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Abstract The frontal pole corresponds to Brodmann area
(BA) 10, the largest single architectonic area in the human
frontal lobe. Generally, BA10 is thought to contain two or
three subregions that subserve broad functions such as
multitasking, social cognition, attention, and episodic
memory. However, there is a substantial debate about the
functional and structural heterogeneity of this large frontal
region. Previous connectivity-based parcellation studies
have identified two or three subregions in the human
frontal pole. Here, we used diffusion tensor imaging to
assess structural connectivity of BA10 in 35 healthy sub-
jects and delineated subregions based on this connectivity.
This allowed us to determine the correspondence of
structurally based subregions with the scheme previously
defined functionally. Three subregions could be defined in
each subject. However, these three subregions were not
spatially consistent between subjects. Therefore, we
accepted a solution with two subregions that encompassed
the lateral and medial frontal pole. We then examined
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resting-state functional connectivity of the two subregions
and found significant differences between their connectiv-
ities. The medial cluster was connected to nodes of the
default-mode network, which is implicated in internally
focused, self-related thought, and social cognition. The
lateral cluster was connected to nodes of the executive
control network, associated with directed attention and
working memory. These findings support the concept that
there are two major anatomical subregions of the frontal
pole related to differences in functional connectivity.

Keywords Diffusion MRI - BA10 - White matter -
Anatomy - Frontal lobe

Introduction

The most anterior portion of the primate brain is often
designated as a single brain region of granular cortex,
broadly defined as Brodmann area (BA) 10 in humans [and
BA 12 in non-human primates, later reclassified as BA 10
by Walker (1940)], or the frontal polar cortex (FPC)
(Fig. 1) (Barbas and Pandya 1989; Petrides et al. 2012).
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Fig. 1 BAI10 (frontal pole) mask from the PALS atlas (Van Essen
2005) from the FreeSurfer white matter surface. We converted this
mask to the FSL standard space (MNI152) brain to perform the
tractography-based parcellation analysis. The mask is displayed in (a)

BAI1O0 is a large region of the cortex and has mostly been
associated with cognitive functions, such as multitasking,
social cognition, attention, and episodic memory (Burgess
et al. 2007; Gilbert et al. 2006, 2010b). These functions are
supported by BA10 connectivity: in non-human primates, it
is connected with prefrontal (lateral areas 8Ad, 8B, 46,
9/46, 45, and 47/12; medial areas 34, 32, and 9), orbito-
frontal (areas: 11, 13, and 14), temporal (temporal pole,
superior temporal gyrus and sulcus) and other brain regions
(insula, posterior cingulate area 23, retrosplenial area 30,
somatosensory-related parietal area 31) (Barbas et al. 1999;
Barbas and Pandya 1989; Goulas et al. 2014; Petrides and
Pandya 2011; Yeterian et al. 2012). These connections are
primarily supported by the uncinate fasciculus and the
extreme capsule fasciculus (Yeterian et al. 2012). The
neuroanatomical features of BA10, such as cytoarchitec-
ture, seem heterogeneous between human and non-human
primates (Passingham and Wise 2012). Additionally, a
distinguishing feature of the FPC is the high density of
dendritic spines per cell, increased dentritic length, and a
low density of cell bodies compared to comparable brain
regions in humans (Jacobs et al. 1997, 2001). Together,
these findings suggest that it is a highly integrative, su-
pramodal brain region.

The human BAIO likely comprises structurally and
functionally heterogeneous subregions based on cytoar-
chitectonic studies in humans. Connectivity-based parcel-
lations seem to correspond to subregions identified
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on the inflated brain surface in FreeSurfer (left panel) and the
MNI152 brain in FSL (axial slice shown in the right panel). The span
of the whole BA10 mask is shown in (b) across coronal slices

cytoarchitectonically (Mars et al. 2011), and thus, may
provide macrostructural evidence for subregions. The issue
of BA10 parcellation has direct translational implications
for the growing number of anatomically targeted neuro-
logical and psychiatric treatments: deep brain stimulation
(DBS), epidural cortical stimulation (EpCS), repetitive
transcranial magnetic stimulation (rTMS), and transcranial
direct current stimulation (tDCS). Of particular importance
for the treatment of major depression, several of these
techniques target BA10 either directly or indirectly (Gustin
et al. 2013; Iannetti et al. 2013), and therapeutic efficacy
may hinge upon stimulation of an optimal subregion.

The macaque FPC consists of two cytoarchitectonically
organized distinct regions: medial (10 m) and orbital (100)
(Carmichael and Price 1994). However, correspondence
between FPC in non-human primates and the much larger
BAI10 in humans is uncertain (Semendeferi et al. 2001). A
contentious issue is whether the human BA10 comprises
two (FP1 and FP2) (Bludau et al. 2014) or three subregions
[rostral (10r), medial (10 m), and polar (10p) (Ongur et al.
2003)].

Functional neuroimaging has identified subregions in
BA10 that are consistent with cytoarchitectonically defined
BA10 subdivisions (Gilbert et al. 2006, 2010b) and com-
prise either two or three functionally distinct subregions. A
meta-analysis identified three BA10 subregions: the med-
ial, rostral and lateral FPC (Gilbert et al. 2006), but other
studies identified two subregions: the medial and the lateral
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FPC (Bludau et al. 2014; Charron and Koechlin 2010;
Gilbert et al. 2010a; Koechlin 2011; Koechlin et al. 2000).

The medial FPC has been implicated in complex cog-
nitive tasks, including social cognition (e.g., mentalizing)
and relative reward monitoring (Boorman et al. 2009;
Gilbert et al. 2006; Rushworth et al. 2011; Tsujimoto et al.
2010), whereas the rostral FPC has been associated with
multitasking (Gilbert et al. 2006), and the lateral FPC with
working and episodic memory, attention, cognitive
branching, and task-switching (Boorman et al. 2009; Gil-
bert et al. 2006; Koechlin 2011; Rushworth et al. 2011).
However, few studies have specifically investigated the
differential roles of these putative functional subregions,
including the contribution of adjacent anatomical regions
(Mackey and Petrides 2010). Therefore, functional neuro-
imaging may not be the optimal approach to determine how
many subregions exist in BA10.

The debate about whether there are two or three sub-
regions in the FPC can be informed by examining the
connectivity of this region (Beaulieu 2002, 2009). Diffu-
sion-weighted imaging (DWI) can be used to delineate
structural white matter connectivity in the brain and
parcellate anatomical brain regions in a data-driven
approach (Beckmann et al. 2009; Caspers et al. 2013;
Johansen-Berg et al. 2004; Mars et al. 2011, 2012;
Schubotz et al. 2010; Tomassini et al. 2007). A recent
study used this method to determine the number of
structural and functional subregions in the FPC (Liu et al.
2013) and identified three subregions. Another study, by
Sallet and colleagues (2013), identified a single brain
region, and a follow-up study by the same group (Neubert
et al. 2014) identified two subregions using a more
extensive FPC mask. Here, in parallel, we have assessed
the correspondence between previously identified func-
tional subregions and structural parcels at a population
level in the FPC. Furthermore, we investigated whether
the resting-state functional connectivity to the rest of the
brain reflected the heterogeneity of the structural subre-
gions we identified.

Materials and methods

We investigated the structural connectivity of the FPC to
identify subregions within this area with an approach that
has been used to investigate the cingulate, parietal, and
temporoparietal junction cortices (Beckmann et al. 2009;
Johansen-Berg et al. 2004; Mars et al. 2011, 2012; Tom-
assini et al. 2007). To do so, our analysis involved three
steps: (1) probabilistic tractography, seeded from the BA10
to the rest of the brain, (2) determination of the number of
spatially consistent subregions using a K-means clustering
algorithm of the tractographic data in each subject, and (3)

characterization of the structural and functional connec-
tivity of each of the subregions to the rest of the brain.

