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that a subregion of PMC, the medial parieto-occipital cortex (mPOC), by virtue of its intrinsic functional
connectivity (FC) with visual cortex, may only play a role in higher-order visual processing. Recent neuroanatom-

gﬁﬁ?ﬁl connectivity ical tracer studies in NHPs, however, demonstrate that mPOC also has prominent cortico-cortical connections
Homologies with several frontoparietal structures involved in movement planning and control, a finding consistent with
Macaque increasing observations of reach- and grasp-related activity in the mPOC of both NHPs and humans. To reconcile
Parietal cortex these observations, here we used rs-fMRI data collected from both awake humans and anesthetized macaque
mPOC monkeys to more closely examine and compare parcellations of mPOC across species and explore the FC patterns
associated with these subdivisions. Seed-based and voxel-wise hierarchical cluster analyses revealed four broad
spatially separated functional boundaries that correspond with graded differences in whole-brain FC patterns in
each species. The patterns of FC observed are consistent with mPOC forming a critical hub of networks involved in
action planning and control, spatial navigation, and working memory. In addition, our comparison between
species indicates that while there are several similarities, there may be some species-specific differences in

functional neural organization. These findings and the associated theoretical implications are discussed.
© 2015 Elsevier Inc. All rights reserved.
Introduction dorsal-posterior PMC have been linked to episodic memory retrieval

The posteromedial cortex (PMC), comprising the precuneus,
retrosplenial, and posterior cingulate cortex, is a highly diverse anatom-
ical structure implicated in vast array of higher order cognitive functions
and behaviors. In humans, specific sets of cognitive functions have been
ascribed to particular subregions of PMC. For example, neural activation
responses in dorsal-anterior PMC have been linked to self-referential
processes like mental imagery, covert shifts of attention (Cavanna
and Trimble, 2006), and the preparation and execution of visually
guided behaviors (Wenderoth et al., 2005). Responses associated with
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and the processing of emotions (Lundstrom et al., 2003; Lundstrom
et al., 2005; Cavanna and Trimble, 2006; Dorfel et al., 2009). In addition,
ventral PMC, and the posterior cingulate cortex (PCC) in particular, has
been identified as a key hub of the default network (DN), an intercon-
nected set of cortical areas that include the inferior parietal lobule,
hippocampal formation, and superior frontal and medial frontal gyri.
The DN has been functionally implicated in internal modes of cognition
such as autobiographical memory retrieval and envisioning the future
(for review, see Buckner et al., 2008), as well as elements of conscious-
ness (Maquet et al., 1997; Fiset et al., 1999; Canavero et al., 2009) and
social cognition (Schilbach et al., 2008; Schilbach et al., 2012). Taken
together, the available functional evidence implicates the PMC as
being heterogeneous and playing an associative and/or integrative
role in several aspects of higher-level cognitive processing.

The vast array of cognitive functions ascribed to the PMC matches
well with the host of cytoarchitectonic divisions of which it is
comprised. Though Brodmann (1909, 2006) originally parcellated the
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PMC into five subregions (areas 23, 29, 30, 31, and 7; see Fig. 1), other
anatomists of the 20th century—and even Brodmann himself—have
suggested that more cytoarchitectonic subdivisions may exist, particu-
larly within the precuneus (Smith, 1907; Vogt, 1911; Economo and
Koskinas, 1925; Von Bonin and Bailey, 1947; Pandya and Seltzer,
1982; Cavada and Goldman-Raiuc, 1989; Scheperjans et al., 2008b;
Scheperjans et al., 2008a). Axonal tract tracing studies in monkeys sug-
gest a posterior-to-anterior transitional gradient in the precuneus on
the basis of cortico-cortical connectivity patterns, with three broader
subdivisions emerging: posterior (area PO), middle (area PGm), and an-
terior (area PEc). On the basis of its prominent connections to occipital
cortex, area PO, which spans the dorsal parieto-occipital sulcus (POS)
in mPOC, was thought to primarily play a role in visual processing
(Colby et al., 1988). However, more recent evidence from the field of
sensorimotor neuroscience has demonstrated functional neuronal
properties and patterns of cortico-cortical connectivity in the macaque
monkey that are also consistent with the area and its immediate
surrounding cortex playing an important role in visuomotor planning
and control. In particular, converging work indicates that area PO,
and mPOC more generally, rather than being a single homogeneous
structure, is actually comprised of three distinct areas, V6, V6Av,
and V6Ad (Galletti et al., 2005). These regions differ in their topography,
cytoarchitectonics, and structural connections (Galletti et al., 2001;
Gamberini et al., 2009; Passarelli et al., 2011), and area V6A has
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neuronal responses that correspond with visuomotor transformations
required for manual behaviors like reaching and grasping (Fattori et al.,
2009b; Fattori et al., 2010; Gamberini et al., 2011; Fattori et al., 2012).

