.05 FDR and P\0.05 FWE correction at the cluster level]). PGa was more strongly correlated with caudate, whereas PGp was more
strongly correlated with hippocampus. (b,d) Bar graphs show t-scores within peak coordinates where the contrast maps overlapped with target ROIs (*P\ 0.05, **P\ 0.01).
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hIP3 showed greater connectivity than hIP1 and hIP2 with

bilateral occipital poles and adjacent cortices (Fig. 2b, Table S3).

Average t-scores showing differential connectivity of hIP3, hIP2,

and hIP1 to occipital areas are shown in Figure 4d. The hIP3

connectivity differences were mainly driven by hIP3 > hIP1

in superior occipital cortex.

Structural Connectivity: hIP2, hIP1, and hIP3

Fiber densities were computed between each of the source

ROIs (hIP2, hIP1, and hIP3) and targets identified from

functional connectivity analyses (Fig. S1, Table 1). Both hIP2

and hIP1 showed greater density of fibers along the superior

longitudinal fasciculus connecting to the ROI in the opercular

region of the inferior frontal cortex (Fig. 6a) than did hIP3.

hIP1 showed greater density of fibers than both hIP2 and hIP3

along the superior longitudinal fasciculus connecting to the

insula (Fig. 6b). hIP3 showed greater density of fibers along the

inferior fronto-occipital fasciculus connecting to the superior

occipital ROI than did hIP2 (Fig. 6c).

Discussion

The human IPL participates in a wide array of cognitive functions,

but critical distinctions between subdivisions within this region

have not been systematically explored.We separatelymapped the

resting-state functional connectivity and structural connectivity

of 2 major subdivisions of the IPL. We examined IPL connectivity

of cytoarchitectonically defined regions encompassing the

anterior and posterior AG subregions PGa and PGp and 3 IPS

subregions hIP2, hIP1, and hIP3 (Caspers et al. 2006). We

examined resting-state functional connectivity using fMRI and

structural connectivity using DTI. Qualitatively, the AG and IPS

regions overall exhibited differential patterns of functional and

structural connectivity. The AG was unique in its connectivity

with structures classically regarded as integral to the brain’s core

memory systems, including themedial temporal lobe and thebasal

ganglia (Squire 2009), whereas IPS showed unique patterns of

connectivity to frontal and occipital lobe structures. Both

functional and structural connectivity analyses revealed differen-

tial coupling between different subregions of the IPL, allowing us

to demonstrate the unique functional architecture of each IPL

division. Our findings suggest that cytoarchitectonically distinct

subdivisions of the human IPL have different patterns of cortical

and subcortical connectivity and provide new insights into the

functional organization of the PPC. We discuss findings from

connectivity analyses of the 2 major subdivisions—AG and

IPS—and their implications for a more principled interpretation

of functional neuroimaging studies reporting activations and

deactivations within the parietal cortex.

AG: PGa/PGp

The PGa and PGp ROIs, while adjacent, showed striking

differences with respect to resting-state functional connectiv-

ity and white matter tractography. The PGp ROI showed

Figure 4. Comparison of functional connectivity between hIP subdivisions. (a,c). Direct contrasts of functional connectivity maps associated with hIP2, hIP1, and hIP3 ROIs, from
ANOVA (FDR corrections at the whole brain level [P\0.05 FDR and P\0.05 FWE correction at the cluster level]). hIP1 was more strongly correlated with inferior frontal cortex and
insula, whereas hIP3 was more strongly correlated with superior occipital cortex. (b,d) Bar graphs show t-scores within peak coordinates where the contrast maps overlapped with
target ROIs (*P\ 0.05, **P\0.01). Signal differences in the opercular regions of the inferior frontal cortex were mainly driven by hIP1[ hIP2, whereas signal differences in the
triangular regions of the inferior frontal cortex were mainly driven by hIP1[ hIP3. Signal differences in superior occipital cortex were mainly driven by hIP3[ hIP1.
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significantly stronger functional connectivity with regions

belonging to the DMN, including medial prefrontal cortex,

posterior cingulate, and precuneus (Raichle et al. 2001).

Additionally, PGp showed stronger functional connectivity

than PGa with hippocampal and parahippocampal regions, also

considered part of the DMN (Greicius et al. 2003; Greicius et al.

2004). Structural connectivity, reflected in the density of fibers,

was likewise strong between PGp and hippocampus/para-

hippocampus, a finding consistent with previous probabilistic

tractography work (Rushworth et al. 2006). Our study shows

that PGp has much stronger functional and structural

connectivity via the inferior longitudinal fasciculus. While

there is a growing body of literature examining the cortical

midline structures comprising the DMN (van den Heuvel et al.

2008; Uddin et al. 2009), the lateral parietal nodes have not

been previously well delineated. Here, we show for the first

time that the more posterior subdivision of the AG (PGp) is

more closely associated with the entire DMN than the adjacent

anterior AG (PGa).