Data acquisition

All subjects provided informed consent to procedures
approved by the UHN Research Ethics Board. Diffusion-
weighted images were acquired for 35 healthy subjects (17
women, 18 men; mean + SD age 27.6 & 6.41 years, range
18-39 years) on a 3T GE MRI (Signa HDx; maximum
gradient strength = 40 mT/m, maximum slew
rate = 150 T/m/s) system fitted with an eight-channel
phased array head coil. Two sets of DWI data were
acquired for each subject with 60 non-collinear, isotropic
directions (repetition time = 17,000 ms, field of view:
23 x 23 cm, 96 x 96 matrix, 2.4 x 2.4 mm in-plane res-
olution, 2.4-mm-thick axial slices, with array spatial sen-
sitivity encoding technique (ASSET) with a factor of 2;
b = 1,000 s/mm?). Additionally, 10 non-diffusion-weigh-
ted scans (b = 0 s/mm?; b0) were acquired at the begin-
ning of each run.

Also, a whole brain (180 sagittal slices, field of view:
25.6 x 25.6 cm?) high-resolution (256 x 256 matrix,
1 x 1 x 1 mm voxels) anatomical scan was also acquired
for each subject using a 3D fast spoiled gradient-echo
(FSPGR) sequence (flip angle 15, TE = min,
TR = 7.8 ms).

T2*-weighted functional MRI scans with an echo-planar
pulse imaging (EPI) sequence were also acquired for every
subject (repetition time = 2,000 ms, echo time = 25 ms,
axial slice thickness = 4 mm, field of
view = 20 cm x 20 cm, 64 x 64 matrix, resulting in a
voxel size of 3.125 x 3.125 x 4 mm3, 150 volumes). For
the 5-min task-free scan, subjects were instructed to lie
still, clear their thoughts and “not to think about anything
in particular”, with their eyes closed.

Anatomical parcellation using DWI
Seed region definition

The selection of the mask to define the frontal pole is
crucial to the outcome of the parcellation method. In the
current study, we used the Brodmann parcellation scheme,
specifically region BA10, which corresponds to the frontal
polar cortex. This decision was based on the common use
of the term BA10 to describe frontal polar findings.

The bilateral BA10 were determined using a cortical
surface parcellation atlas included in the FreeSurfer soft-
ware package version 5.0.0 (http://surfer.nmr.mgh.harvard.
edu/). We used the PALS (http://brainvis.wustl.edu/wiki/
index.php/Caret:Atlases; Van Essen 2005) Brodmann area
parcellation atlas to define a mask for BA10 for each
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hemisphere in FreeSurfer standard space (fsaverage).
Importantly, the masks were defined on the surface of
white matter, i.e. on the border of white and grey matter in
the brain (see Fig. 1). These masks (one for each hemi-
sphere) were then transformed to FMRIB Software Library
(FSL version 4.1.2; http://www.fmrib.ox.ac.uk/fsl/; Smith
et al. 2004) standard space (MNI152) for analysis (see
Fig. 1). The BA10 mask was transformed to individual
space using the linear registration tool (FLIRT) imple-
mented in FSL, using 12 degrees of freedom (Jenkinson
et al. 2002), and visually checked for aberrant registration.
All registrations were satisfactory upon visual inspection.

Anatomical parcellation using probabilistic tractography

A summary of these methods can be found in Fig. 2. DWI
data were preprocessed using tools from FDT, part of FSL.
Motion and eddy-current correction were performed using
affine registration of all volumes to a target b0 volume—
the second acquired volume. Probability density functions
on up to two principal fibre directions were estimated at
each voxel in the brain using the Bayesian estimation of
diffusion parameters obtained using sampling techniques
toolbox (BEDPOSTX; Behrens et al. 2007) implemented in
FSL. We then used multi-fibre tractography (maximum
number of steps = 2,000, curvature threshold = 0.2) and
drew 5,000 samples from each voxel in the BA10 mask to
every brain voxel (downsampled to 5-mm isotropic vox-
els). The number of samples that reach a voxel in the brain
is considered the connectivity of the seed to that voxel.
We parcellated BA10 using previously described
methods (Beckmann et al. 2009; Johansen-Berg et al. 2004;
Mars et al. 2011, 2012) in the “ccops” toolbox imple-
mented in FSL. In brief: for each subject, a connectivity
matrix between BA10 voxels and each voxel of the
downsampled (5 mm isotropic) brain voxel was derived
(Johansen-Berg et al. 2004). The matrices consist of rows
indicating each BAI10 voxel, and columns representing
each voxel in the rest of the brain. The values in each
element of the matrix represent a proxy measure of the
connectivity value of the BA10 voxel and the brain voxel
(i.e., the probability of connection of the two voxels). We
then generated a symmetric cross-correlation matrix of
dimensions equal to the number of seed voxels by the
number of seed mask voxels. The (i, j)th element within the
matrix represents the correlation between the connectivity
profile of voxel i and the connectivity profile voxel j. We
then permuted the rows of the cross-correlation matrix
using a K-means clustering segmentation algorithm,
implemented in the ccops toolbox in FSL, for automated
clustering to define K different clusters. This algorithm
randomly selects a starting point in the matrix to cluster the
voxels in the seed (i.e., the voxels within the BA10 mask)
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that have similar connectivity profiles (i.e., connectivity
values to the rest of the voxels in the brain). It is possible
that two separate regions cluster as a single cluster because
of their interconnectivity (c.f. the similarity of their con-
nectivity to the rest of the brain). Therefore, we included a
scaled Euclidian distance matrix to the cross-correlation
matrix as implemented in FSL (Tomassini et al. 2007). We
used a weak distance constraint of 0.2, as has been previ-
ously used (Beckmann et al. 2009; Mars et al. 2011, 2012;
Tomassini et al. 2007). This results in clusters of spatially
contiguous voxels, although the border between clusters is
guided by connectivity to voxels in the rest of the brain.
The K-means clustering algorithm requires us to set the
number of clusters (K) that are formed. Previous work has
suggested that there are either two or three subregions in
BA10 (Charron and Koechlin 2010; Gilbert et al. 2006,
2010a; Koechlin 2011; Koechlin et al. 2000; Ongur et al.
2003; Tsujimoto et al. 2010). Therefore, we used an iter-
ative method to determine the number of stable clusters
(i.e., spatially consistent) that can be formed across the
study population (Beckmann et al. 2009; Mars et al. 2011,
2012). Specifically, we tested for K values of 2, 3 and 4,
and determined the highest K value that was able to obtain
spatially consistent clusters across all subjects, and the
subregions created a continuous area of cortex.

Probabilistic tractography from resultant BAI10 subregions

To qualitatively demonstrate the differential structural
connectivity of the subregions, we performed probabilistic
tractography with the same parameters as above from each
cluster for each subject. The tractography was unrestrained
by any masks and was run along the main and secondary
fibre directions, as determined by the BEDPOSTX algo-
rithm, to the rest of the brain. The target mask included the
whole brain (limited by the grey matter—pial layer bound-
ary). The resulting tractograms were thresholded at 5,000
samples to demonstrate regions of differential connectivity.
The tractograms were then binarised and summed to make
a group probabilistic tractogram for each cluster (Fig. 5).