In support of functional homologies between the mPOC region of
macaques and humans, recent studies using wide-field retinotopic
mapping have identified putative human homologues of monkey
areas V6 (Pitzalis et al., 2006; Fattori et al., 2009a; Pitzalis et al., 2010)
and V6Av (Pitzalis et al., 2013a). Moreover, convergent findings from
fMRI (e.g., Prado et al., 2005; Gallivan et al., 2011a; Gallivan et al.,
2011b; Tosoni et al., 2014), transcranial magnetic stimulation
(e.g., Vesia et al., 2010; Ciavarro et al., 2013), and patient studies
(Karnath and Perenin, 2005) all implicate the region surrounding
the superior aspect of the POS, the superior parieto-occipital cortex
(SPOC), in the preparation and execution of reaching and grasping ac-
tions. Despite considerable differences in the methodologies employed
in the two species, both macaque and human mPOC appear to have a
similar functional neural organization.

Resting-state functional MRI (rs-fMRI) approaches, which typically
exploit temporal dependencies of low-frequency blood oxygenation
level-dependent (BOLD) oscillations to reveal functional networks in
the absence of any explicit task paradigm (Biswal et al., 1995), have
emerged as a simple yet powerful tool for comparing the functional
neural organization of the human and nonhuman primate (NHP) brains
(Vincent et al., 2007; Margulies et al., 2009; Hutchison et al., 2011; Mars
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Fig. 1. Previous parcellations of mPOC based on cytoarchitectonics, cortico-cortical connections and functional neural response properties. A) Nomenclature of proposed subdivisions of
macaque posteromedial cortex (PMC). RSP = retrosplenial cortex; PCC = posterior cingulate cortex. B-D) Proposed parcellations in the macaque. B) Cytoarchitectonic divisions proposed
by Felleman & van Essen. C) Subdivisions, based on cytoarchitectonics, cortico-cortical connections and neurophysiological recordings, proposed by Galletti, Fattori and colleagues.
D) Cytoarchitectonic divisions proposed by Brodmann. E-G) Proposed parcellations in the human. E) Cytoarchitectonic divisions proposed by Brodmann. F) Functional subdivisions,
based on intrinsic patterns of functional connectivity, proposed by Margulies et al. (2009). G) Whole-brain network parcellations, based on intrinsic patterns of functional connectivity,
proposed by Yeo et al. (2011). Inset shows close-up of mPOC parcellation, with colors denoting proposed functional subdivisions for a 7 cluster network.
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et al., 2011; Hutchison and Everling, 2012; Hutchison et al., 2012c;
Hutchison et al., 2012a; Sallet et al., 2013; Neubert et al., 2014). Its
usefulness stems from the fact that it circumvents the practical limita-
tions of having to employ invasive methodologies in the human
(i.e., electrophysiological recordings) while, at the same time, avoiding
the necessity of long behavioral training regimens so that macaques
are able to perform complex behavioral tasks while in the MRI scanner
environment. While some previous work has already provided rs-fMRI
parcellations of human PMC (Cauda et al.,, 2010; Zhang and Li, 2012;
Zhang et al., 2014) there exists only one previous study that explored
the functional correspondence between macaque and human PMC
(Margulies et al., 2009). The seed-based rs-fMRI parcellation by
Margulies and colleagues differentiated the right PMC into five regions,
three of which were in the precuneus, subdivided posteriorly-to-anteri-
orly, with the remaining two regions being in the posterior cingulate,
subdivided rostral-caudally. Notably, these authors only reported
sensorimotor-like network activity associated with their anterior-most
dorsal seed cluster in both species, a finding consistent with some of
the connectivity patterns of the anterior portion of the precuneus
(PEc) in macaques (Morecraft et al., 2004) and previous reports of
movement-related activity in the anterior precuneus of humans
(Wenderoth et al.,, 2005). However, this sensorimotor pattern of
FC being unique to anterior precuneus contrasts with much more
recent anatomical delineations of macaque mPOC (i.e., based on
cytoarchitectonics and cortico-cortical connectivity patterns, see
Gamberini et al., 2009; Bakola et al., 2010; Passarelli et al., 2011) and
convergent findings of reach- and grasp-related activations in the
SPOC of both species (Fattori et al., 2009b; Fattori et al., 2010; Fattori
et al., 2012), as noted above. Further comparative rs-fMRI work could
help reconcile this emerging sensorimotor role being attributed to
mPOC in both the macaque and human.