The fact that the AG can be subdivided into regions with

distinct connectivity patterns helps to address a problem in

functional neuroimaging literature with respect to interpreting

changes in activation levels against baseline. Previous studies

reporting increased activation of the AG did not distinguish

between anterior and posterior AG engagement during arith-

metic fact retrieval and computation (Ischebeck et al. 2009). A

recent study demonstrated that the PGp is more deactivated

during a mental arithmetic task than the PGa (Wu et al. 2009).

However, it is unclear whether this was a result of differences in

functional and structural circuitry associated with PGa and PGp,

as opposed to differences in baseline. The distinct patterns of

PGa and PGp connectivity shown here critically inform our

understanding of the manner in which specific areas of the AG

are consistently engaged or disengaged during mathematical

cognition.

The PPC is known to be critically involved in both spatial and

non-spatial attention (Coull et al. 2004; Shulman et al. 2009).

Current models of attention make a distinction between 2

frontoparietal attention networks, one dorsal (‘‘top-down’’

attention) and one ventral (‘‘bottom-up’’ attention) (Corbetta

and Shulman 2002; Sridharan et al. 2007). In a recently

developed model, Cabeza and colleagues propose that the

distinction between dorsal and ventral attention systems can

explain parietal contributions to episodic memory. According

to the attention to memory (AtoM) model, the dorsal parietal

system is involved with the allocation of resources to memory

retrieval (top-down), while the ventral parietal system is

associated with the capture of attentional resources by relevant

memory cues (bottom-up) (Cabeza et al. 2008). The ventral

attention system is comprised of a somewhat anatomically ill-

defined region known as the temporo-parietal junction and the

ventrolateral prefrontal cortex. Because of the lack of un-

ambiguous gyral and sulcal landmarks, the AG has been

considered to be part of the ventral frontoparietal attention

system (Chambers et al. 2004). Our functional connectivity

results demonstrate strong coupling specifically between PGa

Figure 5. Structural connectivity of PG subdivisions. (a) DTI tractography and density of fibers between PGa and PGp and target AAL ROI hippocampus. PGp showed greater
structural connectivity with hippocampus than did PGa (**P\ 0.01). (b) DTI tractography and density of fibers between PGa and PGp and target AAL ROI caudate. PGa and PGp
did not differ significantly in structural connectivity with caudate.
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and ventrolateral prefrontal cortex, suggesting that this AG

subdivision can be considered as more closely associated with

the ventral attention system than the PGp.

The neural substrates of spatial working memory processes

overlap to a large degree with those areas involved in spatial

attention (Awh and Jonides 2001). It has previously been

shown that basal ganglia and prefrontal cortex activity

precedes the filtering of irrelevant information and that this

activity is a significant predictor of working memory capacity

(McNab and Klingberg 2008). Our analyses revealed greater

coupling of the PGa with basal ganglia, suggesting a pathway

through which this proposed attentional control over access to

working memory storage in the parietal cortex could occur.

Previous resting-state fMRI study also demonstrated functional

connectivity between the caudate and IPL (Di Martino et al.

2008; Shulman et al. 2009), as we report here.

While much of the literature on attention and memory

processes focuses on fronto-parietal networks, the precise

parietal regions involved are often poorly specified. Our

analyses suggest that a greater degree of anatomical specificity

is critical to understanding parietal contributions to these

cognitive processes, as different parietal subdivisions preferen-

tially interact with different large-scale brain networks.

A recent meta-analysis of 120 functional neuroimaging

language studies of semantic processing identifies the left AG

as the region showing the most dense concentration of

activation foci involved in the semantic system of the human

brain (Binder et al. 2009). As the authors noted, the region of

the AG is greatly expanded in the human brain compared with

non-human primates, potentially providing a neural substrate

for the capacity for language to develop. Our analysis links the

PGa more closely with anterior language regions in the inferior

frontal gyrus than the PGp, providing a more precise de-

lineation of parietal contributions to language networks.

IPS: hIP2, hIP1, and hIP3

Despite their close proximity along the IPS, the 3 hIP ROIs

exhibit functional connectivity to different neural networks.

The differences in functional connectivity of these neighboring

regions reflect the multimodal nature of the IPS, which acts as

a convergence zone integrating multiple cognitive functions.

The IPS region, along with the frontal eye fields, has been

described as belonging to the dorsal attention system for top-

down attentional orienting (Corbetta and Shulman 2002).