Resting-state functional connectivity
Data analysis

Prior to analysis, the first four volumes of the resting-state
fMRI data were deleted to allow signal equilibration. The
data were subsequently preprocessed and analyzed in the
Conn toolbox v.13 (http://www.nitrc.org/projects/conn;
Whitfield-Gabrieli and Nieto-Castanon 2012), imple-
mented in Matlab v.7.14.0 (Mathworks, Natick, MA,
USA). First, the toolbox uses tools in SPM8 (Wellcome
Department of Imaging Neuroscience, London, UK; http://
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Eddy
current
correction

Rest of the brain

BA10 Seed voxels

Fig. 2 Preprocessing and analysis pipeline for diffusion-weighted
parcellation of BA10. a Diffusion data are eddy-current corrected and
registered to the BO image. Next probability density functions on up
to two principal fibre directions were estimated at each voxel in the
brain using the Bayesian estimation of diffusion parameters obtained
using sampling techniques toolbox (BEDPOSTX) implemented in
FSL. Diffusion data were also co-registered to a TI1-weighted
anatomical scan. Next, probabilistic tractography was run from every

www.fil.ion.ucl.ac.uk/spm) to spatially preprocess each
subject’s functional data. These steps include realignment
(motion correction), coregistration to a structural T1 image,
normalization to the MNI standard brain, and spatial
smoothing (6-mm FWHM Gaussian filter). Additionally, in
the Conn toolbox, subjects’ anatomical T1-weighted ima-
ges are segmented for grey matter, white matter and
cerebrospinal fluid (CSF), and eroded (one-voxel erosion;

Coregister

“Blind”
Tractography

K=4

voxel in the BA10 seed (registered to each subject’s diffusion space)
to the rest of the brain, in a lower resolution brain (voxel size
5 x 5 x 5 mm). This resulted in a matrix of the probability of
connection of every voxel in the seed to every other voxel in the
brain. b These matrices have been cross-correlated and clustered
according to a K-factor, which represents the number of clusters
output by the algorithm. The parcellations are shown on the T1-
weighted MNI standard brain in FSL

2 mm isotropic voxel size) to later remove temporal con-
founds related to these tissue types (see below). The data
were also temporally preprocessed to control for other
potential confounds and to restrict the analysis to fre-
quencies of interest (<0.1 Hz). These steps include using
linear regression to remove potential sources of noise,
including estimated subject motion parameters (3 transla-
tion components and 3 rotation components), BOLD
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signals in white matter and CSF areas. The additional white
matter and CSF covariates are included using the ana-
tomical component-based noise correction method
(aCompCor; Behzadi et al. 2007). We set the algorithm to
compute five orthogonal timeseries (components) for white
matter and five orthogonal timeseries (components) for
CSF in each subject. The residual BOLD image is band-
pass filtered between 0.01 and 0.1 Hz.

We performed seed-based resting-state functional con-
nectivity (Biswal et al. 1995; Fox et al. 2005; Greicius et al.
2003; Taylor et al. 2009) between the BA10 subregions
identified with probabilistic tractography (see above and
Fig. 4a) for each hemisphere and the rest of the brain. The
first-level bivariate correlation maps were calculated
between the seeds and the rest of the brain. These corre-
lation values are then Fisher transformed to normalized Z-
statistics for second-level comparisons. We compared the
functional connectivity of the two (lateral and medial)
seeds within each hemisphere. Second-level group-level
random-effects analysis was thresholded at p < 0.05 cor-
rected for multiple comparisons with family-wise error
correction with an extent threshold of 8 voxels. The final
results were displayed on the FSL standard brain
(MNI152_T1_2mm_brain.nii.gz).

Results

Anatomical parcellation using probabilistic
tractography

The first aim of this study was to parcellate the human
frontal polar cortex into distinct subregions based on their
structural white matter connectivity, using probabilistic
tractography. The clusters were formed based on a K-
means clustering algorithm. We used an iterative process,
guided by previous studies that suggest that there are either
two or three anatomically distinct subregions in the FPC.
We performed the clustering algorithm on the FPC with an
increasing number of clusters (2, 3, and 4) and determined
the largest value for K where the clusters remained con-
sistent amongst all 35 subjects (Beckmann et al. 2009;
Mars et al. 2011, 2012). Each individual’s parcellation
results are shown in Supplemental Fig. 1, and the centre-
of-gravity of each individual parcellation results is shown
in Fig. 3. The two-cluster solution resulted in a medial and
a lateral cluster (Figs. 3, 4a). Bilaterally, the medial clus-
ters spanned the ventral portion of the medial frontal gyrus,
superior to the straight gyrus (gyrus rectus), and anterior to
the cingulate sulcus. Bilaterally, the lateral clusters span-
ned the middle frontal gyrus, between the superior frontal
sulcus and the inferior frontal sulcus. All four of these
clusters were consistent amongst all subjects. The three-
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Fig. 3 Individual-level results of parcellation solutions of the bilat-
eral BA10 for each of the 35 subjects plotted on the MNI152 standard
brain. The analysis was run separately for each hemisphere. Each
point represents the centre-of-gravity of each cluster in each subject—
there are 35 points in each image, although this may not be clear due
to overlap. The two-cluster solution (K = 2) showed a lateral (green)
and medial (red) clusters. The three-cluster solution (K = 3) showed
the lateral (green), medial (red) and rostral (blue) clusters. The four-
cluster solution (K = 4) showed a lateral (green), medial (red), rostral
(blue) and dorso-medial rostral (yellow) cluster. Note the consistency
in the two-cluster solution

cluster solution resulted in a medial, a rostral and a lateral
cluster (see Figs. 3, 4b). In this solution, the medial cluster
spanned medial frontal gyrus superior to the straight gyrus,
bilaterally. The lateral cluster spanned the anterior portions
of the inferior frontal and middle frontal gyri, bilaterally.
The rostral clusters spanned the dorsal portion of medial
frontal gyrus and the rostral superior frontal gyrus, medial
to the superior frontal sulcus, bilaterally. The four-cluster
solution did not produce a consistent map, which is dem-
onstrated by overlap between the centre-of-gravity of
separate clusters between subjects (Fig. 3). This demon-
strates that the clusters are not spatially consistent across
subjects. For example, the right lateral cluster does not
parcellate into two subregions in 6/35 subjects, and there is
substantial overlap between group maps of the clusters
(Fig. 3). Based on these parcellations, we determined that
the two-cluster and three-cluster solutions both produced
consistent clusters amongst all subjects, and could provide
plausible and robust solutions for subregions within the
FPC. The four-cluster solution was not pursued further.
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a 2-cluster solution
Y =42
Left BA10

b 3-cluster solution
Y =42
Left BA10

Fig. 4 Group-level results of parcellation solutions for the bilateral
BA10 shown on the MNI152 brain. The group parcellations images
were created based on areas of the frontal pole that showed overlap
across subjects. a In the two-cluster solution, the medial cluster is
shown in red and the lateral cluster is shown in green. The images are
thresholded at 75 % (26/35) of all subjects. The left medial had a
centre of gravity (COG all coordinates are in MNI space) at (—6, 58,
—12), and the right medial cluster had a COG at (8, 58, —6). The left
lateral cluster had a COG at (—34, 50, 10), and the right lateral had a

BA10 subregion white matter connectivity

We next created a group map for each cluster based on the
probabilistic tractography parcellation results described
above (Fig. 5). Differences in BA10 connectivity were
assessed based on regions where the tractograms of the
clusters showed no overlap at a specific threshold.

For the two-cluster solution, the lateral cluster, but not
the medial cluster, was connected to lateral prefrontal
cortex (PFC BA 46, 9, 6 and 8), the ipsilateral pallidum and
putamen, and the pons. The medial cluster, but not the
lateral cluster, was connected to the medial PFC, the cin-
gulate cortex, the orbitofrontal cortex and the contralateral
caudate nucleus.

For the three-cluster solution, all three clusters had
widespread connections. The parcels did have differential
connectivity, albeit with some overlap. For example, tracts
from the medial cluster uniquely projected to medial

COG at (36, 50, 14). b In the three-cluster solution, the medial cluster
is shown in red, the rostral cluster is shown in blue, and the lateral
cluster is shown in green. The images are thresholded at 75 % (26/35)
of all subjects. The medial cluster had a COG at (—12, 64, 12) on the
left, and at (20, 62, 4) on the right. The rostral cluster had a COG at
(—6, 58, —12) on the left and the COG at (8, 58, —6) on the right. The
lateral cluster had a COG at (—34, 50, 10) on the left, and the COG at
(36, 50, 14) on the right

frontal brain regions, including the medial PFC (BA10),
orbitofrontal (BA11) and anterior cingulate (BA 24/32) and
subgenual cingulate (BA 25) cortices. The left rostral
cluster uniquely projected to the anterior, mid and posterior
regions of the cingulate cortex (BA 24/32, 23 and 31) the
dorsomedial PFC (BA 8, 9 and 6). In the right hemisphere,
the rostral cluster did not uniquely project to any brain
regions. The lateral cluster projected to lateral frontal (BA
8, 9 and 6) and parietal cortical regions, as well as sub-
cortical regions.