In light of mounting evidence supporting a visual-motor function
for SPOC, the goal of the present study was to, rather than examining
the PMC as a whole or some of its subsections individually (as done
previously, see Margulies et al., 2009; Leech et al., 2012), provide a
more systematic and detailed investigation of the FC of the cortex di-
rectly adjacent to the POS and examine the degree of correspondence
between the two primate species. We hypothesized that by focusing
our investigation on the precuneus in particular, we might reveal
more nuanced patterns of FC much more in line with the cortico-
cortical connectivity patterns and sensorimotor profiles of neural
responses observed in recent macaque and human work on the area.

Materials and methods
Overview

Resting-state fMRI data was collected from anesthetized macaques
(N = 11) and awake humans (N = 23). Thirty-six spherical seed
regions were placed in each species anteriorly and posteriorly to the
POS based on anatomical landmarks. Using the extracted timecourses
from these regions, hierarchical clustering and whole-brain, voxel-wise
functional connectivity analysis was performed.

Additionally, voxel-wise clustering of voxels within the mPOC was
performed based on local temporal relationships within the mPOC and
whole-brain connectivity fingerprints.

Monkey

Participants

Data was collected from eleven naive, isoflurane-anesthetized (1%)
macaque monkeys (4 Macaca mulatta, 7 Macaca fascicularis; 4 female).
All surgical and experimental procedures were carried out in accor-
dance with the Canadian Council of Animal Care policy on the use of
laboratory animals and approved by the Animal Use Subcommittee
of the University of Western Ontario Council on Animal Care. Portions

of these data have been previously published together (Hutchison and
Everling, 2013) and within two different datasets: Set 1 (TR = 2 s, EPI
resolution = 1.3 mm x 1.3 mm x 1.5 mm, 2 scans of 300 volumes;
(Hutchison et al., 2011)) and Set 2 (TR = 2 s, EPI resolution =
1 mm x 1 mm x 1 mm, 10 scans of 150 volumes; (Babapoor-
Farrokhran et al., 2013)). One monkey from Set 1 was scanned
again with the increased spatial resolution and scan numbers of Set 2,
and so the original scanning session from Set 1 was removed from the
analysis, leaving a total of 11 naive animals.

Preparation

All animals were previously implanted with an MRI-compatible
custom-built acrylic head post that was anchored to the skull with
6-mm ceramic bone screws (Thomas Recording, Giessen, Germany)
and dental acrylic to allow restraint of the head during data collection.
Anesthesia was utilized in this study to eliminate motion effects, phys-
iological stress, and training requirements. In preparation for image
acquisition, monkeys were injected intramuscularly with atropine
(0.4 mg/kg), ipratropium (0.025 mg/kg), and ketamine hydrochloride
(7.5 mg/kg), followed by intravenous administration of 3 ml propofol
(10 mg/ml) via the saphenous vein. Animals were then intubated and
switched to 1.5% isoflurane mixed with oxygen. Each monkey was
then placed in a custom-built monkey chair with its head immobilized
using the head post, and inserted into the magnet bore, at which time
the isoflurane level was lowered to 1.0% and allowed to stabilize as
localizer and anatomical scans were acquired. Although isoflurane has
been shown to have vasodilator properties (Farber et al., 1997) that
can alter the neurovascular coupling (for review, see Masamoto and
Kanno, 2012), synchronous spontaneous BOLD fluctuations have been
reported using an isoflurane regime in both monkeys (Vincent et al.,
2007) and rats (Hutchison et al., 2010). Increasing the anesthetic dosage
can lead to decreased coherence of functional networks (Vincent et al.,
2007; Hutchison et al., 2014a), and thus the lowest dose needed to
maintain immobility was used here.

Rectal temperature via a fiber-optic temperature probe (FISO, Quebec
City, QC), respiration via bellows (Siemens Corp., Union, NJ), and
end-tidal CO, via capnometer (Covidien-Nellcor, Boulder, CO) were
monitored throughout the scan. Warmth was maintained using a
heating disk (Snugglesafe, Littlehampton, West Sussex, UK) and
thermal insulation.

MRI acquisition

Data were acquired on an actively shielded 7-T 68-cm horizontal
bore scanner with a DirectDrive console (Agilent, Santa Clara, California)
with a Siemens AC84 gradient subsystem (Erlangen, Germany)
operating at a slew rate of 350 mT/m/s. An in-house designed and
manufactured conformal five-channel transceiver primate-head
RF coil was used for all experiments. Magnetic field optimization
(Bo shimming) was performed using an automated three-dimensional
mapping procedure over the specific imaging volume of interest.