However, previous neuroimaging studies in the human brain

have not taken into account potential heterogeneity within

subdivisions of the IPS. Our functional connectivity analyses

show strong coupling between the anterior IPS ROIs (hIP2 and

hIP1) and frontal attentional regions. In sharp contrast, the

posterior IPS region (hIP3) shows strong coupling with

posterior occipital regions. This distinction is consistent with

macaque anatomical studies, which have shown strong

connections between the anterior IPS (AIP) and ventral

premotor cortex and the posterior IPS (CIP) to visual cortices

(Grefkes and Fink 2005). One previous DTI study reported

structural connectivity between the anterior IPS and ventral

premotor cortex (Rushworth et al. 2006), consistent with our

results. Our study extends previous findings by showing

Figure 6. Structural connectivity of hIP subdivisions. (a) DTI tractography and density of fibers between hIP2, hIP1 and hIP3 and target AAL ROI inferior frontal opercular. Both
hIP2 and hIP1 showed greater structural connectivity with inferior frontal opercular than did hIP3 (*P\ 0.05, **P\ 0.01). (b) DTI tractography and density of fibers between
hIP2, hIP1, and hIP3 and target AAL ROI insula. hIP1 showed greater structural connectivity than hIP2 and hIP3 with insula (*P\ 0.05, **P\ 0.01). (c) DTI tractography and
density of fibers between hIP2, hIP1, and hIP3 and target AAL ROI superior occipital cortex. hIP3 showed greater structural connectivity with superior occipital cortex than did hIP2
(**P\ 0.01).
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convergence with functional connectivity and cytoarchitec-

tonic mapping of the human IPS.

Beyond spatial attention, one of the cognitive domains most

consistently associated with the IPS is numerical cognition.

This region is thought to facilitate amodal, language-indepen-

dent, semantic representations of numerical quantity (Dehaene

et al. 2004; Rosenberg-Lee et al. 2009). In healthy adults, the IPS

is modulated by the complexity of numerical (Baron-Cohen

et al. 2000; Duffau et al. 2002; Delazer et al. 2003; Ansari et al.

2006; Castelli et al. 2006; Cohen Kadosh et al. 2007; Piazza et al.

2007) and arithmetic (Burbaud et al. 1995; Dehaene et al. 1999;

Menon et al. 2000; Gruber et al. 2001) reasoning. Neuroimaging

studies of dyscalculia (a deficit specifically in the numerical

domain) have also revealed abnormalities of the IPS, including

reduced gray matter (Isaacs et al. 2001; Rotzer et al. 2008),

abnormal sulcal depth (Molko et al. 2003), and hypoactivation

of the region (Kesler et al. 2006; Price et al. 2007) in individuals

with mathematical difficulties. Our results suggest that the

anterior and posterior IPS subdivisions play different roles in

processing numerical information. The posterior IPS (hIP3), by

virtue of its greater functional and structural connectivity with

visual cortex, may play a leading role in transforming symbolic

and non-symbolic numerical information to spatial and seman-

tic representations of quantity. In contrast, the more anterior

IPS regions (hIP2 and hIP1) may support more complex aspects

of numerical and mathematical information processing via their

interconnections with fronto-parietal circuits. Our tractogra-

phy findings suggest that fibers along the superior longitudinal

fasciculus play a major role in this interaction.

In both the human and macaque brain, the anterior IPS

coordinates visuomotor actions such as reaching, grasping, and

eye movements (Frey et al. 2005; Culham and Valyear 2006). In

contrast, the posterior-most IPS region has been shown to

participate in peripersonal visual representations (Makin et al.

2007). Damage to the occipitotemporal visual system (ventral

visual stream) in the presence of an intact occipitoparietal

system (dorsal visual stream) (Goodale and Milner 1992) can

result in spared visuomotor skills in the presence of severe

visual form agnosia (James et al. 2003), as demonstrated most

dramatically by a patient studied by Goodale and Milner

(Goodale and Milner 1992). Importantly, we found that hIP2

and hIP1, the anterior-most IPS subdivision, showed strong

functional and structural connectivity with the premotor

cortex and the inferior frontal gyrus. Our connectivity analyses

of networks associated with the IPS suggest a general principle

of organization whereby posterior IPS regions that are closely

linked to the visual system transform stimuli into motor action

through the anterior IPS connections to the prefrontal cortex.

Our functional and structural connectivity results point to

strong connections between hIP1 and insula. Anatomical tracer

studies in the macaque have shown connections between

posterior insula and parietal area PF (Mesulam and Mufson

1982). The current results demonstrate IPS--insula structural

connectivity for the first time in humans. We suggest that this

inter-connected system may help to mediate detection of

visually salient stimuli.

Conclusion

The caudal and dorsal IPL can be divided into 5 major

subdivisions based on cytoarchitectonic features (Caspers

et al. 2008). We have shown that the AG and IPS subdivisions

of the IPL are associated with overlapping yet distinct

functional and structural networks. The multiple dissociable

networks associated with specific IPL cytoarchitectonic sub-

divisions facilitate contrasting, yet integrative cognitive func-

tions in the human brain. The patterns of connectivity

identified here provide links between anatomy and connectiv-

ity and facilitate more principled interpretation of diverse

functional neuroimaging studies reporting activations and

deactivations within this heterogeneous parietal region. More

broadly, our findings provide new information about the

functional and structural organization of the human parietal

cortex and provide a novel synthesis of task-related activations

and deactivations reported during different cognitive tasks.
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