In the three-cluster solution, the medial and rostral
clusters are subdivisions of the medial cluster of the two-
cluster solution. Given that the rostral cluster of the three-
cluster solution did not have a unique pattern of structural
connectivity distinct from the medial cluster, the three-
cluster solution was not pursued further. Instead, the two-
cluster solution was used for the purposes of resting-state
functional connectivity analysis.
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2-cluster solution

54, 7 = 4)

LH

(x=-6,y

RH
= 54,7 =4)

(x=6,y

Fig. 5 Group-level tractograms for each of the BA10 clusters to the
rest of the brain. The red tracts are seeded from the medial cluster, the
green tracts are seeded from the lateral cluster, and the blue tracts (in
the three-cluster solution) are seeded from the rostral cluster. The
yellow tracts represent the overlap of the tracts. The individual

BA10 subregion resting-state functional connectivity

It is critical to note that structural connectivity may or may
not be reflected in functional connectivity. The individual
nodes within networks of brain regions may lack direct
structural connectivity identified with diffusion-weighted
tractography (i.e. there may be indirect, polysynaptic
connections between regions, or this lack of connectivity
may be due to the limitations of tractography in tracing
long distance connections), and yet the BOLD activity
within these nodes may still be correlated, with the nodes
co-activating in a reliable fashion to subserve a common
function. Thus, the specific set of other brain regions with
activity correlating with each of the FPC subregions could
conceivably provide additional useful information regard-
ing their respective functions. Therefore, we used resting-
state fMRI to investigate the functional connectivity of the
medial and lateral subregions identified in the two-cluster
solution (Fig. 6).

We found that the seeds in the two-cluster solution
activated two distinct networks of regions in resting-state
fMRI. Bilaterally, the medial clusters were significantly
more functionally connected to nodes of the default-mode
network (see Fig. 6): namely, the bilateral medial PFC, the
bilateral precuneus/posterior cingulate cortex, the ipsilat-
eral lateral occipital cortex, the bilateral parahippocampal
gyri, the bilateral subgenual cingulate cortex, the bilateral
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tractograms were thresholded at 5,000 samples. Each subject’s
tractogram was then overlaid onto the MNII52 brain to make a
group tractogram. The image displayed consists of a group map of
tracts that overlap in at least 50 % (17/35) subjects

middle temporal gyrus. Conversely, the bilateral lateral
clusters were functionally connected to nodes of the
executive control network, including the bilateral supple-
mentary motor area, the ventrolateral premotor cortex, the
lateral parietal area, the dorsolateral PFC (dIPFC) and the
bilateral anterior insula. There were no sex differences in
the connectivity of the medial or lateral clusters.

Discussion

The aim of the current study was to investigate whether
there are discernible structural subregions in the FPC based
on white matter connectivity profiles. We used a data-dri-
ven approach based on probabilistic tractography to
determine the connectivity of every voxel within BA1O,
and a clustering algorithm to parcellate the BA10 into
subregions. Based on structural connectivity, we found two
solutions that were reliably reproducible across 35 sub-
jects: a two-cluster and a three-cluster solution. The two-
cluster solution comprised a medial and a lateral cluster,
whereas the three-cluster solution further divided the
medial cluster into a more ventral and a more dorsal cluster
(which we termed the rostral FPC). Structural connectivity
of these clusters revealed that at the population level the
two-cluster solution was more consistent than the three-
cluster solution. Specifically, there were no unique tracts in
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Fig. 6 Difference in resting-
state connectivity of the BA10
clusters from the two-cluster
solution in (a) the right
hemisphere BA10 clusters and
(b) the left hemisphere BA10
clusters. Regions significantly
more connected to the medial
cluster are shown in red and
regions significantly more
connected to the lateral cluster
are shown in green

a Right BA10

half of the subjects for the rostral cluster in the right
hemisphere in the three-cluster solution, whereas the two-
cluster solution showed clear differences.

The structural and functional heterogeneity of the FPC
has been previously explored using a variety of method-
ologies (Bludau et al. 2014; Gilbert et al. 2006, 2007,
2010b; Koechlin et al. 2000; Liu et al. 2013; Neubert et al.
2014; Ongur et al. 2003; Ongur and Price 2000; Sallet et al.
2013; Semendeferi et al. 2011). However, to date, there is
no consensus on the number of subregions in FPC. For
instance, histological studies in non-human primates have
revealed two distinct regions in the FPC, based on cyto-
architecture (Carmichael and Price 1994). The extent to
which this cytoarchitectonic parcellation is applicable to
humans, however, is subject to further investigation
(Passingham 2009). Comparative anatomical studies have
demonstrated that the human BAI10 is proportionately

much larger than the analogous structure in other primates
(Semendeferi et al. 2001). Also, the spatial organization of
cellular columns in human BA10 differs from BA10 in
great apes, including cortical column organization that
allows for more columnar interconnectivity (Semendeferi
et al. 2011). Nonetheless, the study by Bludau et al. (2014)
revealed two BA10 subregions in humans, similar to the
non-human primate analogue of BA10. However, these
subregions show different anatomic features and func-
tions—especially the lateral FPC, which seems to be
unique to humans (Neubert et al. 2014).
Diffusion-weighted tractography represents a reliable
and valid methodology for investigating the neuroana-
tomical structure of the brain (Anwander et al. 2007;
Beckmann et al. 2009; Eickhoff et al. 2010; Johansen-Berg
et al. 2005; Klein et al. 2007, 2009; Mars et al. 2011, 2012;
Schubotz et al. 2010; Tomassini et al. 2007). The extrinsic
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connections of a brain region constrain its function, and so
the patterns of connectivity within a region can be used to
discern functionally distinct areas (Averbeck et al. 2009;
Mars et al. 2011; Passingham et al. 2002). Furthermore,
tractographic findings in humans have been validated by
comparing and correlating to tract-tracing and tracto-
graphic studies in non-human primates (Croxson et al.
2005; Dauguet et al. 2007; Dyrby et al. 2007; Mars et al.
2011). Three studies exploit this method to study the
number of structural and functional subregions in the
human FPC (Liu et al. 2013; Neubert et al. 2014; Sallet
et al. 2013). The study by Sallet et al. (2013) identified a
single BA10 region, whereas the study Neubert et al.
(2014) identified two subregions, and the study by Liu and
colleagues (2013) identified three distinct subregions in the
FPC. It is noteworthy, however, that the differences
between the findings in the Sallet et al. (2013) and Neubert
et al. (2014) studies can be attributed to differences in the
region-of-interest they investigated—the former study
investigates a more dorsal FPC, whereas the latter study
investigated a region of the FPC similar to the one in the
current study.

Using similar methods in a larger sample than all three
studies, our data confirm that there are both structurally and
functionally discernible subregions in the FPC in humans.
Our three-cluster solution closely resembles the findings of
Liu and colleagues (2013) in that we also identified a
rostral, medial and lateral cluster that spanned the same
anatomical regions. However, we found that, in line with
the findings in the Bludau et al. (2014) and Neubert et al.
(2014) studies, the most reliable pattern of differential
structural connectivity emerged from a two-cluster solution
dividing the FPC into a lateral and a medial subregion, and
that the rostral cluster in the three-cluster solution did not
have unique population-level (in 50 % of subjects) struc-
tural connectivity in the right hemisphere. In the two-
cluster solution, the lateral cluster was structurally con-
nected to lateral PFC areas and associated striatal structures
and the medial cluster was connected to medial and ventral
PFC areas.

Our aim was to establish a population-based mask of the
FPC based on connectivity-based parcellation. As noted by
Caspers et al. (2013), this method can provide a framework
to study individual differences. In the current study, we
accepted the two-cluster solution as the most consistent
solution for a population-based map of the FPC. However,
our three-cluster and four-cluster solutions highlight indi-
vidual differences in brain anatomy as evidenced by the
variability in the spatial distribution of the resulting clus-
ters. It is also possible that the mask, in some subjects,
included medial BA 11, an adjacent brain region ventral to
the medial FPC (Mackey and Petrides 2010). These indi-
vidual differences may underlie differential behavioural
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strategies and functional heterogeneity, and may therefore
be of additional interest in studies of between-subject
heterogeneity rather than average behaviour and function
(Mueller et al. 2013).