In data from Set 1 (N = 5), 2 scans (defined here as the acquisi-
tion of time series of 3D volumes) of 300 continuous EPI functional
volumes (TR = 2000 ms; TE = 16 ms; flip angle = 70°, slices =
30, matrix = 72 x 72; FOV = 96 x 96 mm; acquisition voxel
size = 1.3 mm x 1.3 mm x 1.5 mm) were acquired in each animal.
Acquisition time of each scan was 5 min. EPI images were acquired
with GRAPPA at an acceleration factor of 2. Every image was corrected
for physiological fluctuations using navigator echo correction. A high-
resolution T2-weighted anatomical reference volume was acquired
along the same orientation as the functional images using a fast
spin echo acquisition scheme (TR = 5000 ms; TE = 38.6 ms; echo
train length = 5, effective echo = 3, slices = 30, matrix =
256 x 250; FOV = 96 mm x 96 mm; acquisition voxel size =
375 um x 384 um x 1.5 mm).

In data from Set 2 (N = 6), 10 scans of 150 EPI functional volumes
(TR = 2000 ms, TE = 16 ms, flip angle = 70°, matrix = 96 x 96,
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FOV = 96 mm x 96 mm, acquisition voxel size = 1 mm x 1 mm x 1 mm)
were acquired in each animal. Acquisition time of each scan was 5 min.
EPI images were acquired with GRAPPA at an acceleration factor of 2.
Every image was corrected for physiological fluctuations using navigator
echo correction. A high-resolution gradient echo (GRE) anatomic
MR image was acquired along the same orientation as the functional
images (TR = 1100 ms, TE = 8 ms, matrix = 256 x 256, FOV =
96 x 96 mm, acquisition voxel size = 375 um x 375 pm x 1 mm).
Also, for every monkey, a T1-weighted anatomic image (TE = 2.5 ms,
TR = 2300 ms, TI = 800 ms, FOV = 96 x 96 mm, acquisition voxel
size = 750 pm x 750 um x 750 pm) was acquired.

Preprocessing

Functional image preprocessing was implemented in the FMRIB
Software Library toolbox (FSL; http://www.fmrib.ox.ac.uk). This
consisted of motion correction (6-parameter affine transformation),
brain extraction, spatial smoothing (Gaussian kernel of full-width at
half maximum [FWHM] 3 mm applied to each volume separately),
high-pass temporal filtering (Gaussian-weighted least-squares straight
line fitting with sigma = 100 s), low-pass temporal filtering (half-width
at half maximum = 2.8 s, Gaussian filter), and normalization (12 DOF
linear affine transformation) to the F99 atlas template (Van Essen,
2004, see http://sumsdb.wustl.edu/sums/macaquemore.do). Global
mean signal regression was not implemented for the primary analyses
because of concerns of artificially introducing negative correlations
into the connectivity maps (Murphy et al., 2009) and evidence that
the global mean signal may in fact have an underlying neural compo-
nent (Scholvinck et al., 2010). Nevertheless, to illustrate the potential
effects of global mean signal regression, we repeated the analysis
partialling out the mean whole-brain signal and found qualitatively
similar results in both species (see Supplementary Fig. 1).

Seed selection

A total of 36 (18 per hemisphere) spherical seed ROIs (radius =
1 mm) were created in the F99 atlas space (Van Essen, 2004, Table 1;
Fig. 2A left). Parallel lines of approximately equidistant seeds were
placed in the gray matter using the POS as a reference. Two medial
rows (seeds 1-4 and 5-8) and one lateral row (seeds 9-12) were placed
anteriorly to the POS. One medial (seeds 13-15) and one lateral (seeds
16-18) row were placed posteriorly to the POS. There was no overlap
of seeds in any dimension and the placement of all the seeds ensured
that none of the constituent voxels extended outside the gray matter
(into the white matter or into the medial longitudinal fissure). Here,

Table 1
Seed-region locations.

ROI Monkey coordinates® Human coordinates®
1 +1.01/—34.71/9.56 +6/—58/16
2 +1.01/—34.20/12.58 +6/—66/26
3 +1.01/—33.70/15.09 +6/—72/36
4 +1.01/—33.70/17.61 +6/—78/46
5 +1.01/—31.69/9.56 +6/—52/26
6 +1.01/—31.69/12.58 +6/—58/36
7 +1.01/—31.19/15.59 +6/—64/46
8 +1.01/—31.19/18.61 +6/—72/54
9 +3.02/—35.21/9.56 +16/—58/18
10 +3.02/—35.21/12.58 +16/—64/28
11 +3.02/—35.21/15.59 +16/—72/40
12 +3.02/—34.20/18.61 +16/—78/50
13 +1.01/—38.73/9.56 +6/—74/18
14 +1.01/—38.28/12.58 +6/—80/30
15 +1.01/—37.72/16.10 +6/—86/38
16 +3.02/—35.23/10.06 +16/—74/20
17 +3.02/—38.23/13.58 +16/—78/32
18 +3.02/—37.72/18.11 +16/—84/42

¢ F99 atlas space.
b MNI152 atlas space.

we provide the details of seed placement (for both the left and right
hemispheres) in the macaque F99 brain (for F99 coordinates of each
seed region, see Table 1).