A recent study by Catani and colleagues (2012) used
high-resolution diffusion imaging to perform tractographic-
based dissections of several white matter tracts. This study
demonstrated that two subregions of the FPC, corre-
sponding closely to the subregions identified in the present
study, have differential anatomical white matter connec-
tivity. Specifically, the medial subregion of Catani et al.
(2012) was largely connected via the frontal superior lon-
gitudinal tracts, while the lateral subregion was mostly
connected via the frontal inferior longitudinal tracts. The
connections of these tracts are consistent with our finding
that the lateral cluster is structurally and functionally
connected to lateral brain regions, and that the medial
cluster is structurally and functionally connected to sub-
cortical and medial brain regions. Furthermore, they dem-
onstrated that a prominent U-shaped tract, the fronto-
marginal tract, connects the lateral and medial subregions.
These data, assessed with a qualitative high-resolution
diffusion tractography, reflect our probabilistic tractogra-
phy findings by establishing that the two subregions of the
FPC have differential white matter connectivity, and pro-
vide detailed evidence that both local, short fibre connec-
tions and long association tracts contribute to the structural
heterogeneity of the FPC.

In addition to their convergence with findings from
in vivo tract tracing studies, the results of the present study
are consistent with previous functional neuroimaging
studies that demonstrate different subregions in the FPC
that participate in different types of cognition and coacti-
vate with different functional cortical networks. Gilbert and
colleagues (2006, 2010b) demonstrated that a region of
rostral (anterior polar) FPC, closely corresponding to our
medial FPC region, was related to multitasking. A more
lateral subregion, corresponding to our lateral FPC, was
related to episodic memory retrieval, while a more medial
subregion was related to social cognition. A study of brain
areas that co-activated with the medial and lateral subre-
gions across various tasks (Gilbert et al. 2010a) demon-
strated that the medial subregion was co-activated with
nodes of the default-mode network, including the PCC and
the hippocampus, whereas the lateral subregion was con-
nected to the midcingulate cortex/supplementary motor area
(MCC/SMA), insula and the lateral parietal cortices.
Another co-activation meta-analysis study by Bludau and
colleagues (2014) corroborates the findings from the Gilbert
(2010a) study. Interestingly, it has been proposed that
anterior ventral medial PFC (corresponding to the medial
FPC cluster of the present study) computes the value of
choices (Smith et al. 2010). Furthermore, De Martino and
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colleagues (2012) interpreted the activity in the medial FPC
and the PCC/PCu as representing the difference in value of
two options, with the lateral subregion encoding the confi-
dence of that choice and the functional connectivity of these
regions modulating the confidence of that choice. The FPC
is also implicated in the tracking of long-term goals. For
example, the medial FPC is associated with tracking inter-
nally specified goals, whereas the lateral FPC is associated
with tracking externally specified goals (Koechlin et al.
2000). These concepts suggest that anatomically distinct
regions, as identified by white matter parcellation, have
distinct and complementary roles in metacognition. Spe-
cifically, the medial FPC would thus have a role in tracking
and evaluating competing stimuli by comparing stimulus
information to previously stored information, by retrieving
related memories (Euston et al. 2012), and the lateral FP
would function to select and initiate the appropriate
behaviour based on feedback from the medial FP.

Previous parcellations of the human BA10 have been
based primarily on functional data. However, we wished to
establish the correspondence between functional and
structural parcellation and to determine whether these
regions have distinct functions. Therefore, we used resting-
state fMRI to test whether the anatomically derived sub-
regions differ in functional connectivity. Similarly to the
Neubert et al. (2014) study, in the two-cluster solution, we
found that the medial cluster was more functionally con-
nected to the medial PFC, the PCC and the temporal lobe.
These are in line with tracing studies that have identified
dense connections with the medial premotor regions (e.g.,
cingulate motor areas) and temporal regions, including the
temporal pole, superior temporal and parahippocampal gyri
(Barbas and Pandya 1989; Passingham and Wise 2012;
Petrides and Pandya 2007). The lateral cluster is more
functionally connected to nodes of the executive control
network, including the dIPFC and the SMA (Seeley et al.
2007; Weissman-Fogel et al. 2010)—which is more active
during externally rather than internally focused cognition.
Crucially, these functional connectivites and the required
underlying anatomical connections are absent in non-
human primates (Neubert et al. 2014; Saleem et al. 2013),
which suggest that the human BA10 has a unique structure
and function. Additionally, our results are in line with
previous research suggesting distinct recruitment of medial
and lateral FPC for internally versus externally specified
goals (Koechlin et al. 2000). Thus, functional connectivity
is consistent with structural connectivity in demonstrating
two distinct regions of FPC, differentially linked to cortical
networks for internally versus externally focused cognitive
processes.

A reliable functional parcellation of BA10 may also
have important clinical implications for neurostimulation
therapies of psychiatric illnesses, such as major depressive

disorder (MDD). The oldest such treatment, electrocon-
vulsive therapy (ECT), conventionally places electrodes
over the lateral frontotemporal or parietal cortex. Although
the effects of ECT on brain activity are widespread, the
effectiveness of the treatment correlates best to the degree
of reduction in frontopolar metabolism (Henderson et al.
2013; Jensen et al. 1994), suggesting that the FPC could be
a more effective stimulation target. Notably, a recently
developed variant of electroconvulsive therapy, known as
focal electrically administered seizure therapy (FEAST),
targets the frontal pole (Iannetti et al. 2013). The connec-
tivity of the medial BA10 subregion suggests that this area
could represent an optimal target to modulate pathological
forms of rumination, self-reflection, and default-mode
activity seen in MDD (Davis and Moayedi 2012; Mur et al.
2009). A milder, nonconvulsive form of electrical stimu-
lation, tDCS, has also shown promising but inconsistent
efficacy for MDD using a target in the dIPFC (Brunoni
et al. 2013; Liang et al. 2013). The medial BA10 subregion
could potentially serve as a more effective stimulation
target for future tDCS studies. Likewise, noninvasive
rTMS for MDD conventionally targets the dIPFC, although
other targets have been proposed, including the FPC
(Downar and Daskalakis 2012). As rTMS offers more
precise focal stimulation than external electrodes, our
results (namely, the identification of distinct medial and
lateral BA10 parcels) may be particularly helpful in
informing the optimal placement of the stimulation coil in
future studies of FPC-rTMS in MDD. Finally, deep brain
stimulation DBS and EpCS have been used to treat MDD
(Kennedy et al. 2012; Nahas et al. 2010; Treede et al.
1999). Our results here could help to inform the optimal
placement of DBS electrodes within the white matter tracts
of the subcallosal cingulate gyrus (Geisler et al. 1958) or
the medial forebrain bundle (Gustin et al. 2013). They
could also help to inform the choice of new stimulation
targets for EpCS, which until now has only been applied to
prefrontal regions posterior to BA10 (Youssef et al. 2014).
Specifically, the medial BA10 subregion and its associated
white matter tracts may represent promising targets for
EpCS and DBS, respectively.

In summary, the present study found that human FPC is
structurally and functionally heterogeneous, with a reliable
two-cluster separation between a medial cluster coactive
with internally directed or default-mode networks and a
lateral cluster coactive with externally directed or central
executive networks in the resting brain. A more subtle
separation of the medial cluster into a medial and a rostral
subcluster, which has previously been reported (Liu et al.
2013), was less consistent across hemispheres and subjects
in our study sample, with less distinct patterns of projection
between subclusters in at least 50 % of subjects. In the
future, more detailed investigations of the FPC using high-
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field MRI and histological methods in a larger sample will
help to clarify the typical and the variant features of FPC
anatomy across human individuals.