Seed 1: Located directly anterior to the parieto-occipital sulcus
(POS) and dorsal to its ventro-anterior arc, corresponding
cytoarchitectonically to areas V6/V6A (Gamberini et al., 2009).

Seed 2: Located dorsal to Seed 1, parallel to the POS, corresponding
cytoarchitectonically to area V6A.

Seed 3: Located dorsal to Seed 2, parallel to the POS, corresponding
cytoarchitectonically to areas V6A/PGm.

Seed 4: Located dorsal to Seed 3, parallel to the POS, corresponding
cytoarchitectonically to areas PEc/PGm.

Seed 5: Located directly anterior to Seed 1, in approximately
the same x and z plane, corresponding cytoarchitectonically to
areas V6/V6A.

Seed 6: Located directly anterior to Seed 2, in approximately the
same X and z plane, corresponding cytoarchitectonically to area V6A.
Seed 7: Located directly anterior to Seed 3, in approximately
the same x and z plane, corresponding cytoarchitectonically to
area PGm.

Seed 8: Located directly anterior to Seed 4, in approximately the
same X and z plane, corresponding cytoarchitectonically to areas
PEc/PGm.

Seed 9: Located 2 mm lateral to Seed 1, in approximately the same
y and z plane.

Seed 10: Located 2 mm lateral to Seed 2, in approximately the same
y and z plane.

Seed 11: Located 2 mm lateral to Seed 3, in approximately the same
y and z plane.

Seed 12: Located 2 mm lateral to Seed 4, in approximately the same
y and z plane.

Seed 13: Located directly posterior to the POS, and in approximately
the same x and z plane as Seed 1.

Seed 14: Located dorsal to Seed 13, parallel to the POS, and in
approximately the same x and z plane as Seed 2.

Seed 15: Located dorsal to Seed 14, parallel to the POS, and in
approximately the same x and z plane as Seed 3.

Seed 16: Located 2 mm lateral to Seed 13, in approximately the same
y and z plane.

Seed 17: Located 2 mm lateral to Seed 14, in approximately the same
y and z plane.

Seed 18: Located 2 mm lateral to Seed 15, in approximately the same
y and z plane.

Humans

Participants

Previously published data (Hutchison et al., 2014b) from twenty-
three right-handed volunteers (12 females; mean age = 24.8 years), re-
cruited from the Western University (London, Ontario, Canada; N = 11)
and Queen's University (Kingston, Ontario, Canada; N = 12) were
used in this study. Informed consent was obtained in accordance with
procedures approved by each University's Health Sciences Research
Ethics Board.

MRI acquisition

Imaging was performed on 3-T Siemens TIM MAGNETOM Trio
MRI scanners located at the Centre for Functional and Metabolic
Mapping (CFMM; at Western University) and the Centre for Neuro-
science Studies (CNS; at Queen's University). For each participant,
all functional data was collected using a T2*-weighted single-shot
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Fig. 2. Analysis of macaque and human mPOC seed ROIs. A) mPOC seed ROIs. The locations of 18 spherical seed ROIs for both the macaque monkey (left; radius = 1 mm) and
human (right; radius = 4 mm), displayed to scale on midsagittal slices of the macaque F99 (left; Van Essen, 2004) and human PALS-B12 (right; Van Essen, 2005) template,
respectively. Parallel rows of seeds were placed both posteriorly and anteriorly to the parieto-occipital sulcus (POS) at two different depths in the midsagittal plane (medial
(top) and lateral (bottom)). Seeds have been color-coded according to their cluster assignment following hierarchical cluster analysis (shown in C). For illustrative purposes,
the sizes of the seed regions have been slightly magnified in each species. B) Average pairwise correlation matrix of resting-state BOLD time series between mPOC seed ROIs
for both the macaque (left) and human (right). The color of each cell of the matrix denotes the corresponding pairwise coefficient value (according to the color bar at right).
C) Dendrogram plots, for both the macaque (left) and human (right), of the hierarchical binary cluster tree of mPOC seed ROIs following cluster analysis (based on Euclidean
distance of the correlation coefficients in B).
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gradient-echo echo planar imaging (EPI) acquisition sequence
(repetition time [TR] = 2000 ms; slice thickness = 3 mm; in-plane
resolution = 3 mm x 3 mm; echo time [TE] = 30 ms; field of
view [FOV] = 240 mm x 240 mm; matrix size = 80 x 80; flip
angle = 90°) with 32-channel (at CFMM) or 12-channel (at CNS)
receive-only head coils. Each volume was comprised of 34 contigu-
ous (no gap) oblique slices acquired at a ~30° caudal tilt with respect
to the plane of the anterior commissure and posterior commissure
(AC-PC), providing near whole brain coverage. One resting-state
scan of 360 continuous functional volumes was collected (acquisition
time of each scan was 12 min). A T1-weighted high-resolution anatom-
ical image was collected using an ADNI MPRAGE sequence (TR =
2300 ms; TE = 2.98 ms; FOV = 192 mm x 240 mm x 256 mm; matrix
size = 192 x 240 x 256; flip angle = 9°; acquisition voxel size =
1 mm x 1 mm x 1 mm). The resting-state scans and a second anatom-
ical image were acquired in a separate session in four participants due
to time constraints imposed during the initial imaging session.

Preprocessing

Preprocessing was implemented using the FMRIB Software Library
toolbox (FSL, http://www.fmrib.ox.ac.uk, Smith et al., 2004; Woolrich
et al., 2009) and included slice time correction for interleaved acquisi-
tions (using Fourier-space time-series phase shifting), motion correc-
tion (six parameter affine transformation), brain extraction, spatial
smoothing (Gaussian kernel of full-width at half-maximum [FWHM]
6 mm applied to each volume separately), low-pass temporal filtering
(half-width at half-maximum [HWHM] = 2.8 s, Gaussian filter),
high-pass temporal filtering (Gaussian weighted least-squares straight
line fitting with sigma = 100 s), and normalization (12 degrees-of-
freedom linear affine transformation) to the standard 152-brain
MNI template (voxel size = 2 mm x 2 mm x 2 mm; Evans et al.,, 1993).
Global mean signal regression was not implemented (see Monkey
preprocessing). Note that motion was relatively minimal across the
human subjects. The mean relative displacement was 0.06 mm. The
mean number of micro- (0.1-0.mm) and macro-movements (>0.5 mm)
was 22.35 +/— 45.09 and 0.65 +/— 1.37, respectively.

Seed selection

A total of 36 (18 per hemisphere) spherical seed ROIs (radius =
4 mm) were created in the MNI atlas space (Evans et al., 1993,
Table 1; Fig. 2A right). Parallel lines of approximately equidistant
seeds were placed in the gray matter using the parieto-occipital sulcus
(POS) as a reference. Two medial (seeds 1-4 and 5-8) rows and one lat-
eral (seeds 9-12) row were placed anteriorly to the POS. In addition,
one medial (seeds 13-15) row and one lateral (seeds 16-18) row
were placed posteriorly to the POS. There was no overlap of seeds in
any dimension and the placement of all the seeds ensured that none
of the constituent voxels extended outside the gray matter (into white
matter or into the medial longitudinal fissure). Here, we provide the de-
tails of seed placement (for both the left and right hemispheres) in the
MNI152 brain (for MNI coordinates of each seed region, see Table 1).

Seed 1: Located directly anterior to the parieto-occipital sulcus
(POS), positioned directly posterior to the posterior, inferior arc
of the subparietal sulcus, corresponding cytoarchiectonically to
Brodmann areas 30/23 (Duvernoy et al., 2012).

Seed 2: Located dorsal to Seed 1, parallel to the POS, corresponding
cytoarchitectonically to areas 23/31.

Seed 3: Located dorsal to Seed 2, parallel to the POS, corresponding
cytoarchitectonically to areas 31/7b.

Seed 4: Located dorsal to Seed 3, parallel to the POS, corresponding
cytoarchitectonically to area 7b.

Seed 5: Located dorsal-anteriorly to Seed 4, positioned in the
posterior, inferior arc of the subparietal sulcus, corresponding
cytoarchitectonically to area 23.

Seed 6: Located dorsal to Seed 5 and dorso-anteriorly from Seed 2,
corresponding cytoarchitectonically to areas 23/31.

Seed 7: Located dorsal to Seed 6 and dorso-anteriorly from Seed 3,
corresponding cytoarchitectonically to areas 31/7b.

Seed 8: Located dorsal to Seed 7 and dorso-anteriorly from Seed 4,
corresponding cytoarchitectonically to area 7b.

Seed 9: Located 10 mm lateral to Seed 1, in approximately the same
y and z plane.

Seed 10: Located 10 mm lateral to Seed 2, in approximately the same
y and z plane.