Acknowledgments This work is funded by a the Canadian Institute
of Health Research (CIHR) operating grant (to KDD); a Clinician-
Scientist award from the University of Toronto Centre for the Study
of Pain (to TVS); a Canadian Institutes of Health Research Banting
and Best Canada Graduate Scholarship (to MM); an Ontario Graduate
Scholarship (to MM); and Canadian Institutes of Health Research
Strategic Training Program in Cell Signals in Mucosal Inflammation
and Pain [STP-53877] (to MM). We would like to thank Dr. Mallar
Chakravarty for substantial feedback on the manuscript. We also
thank Mr. Eugen Hlasny and Mr. Keith Ta for expert technical
assistance.

Conflict of interest We have no conflicts to report.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References

Anwander A, Tittgemeyer M, von Cramon DY, Friederici AD,
Knosche TR (2007) Connectivity-based parcellation of broca’s
area. Cereb Cortex 17:816-825. doi:10.1093/cercor/bhk034

Averbeck BB, Battaglia-Mayer A, Guglielmo C, Caminiti R (2009)
Statistical analysis of parieto-frontal cognitive-motor networks.
J Neurophysiol 102:1911-1920. doi:10.1152/jn.00519.2009

Barbas H, Pandya DN (1989) Architecture and intrinsic connections
of the prefrontal cortex in the rhesus monkey. J Comp Neurol
286:353-375. doi:10.1002/cne.902860306

Barbas H, Ghashghaei H, Dombrowski SM, Rempel-Clower NL
(1999) Medial prefrontal cortices are unified by common
connections with superior temporal cortices and distinguished
by input from memory-related areas in the rhesus monkey.
J Comp Neurol 410:343-367

Beaulieu C (2002) The basis of anisotropic water diffusion in the
nervous system—a technical review. NMR Biomed 15:435-455

Beaulieu C (2009) The biological basis of diffusion. In: Johansen-
Berg H, Behrens TEJ (eds) Diffusion MRI. Elsevier, London,
pp 105-126

Beckmann M, Johansen-Berg H, Rushworth MF (2009) Connectivity-
based parcellation of human cingulate cortex and its relation to
functional specialization. J Neurosci 29:1175-1190

Behrens TE, Johansen-Berg H, Jbabdi S, Rushworth MFS, Woolrich
M (2007) Probabilistic diffusion tractography with multiple fibre
orientations. What can we gain? Neuroimage 23:144-155

Behzadi Y, Restom K, Liau J, Liu TT (2007) A component based
noise correction method (CompCor) for BOLD and perfusion
based fMRI. Neuroimage 37:90-101. doi:10.1016/j.neuroimage.
2007.04.042

Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995) Functional
connectivity in the motor cortex of resting human brain using
echo-planar MRI. Magn Res Med 34:537-541

Bludau S et al (2014) Cytoarchitecture, probability maps and
functions of the human frontal pole. Neuroimage 93(Pt
2):260-275. doi:10.1016/j.neuroimage.2013.05.052

Boorman ED, Behrens TE, Woolrich MW, Rushworth MF (2009)
How green is the grass on the other side? Frontopolar cortex and

@ Springer

the evidence in favor of alternative courses of action Neuron
62:733-743. doi:10.1016/j.neuron.2009.05.014

Brunoni AR et al (2013) The sertraline vs electrical current therapy
for treating depression clinical study: results from a factorial,
randomized, controlled trial. JAMA Psychiatry 70:383-391.
doi:10.1001/2013.jamapsychiatry.32

Burgess PW, Dumontheil I, Gilbert SJ (2007) The gateway hypothesis
of rostral prefrontal cortex (area 10) function. Trends Cogn Sci
11:290-298. doi:10.1016/j.tics.2007.05.004

Carmichael ST, Price JL (1994) Architectonic subdivision of the
orbital and medial prefrontal cortex in the macaque monkey.
J Comp Neurol 346:366-402. doi:10.1002/cne.903460305

Caspers S, Eickhoff SB, Zilles K, Amunts K (2013) Microstructural
grey matter parcellation and its relevance for connectome
analyses. Neuroimage. doi:10.1016/j.neuroimage.2013.04.003

Catani M et al (2012) Short frontal lobe connections of the human
brain. Cortex 48:273-291. doi:10.1016/j.cortex.2011.12.001

Charron S, Koechlin E (2010) Divided representation of concurrent
goals in the human frontal lobes. Science 328:360-363. doi:10.
1126/science.1183614

Croxson PL et al (2005) Quantitative investigation of connections of
the prefrontal cortex in the human and macaque using proba-
bilistic diffusion tractography. J Neurosci 25:8854—-8866. doi:10.
1523/JNEUROSCI.1311-05.2005

Dauguet J, Peled S, Berezovskii V, Delzescaux T, Warfield SK,
Born R, Westin CF (2007) Comparison of fiber tracts derived
from in vivo DTI tractography with 3D histological neural tract
tracer reconstruction on a macaque brain. Neuroimage
37:530-538

Davis KD, Moayedi M (2012) Central mechanisms of pain revealed
through functional and structural MRI. J Neuroimmune Phar-
macol 8:518-534. doi:10.1007/s11481-012-9386-8

De Martino B, Fleming SM, Garrett N, Dolan RJ (2012) Confidence
in value-based choice. Nat Neurosci. doi:10.1038/nn.3279

Downar J, Daskalakis ZJ (2012) New targets for rTMS in depression:
a review of convergent evidence. Brain Stimul 6:231-240.
doi:10.1016/j.brs.2012.08.006

Dyrby TB et al (2007) Validation of in vitro probabilistic tractog-
raphy. Neuroimage 37:1267-1277. doi:10.1016/j.neuroimage.
2007.06.022

Eickhoff SB, Jbabdi S, Caspers S, Laird AR, Fox PT, Zilles K, Behrens
TE (2010) Anatomical and functional connectivity of cytoarchi-
tectonic areas within the human parietal operculum. J Neurosci
30:6409-6421. doi:10.1523/JNEUROSCI.5664-09.2010

Euston DR, Gruber AJ, McNaughton BL (2012) The role of medial
prefrontal cortex in memory and decision making. Neuron
76:1057-1070. doi:10.1016/j.neuron.2012.12.002

Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van EDC, Raichle ME
(2005) The human brain is intrinsically organized into dynamic,
anticorrelated functional networks. Proc Natl Acad Sci
102:9673-9678

Geisler CD, Frishkopf LS, Rosenblith WA (1958) Extracranial
responses to acoustic clicks in man. Science 128:1210-1211

Gilbert SJ, Spengler S, Simons JS, Steele JD, Lawrie SM, Frith CD,
Burgess PW (2006) Functional specialization within rostral
prefrontal cortex (area 10): a meta-analysis. J Cogn Neurosci
18:932-948

Gilbert SJ, Williamson ID, Dumontheil I, Simons JS, Frith CD,
Burgess PW (2007) Distinct regions of medial rostral prefrontal
cortex supporting social and nonsocial functions. Soc Cogn
Affect Neurosci 2:217-226. doi:10.1093/scan/nsm014

Gilbert SJ, Gonen-Yaacovi G, Benoit RG, Volle E, Burgess PW
(2010a) Distinct functional connectivity associated with lateral
versus medial rostral prefrontal cortex: a meta-analysis. Neuro-
image 53:1359-1367. doi:10.1016/j.neuroimage.2010.07.032


http://dx.doi.org/10.1093/cercor/bhk034
http://dx.doi.org/10.1152/jn.00519.2009
http://dx.doi.org/10.1002/cne.902860306
http://dx.doi.org/10.1016/j.neuroimage.2007.04.042
http://dx.doi.org/10.1016/j.neuroimage.2007.04.042
http://dx.doi.org/10.1016/j.neuroimage.2013.05.052
http://dx.doi.org/10.1016/j.neuron.2009.05.014
http://dx.doi.org/10.1001/2013.jamapsychiatry.32
http://dx.doi.org/10.1016/j.tics.2007.05.004
http://dx.doi.org/10.1002/cne.903460305
http://dx.doi.org/10.1016/j.neuroimage.2013.04.003
http://dx.doi.org/10.1016/j.cortex.2011.12.001
http://dx.doi.org/10.1126/science.1183614
http://dx.doi.org/10.1126/science.1183614
http://dx.doi.org/10.1523/JNEUROSCI.1311-05.2005
http://dx.doi.org/10.1523/JNEUROSCI.1311-05.2005
http://dx.doi.org/10.1007/s11481-012-9386-8
http://dx.doi.org/10.1038/nn.3279
http://dx.doi.org/10.1016/j.brs.2012.08.006
http://dx.doi.org/10.1016/j.neuroimage.2007.06.022
http://dx.doi.org/10.1016/j.neuroimage.2007.06.022
http://dx.doi.org/10.1523/JNEUROSCI.5664-09.2010
http://dx.doi.org/10.1016/j.neuron.2012.12.002
http://dx.doi.org/10.1093/scan/nsm014
http://dx.doi.org/10.1016/j.neuroimage.2010.07.032