Seed 11: Located 10 mm lateral to Seed 3, in approximately the same
y and z plane.

Seed 12: Located 10 mm lateral to Seed 4, in approximately the same
y and z plane.

Seed 13: Located directly posterior to the POS, above the calcarine
sulcus, and positioned postero-ventrally from Seed 2, corresponding
cytoarchitectonically to areas 17/18.

Seed 14: Located dorsal to Seed 13, parallel to the POS, correspond-
ing cytoarchitectonically to areas 18/19.

Seed 15: Located dorsal to Seed 14, parallel to the POS, correspond-
ing cytoarchitectonically to area 19.

Seed 16: Located 10 mm lateral to Seed 13, in approximately the
same y and z plane.

Seed 17: Located 10 mm lateral to Seed 14, in approximately the
same y and z plane.

Seed 18: Located 10 mm lateral to Seed 15, in approximately the
same y and z plane.

Analysis

SNR maps

We computed the group-average voxel-wise signal-to-noise ratio
(SNR) of both species to estimate the effects of susceptibility artifacts
in the present data. For each voxel of a scan, the average signal intensity
across the scan was divided by the standard deviation over time.
In monkeys, the voxel-wise SNR values were averaged between scans
of each individual and then across animals to compute the group aver-
age. In humans, where only a single resting-state scan was collected,
the final group-averaged SNR map was calculated by averaging SNR
maps across all participants. The group averaged SNR maps of both
species can be seen projected onto the cortical surface in Supplementary
Fig. 2. While there is variation across the cortex and relatively lower
signal in some areas such as the temporal poles and occipital lobe
(macaque), the SNR values are quite high. Previous papers have
used a whole-brain average of 100 as a cut-off for study inclusion (Yeo
etal, 2011) and in our averaged maps, generally every voxel exceeds
this value suggesting reliable signal estimates.

Correlation matrices

The mean time signal for each seed region (within species) was ob-
tained by averaging the BOLD time series across all voxels contained
within the seed. A cross correlation matrix between all regions was
then calculated for each scan while partialling out the average white
matter (WM) and cerebral spinal fluid (CSF) time series in addition to
six motion parameters. Following a Fisher z-score transformation to
normalize the correlation values, the average pair-wise connectivity
across scans (in the case of monkeys) and then subjects was calculated
and then transformed back into correlation values.

Hierarchical clustering

The standard Euclidean distance between each pair of group-
averaged correlations was computed to assess the similarity among
the seed regions. A hierarchical cluster tree, referred to as a dendrogram,
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was then derived by applying the unweighted average distance method
to the distance matrix (Michener and Sokal, 1957) to allow for the
relationships between the elements to be visualized. The parameters
for clustering as well as its success (Supplemental Table 1) were evalu-
ated using the cophenetic correlation — a measure of how faithfully the
resulting cluster tree represents the dissimilarities among observa-
tions - for the resulting cluster trees. Hierarchical clustering does not
require the a priori selection of the cluster number. However, to
determine cluster assignments, a distance threshold must be chosen —
combining linked elements below that value into clusters. It is also
important to note that the clustering will force elements (i.e., seeds)
to be eventually linked together at some level. Based on consistency in
the linkages within the hemispheres of each species a threshold value
of 4.4 and 5.5 was used for humans and monkeys, respectively to divide
the ROIs into four clusters.

Divisions of the data were also examined by evaluating the height
of each link in the dendrogram with the heights of neighboring links
below it in the tree producing a measure of (in)consistency. Inconsis-
tent links are those whose height differs noticeably from the height
of the links below it, indicating a possible division in the data. At an
inconsistency coefficient greater than 1.1, each of the four clusters
was separated from one another supporting our distance threshold.
Increasing this value to the maximal inconsistency value for each
set of seed regions (~1.15), after which no divisions existed, suggested
a possible fifth cluster — dividing within and never between the four
original clusters defined by the distance cutoff. The posterior POS
(green) cluster of the left and right hemisphere of humans and right
hemisphere of the monkey divided into its two main groupings and
the middle aPOS (blue) cluster of the left hemisphere of the monkey
split into two.