Brain Struct Funct

Gilbert SJ, Henson RN, Simons JS (2010b) The scale of functional
specialization within human prefrontal cortex. J Neurosci
30:1233-1237. doi:10.1523/INEUROSCI.3220-09.2010

Goulas A, Uylings HB, Stiers P (2014) Mapping the hierarchical
layout of the structural network of the macaque prefrontal cortex.
Cereb Cortex 24:1178-1194. doi:10.1093/cercor/bhs399

Greicius MD, Krasnow B, Reiss AL, Menon V (2003) Functional
connectivity in the resting brain: a network analysis of the
default mode hypothesis. Proc Natl Acad Sci 100:253-258

Gustin SM, Peck CC, Macey PM, Murray GM, Henderson LA (2013)
Unraveling the effects of plasticity and pain on personality.
J Pain 14:1642-1652. doi:10.1016/j.jpain.2013.08.005

Henderson LA et al (2013) Chronic pain: lost inhibition? J Neurosci
33:7574-7582. doi:10.1523/INEUROSCI.0174-13.2013

Tannetti GD, Salomons TV, Moayedi M, Mouraux A, Davis KD
(2013) Beyond metaphor: contrasting mechanisms of social and
physical pain. Trends Cogn Sci 17:371-378. doi:10.1016/j.tics.
2013.06.002

Jacobs B, Driscoll L, Schall M (1997) Life-span dendritic and spine
changes in areas 10 and 18 of human cortex: a quantitative Golgi
study. J Comp Neurol 386:661-680

Jacobs B et al (2001) Regional dendritic and spine variation in human
cerebral cortex: a quantitative Golgi study. Cereb Cortex
11:558-571

Jenkinson M, Bannister P, Brady M, Smith S (2002) Improved
optimization for the robust and accurate linear registration and
motion correction of brain images. Neuroimage 17:825-841
pii:S1053811902911328

Jensen MP, Turner JA, Romano JM (1994) What is the maximum
number of levels needed in pain intensity measurement? Pain
58:387-392

Johansen-Berg H et al (2004) Changes in connectivity profiles define
functionally distinct regions in human medial frontal cortex.
Proc Natl Acad Sci 101:13335-13340. doi:10.1073/pnas.
0403743101

Johansen-Berg H, Behrens TE, Sillery E, Ciccarelli O, Thompson AJ,
Smith SM, Matthews PM (2005) Functional-anatomical valida-
tion and individual variation of diffusion tractography-based
segmentation of the human thalamus. Cereb Cortex 15:31-39

Kennedy SH et al (2012) The Canadian biomarker integration
network in depression (CAN-BIND): advances in response
prediction. Curr Pharm Des 18:5976-5989

Klein JC, Behrens TE, Robson MD, Mackay CE, Higham DJ,
Johansen-Berg H (2007) Connectivity-based parcellation of
human cortex using diffusion MRI: Establishing reproducibility,
validity and observer independence in BA 44/45 and SMA/pre-
SMA. Neuroimage 34:204-211. doi:10.1016/j.neuroimage.2006.
08.022

Klein JC, Behrens TE, Johansen-Berg H (2009) Connectivity
fingerprinting of gray matter. In: Johansen-Berg H, Behrens
TE (eds) Diffusion MRI: from quantitative measurement to
in vivo neuroanatomy. Academic Press, London, pp 377402

Koechlin E (2011) Frontal pole function: what is specifically human?
Trends Cogn Sci 15:241. doi:10.1016/j.tics.2011.04.005 (author
reply 243)

Koechlin E, Corrado G, Pietrini P, Grafman J (2000) Dissociating the
role of the medial and lateral anterior prefrontal cortex in human
planning. Proc Natl Acad Sci 97:7651-7656

Liang M, Mouraux A, Hu L, Iannetti GD (2013) Primary sensory
cortices contain distinguishable spatial patterns of activity for
each sense. Nat Commun 4:1979. doi:10.1038/ncomms2979

Liu H, Qin W, Li W, Fan L, Wang J, Jiang T, Yu C (2013)
Connectivity-based parcellation of the human frontal pole with
diffusion tensor imaging. J Neurosci 33:6782-6790

Mackey S, Petrides M (2010) Quantitative demonstration of compa-
rable architectonic areas within the ventromedial and lateral

orbital frontal cortex in the human and the macaque monkey
brains. Eur J Neurosci 32:1940-1950. doi:10.1111/j.1460-9568.
2010.07465.x

Mars RB et al (2011) Diffusion-weighted imaging tractography-based
parcellation of the human parietal cortex and comparison with
human and macaque resting-state functional connectivity. J Neu-
rosci 31:4087-4100. doi:10.1523/INEUROSCI.5102-10.2011

Mars RB, Sallet J, Schuffelgen U, Jbabdi S, Toni I, Rushworth MF
(2012) Connectivity-based subdivisions of the human right
“temporoparietal junction area”: evidence for different areas
participating in different cortical networks. Cereb Cortex
22:1894-1903. doi:10.1093/cercor/bhr268

Mueller S et al (2013) Individual variability in functional connectivity
architecture of the human brain. Neuron 77:586-595. doi:10.
1016/j.neuron.2012.12.028

Mur M, Bandettini PA, Kriegeskorte N (2009) Revealing represen-
tational content with pattern-information fMRI—an introductory
guide. Soc Cogn Affect Neurosci 4:101-109. doi:10.1093/scan/
nsn044

Nahas Z, Anderson BS, Borckardt J, Arana AB, George MS, Reeves
ST, Takacs I (2010) Bilateral epidural prefrontal cortical
stimulation for treatment-resistant depression. Biol Psychiatry
67:101-109. doi:10.1016/j.biopsych.2009.08.021

Neubert FX, Mars RB, Thomas AG, Sallet J, Rushworth MF (2014)
Comparison of human ventral frontal cortex areas for cognitive
control and language with areas in monkey frontal cortex.
Neuron 81:700-713. doi:10.1016/j.neuron.2013.11.012

Ongur D, Price JL (2000) The organization of networks within the
orbital and medial prefrontal cortex of rats, monkeys and
humans. Cereb Cortex 10:206-219

Ongur D, Ferry AT, Price JL (2003) Architectonic subdivision of the
human orbital and medial prefrontal cortex. J Comp Neurol
460:425-449. doi:10.1002/cne.10609

Passingham R (2009) How good is the macaque monkey model of the
human brain? Curr Opin Neurobiol 19:6-11. doi:10.1016/j.conb.
2009.01.002

Passingham RE, Wise SP (2012) The neurobiology of the prefrontal
cortex: anatomy, evolution, and the origin of insight. Oxford
University Press, Oxford

Passingham RE, Stephan KE, Kitter R (2002) The anatomical basis of
functional localization in the cortex. Nat Rev Neurosci
3:606-616

Petrides M, Pandya DN (2007) Efferent association pathways from
the rostral prefrontal cortex in the macaque monkey. J Neurosci
27:11573-11586. doi:10.1523/INEUROSCI.2419-07.2007

Petrides M, Pandya DN (2011) The Frontal Cortex. In: Mai JK,
Paxinos G (eds) The Human Nervous System, 3rd edn.
Academic Press, London

Petrides M, Tomaiuolo F, Yeterian EH, Pandya DN (2012) The
prefrontal cortex: comparative architectonic organization in the
human and the macaque monkey brains. Cortex 48:46-57.
doi:10.1016/j.cortex.2011.07.002

Rushworth MF, Noonan MP, Boorman ED, Walton ME, Behrens TE
(2011) Frontal cortex and reward-guided learning and decision-
making. Neuron 70:1054-1069. doi:10.1016/j.neuron.2011.05.
014

Saleem KS, Miller B, Price JL (2013) Subdivisions and connectional
networks of the lateral prefrontal cortex in the macaque monkey.
J Comp Neurol. doi:10.1002/cne.23498

Sallet J et al (2013) The organization of dorsal frontal cortex in
humans and macaques. J Neurosci 33:12255-12274. doi:10.
1523/JNEUROSCI.5108-12.2013

Schubotz RI, Anwander A, Knosche TR, von Cramon DY, Tittge-
meyer M (2010) Anatomical and functional parcellation of the
human lateral premotor cortex. Neuroimage 50:396—408. doi:10.
1016/j.neuroimage.2009.12.069

@ Springer


http://dx.doi.org/10.1523/JNEUROSCI.3220-09.2010
http://dx.doi.org/10.1093/cercor/bhs399
http://dx.doi.org/10.1016/j.jpain.2013.08.005
http://dx.doi.org/10.1523/JNEUROSCI.0174-13.2013
http://dx.doi.org/10.1016/j.tics.2013.06.002
http://dx.doi.org/10.1016/j.tics.2013.06.002
http://dx.doi.org/10.1073/pnas.0403743101
http://dx.doi.org/10.1073/pnas.0403743101
http://dx.doi.org/10.1016/j.neuroimage.2006.08.022
http://dx.doi.org/10.1016/j.neuroimage.2006.08.022
http://dx.doi.org/10.1016/j.tics.2011.04.005
http://dx.doi.org/10.1038/ncomms2979
http://dx.doi.org/10.1111/j.1460-9568.2010.07465.x
http://dx.doi.org/10.1111/j.1460-9568.2010.07465.x
http://dx.doi.org/10.1523/JNEUROSCI.5102-10.2011
http://dx.doi.org/10.1093/cercor/bhr268
http://dx.doi.org/10.1016/j.neuron.2012.12.028
http://dx.doi.org/10.1016/j.neuron.2012.12.028
http://dx.doi.org/10.1093/scan/nsn044
http://dx.doi.org/10.1093/scan/nsn044
http://dx.doi.org/10.1016/j.biopsych.2009.08.021
http://dx.doi.org/10.1016/j.neuron.2013.11.012
http://dx.doi.org/10.1002/cne.10609
http://dx.doi.org/10.1016/j.conb.2009.01.002
http://dx.doi.org/10.1016/j.conb.2009.01.002
http://dx.doi.org/10.1523/JNEUROSCI.2419-07.2007
http://dx.doi.org/10.1016/j.cortex.2011.07.002
http://dx.doi.org/10.1016/j.neuron.2011.05.014
http://dx.doi.org/10.1016/j.neuron.2011.05.014
http://dx.doi.org/10.1002/cne.23498
http://dx.doi.org/10.1523/JNEUROSCI.5108-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.5108-12.2013
http://dx.doi.org/10.1016/j.neuroimage.2009.12.069
http://dx.doi.org/10.1016/j.neuroimage.2009.12.069

Brain Struct Funct

Seeley WW et al (2007) Dissociable intrinsic connectivity networks
for salience processing and executive control. J Neurosci
27:2349-2356. doi:10.1523/INEUROSCI.5587-06.2007

Semendeferi K, Armstrong E, Schleicher A, Zilles K, Van Hoesen GW
(2001) Prefrontal cortex in humans and apes: a comparative study
of area 10. Am J Phys Anthropol 114:224-241. doi:10.1002/1096-
8644(200103)114:3<224:AID-AJPA1022>3.0.CO;2-1

Semendeferi K et al (2011) Spatial organization of neurons in the
frontal pole sets humans apart from great apes. Cereb Cortex
21:1485-1497. doi:10.1093/cercor/bhq191

Smith SM et al (2004) Advances in functional and structural MR image
analysis and implementation as FSL. Neuroimage 23:208-220

Smith DV, Hayden BY, Truong TK, Song AW, Platt ML, Huettel SA
(2010) Distinct value signals in anterior and posterior ventro-
medial prefrontal cortex. J Neurosci 30:2490-2495. doi:10.1523/
JNEUROSCI.3319-09.2010

Taylor KS, Seminowicz DA, Davis KD (2009) Two systems of resting
state connectivity between the insula and cingulate cortex. Hum
Brain Mapp 30:2731-2745. doi:10.1002/hbm.20705

Tomassini V et al (2007) Diffusion-weighted imaging tractography-
based parcellation of the human lateral premotor cortex identifies
dorsal and ventral subregions with anatomical and functional
specializations. J Neurosci 27:10259-10269. doi:10.1523/
JNEUROSCI.2144-07.2007

Treede RD, Vogel H, Rios M, Krauss G, Lesser RP, Lenz FA (1999)
Pain-related evoked potentials from parasylvian cortex in

@ Springer

humans.  Electroencephalogr  Clin
49:250-254

Tsujimoto S, Genovesio A, Wise SP (2010) Evaluating self-generated
decision in the frontal polar cortex of monkeys. Nat Neurosci
13:120-126

Van Essen DC (2005) A population-average, landmark- and surface-
based (PALS) atlas of human cerebral cortex. Neuroimage
28:635-662. doi:10.1016/j.neuroimage.2005.06.058

Walker E (1940) A cytoarchitectural study of the prefrontal area of
the macaque monkey. J Comp Neurol 98:59-86

Weissman-Fogel I, Moayedi M, Taylor KS, Pope G, Davis KD (2010)
Cognitive and default-mode resting state networks: do male and
female brains “rest” differently? Hum Brain Mapp
31:1713-1726. doi:10.1002/hbm.20968

Whitfield-Gabrieli S, Nieto-Castanon A (2012) Conn: A functional
connectivity toolbox for correlated and anticorrelated brain
networks. Brain Connect 2:125-141. doi:10.1089/brain.2012.
0073

Yeterian EH, Pandya DN, Tomaiuolo F, Petrides M (2012) The
cortical connectivity of the prefrontal cortex in the monkey
brain. Cortex 48:58-81. doi:10.1016/j.cortex.2011.03.004

Youssef AM et al (2014) Differential brain activity in subjects with
painful trigeminal neuropathy and painful temporomandibular
disorder. Pain 155:467-475. doi:10.1016/j.pain.2013.11.008

Neurophysiol ~ Suppl


http://dx.doi.org/10.1523/JNEUROSCI.5587-06.2007
http://dx.doi.org/10.1002/1096-8644(200103)114:3%3c224:AID-AJPA1022%3e3.0.CO;2-I
http://dx.doi.org/10.1002/1096-8644(200103)114:3%3c224:AID-AJPA1022%3e3.0.CO;2-I
http://dx.doi.org/10.1093/cercor/bhq191
http://dx.doi.org/10.1523/JNEUROSCI.3319-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.3319-09.2010
http://dx.doi.org/10.1002/hbm.20705
http://dx.doi.org/10.1523/JNEUROSCI.2144-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.2144-07.2007
http://dx.doi.org/10.1016/j.neuroimage.2005.06.058
http://dx.doi.org/10.1002/hbm.20968
http://dx.doi.org/10.1089/brain.2012.0073
http://dx.doi.org/10.1089/brain.2012.0073
http://dx.doi.org/10.1016/j.cortex.2011.03.004
http://dx.doi.org/10.1016/j.pain.2013.11.008

	Connectivity-based parcellation of the human frontal polar cortex
	Abstract
	Introduction
	Materials and methods
	Data acquisition
	Anatomical parcellation using DWI
	Seed region definition
	Anatomical parcellation using probabilistic tractography
	Probabilistic tractography from resultant BA10 subregions

	Resting-state functional connectivity
	Data analysis


	Results
	Anatomical parcellation using probabilistic tractography
	BA10 subregion white matter connectivity
	BA10 subregion resting-state functional connectivity

	Discussion
	Acknowledgments
	References