Seed-based functional connectivity

The extracted time course of each seed ROl was used as a predictor in
a regression model for multiple regression at the individual participant
level in which nuisance covariates for WM, CSF, and six motion param-
eters were included. The outputs are individual maps of predicted
voxels for each regressor. In monkeys, functional connectivity maps
across the scans for each monkey were calculated using a second-level
fixed-effects analysis. Next, a group-level analysis was then carried out
within species using a fixed-effects model producing z-score maps of
connectivity associated with each seed ROI. A cluster-level network
analysis was then computed across group-level seed-based networks
(of a single hemisphere) encompassed by each cluster identified with
the average-link clustering algorithm (fixed effect, z > 2.3; cluster signif-
icance: P < 0.05, corrected). The analysis allowed the calculation of
shared functional connectivity across each of the cluster’s subnetworks.
In other words, functionally connected brain areas that are common
across the individual seeds for all of the identified seeds in a given cluster
will be revealed. Statistical differences between each cluster-level net-
work (within a hemisphere) were also computed (fixed effect, z > 2.3;
cluster significance: P < 0.05, corrected) for each species (the results of
the latter analysis are shown in the supplemental material).

Images were thresholded using clusters determined by z > 2.3
(monkey) and z > 3.9 (human) and a (corrected for multiple
comparisons) cluster threshold of p < 0.05. These different statistical
thresholds (i.e., z-values) were implemented to account for differences
in the sample sizes used. The group z-scores were projected from
volume data to the F99 (monkey) and PALS-B12 (human) cortical
surfaces (Van Essen, 2005) using the CARET (http://www.nitrc.org/
projects/caret) enclosed-voxel method (Van Essen et al., 2001). For
the sake of clarity and interpretation, voxels that were negatively corre-
lated with the ROI time courses are not displayed in the figures or
discussed. These are, however, accounted for in the cross-correlation
matrix of ROI time series and whole-brain FC patterns and included in
the clustering analysis.

Voxel-wise clustering

To examine the dependency of our cluster divisions on the selected
seed ROIs that can make precise border definition difficult, parcellation
of mPOC was further carried out at the voxel level for each hemisphere
separately. A cortical gray matter mask was created in both species. In
both the human and monkey, the mask encompassed 1) voxels along
the entire anterior-most bank of the occipital lobe, bordered by the
calcarine sulcus inferiorly; 2) posterior voxels within the precuneus,
bordered anteriorly by the precuneal sulcus (Margulies et al., 2009)
and inferiorly by the corpus callosum. The lateral boundary of all the
aforementioned voxels was with respect the posterior-most medial
wall of the intraparietal sulcus.

Within mPOC temporal parcellation. Examining relationships of spontane-
ous BOLD time courses within a given region of cortex can identify seg-
regated functional clusters (e.g., Johansen-Berg et al., 2004) without
the need of a priori defined seed regions. Following the same procedure
described above to calculate the cross correlation matrix of the 36 seed
ROIs, a group averaged correlation matrix was computed for all GM
voxels within the masked region separately for each species. Hierarchical
clustering was used to cluster the matrix into 4 clusters (based on the
ROI cluster results). All voxels contained within each cluster assignment
were then projected from volume data to the cortical surface as
described above.

Whole-brain spatial parcellation. To evaluate the cluster divisions based
upon extrinsic functional connectivity patterns that take into account
the position of a voxel/region within the broader context of the network
of areas in which it is embedded (e.g., Cohen et al., 2008; Hutchison
et al., 2014b), a voxel-wise clustering was performed on connectivity
fingerprints derived from an existing parcellation scheme. In the
monkey, the F99-template normalized Lewis and van Essen (2000a,b)
divisions were used to define 174 (87 per hemisphere) cortical regions
of interest. In the human the Automated Anatomical Labeling (AAL,
Tzourio-Mazoyer et al., 2002) atlas in MNI space was used to define
90 cortical and subcortical (45 per hemisphere) regions of interest.
Each voxel defined with the mPOC mask was correlated with the
mean signal of voxels within each predefined region and a group aver-
age fingerprint for each voxel was calculated. Hierarchical clustering
was performed, and based on the ROI clustering results, 4 clusters
were extracted. All voxels contained within each cluster assignment
were then projected from volume data to the cortical surface as
described above.

Results
Seed-based clustering analyses

To study the FC of mPOC, we first performed a seed-based rs-fMRI
analysis on data obtained from both humans (using a 3-T scanner)
and macaque monkeys (using a 7-T scanner; see Materials and
methods). For both species and both hemispheres, we placed paral-
lel rows of spherical seeds (18 in total) both posteriorly and anteri-
orly to the POS at two different depths in the midsagittal plane
(medial and lateral) (see Fig. 2A). Note that we only report the
left hemisphere results in this main manuscript; the results of the
right hemisphere analyses are provided in the supplemental mate-
rial for comparison. The complete correlation matrix associated
with all of mPOC seed ROI time courses is shown in Fig. 2B. Follow-
ing average-linkage hierarchical cluster analysis of the matrix, a
cluster separation of 4.4 in the human and 5.5 in the macaque
could be used to distinguish 4 major clusters (Fig. 2C). Though
the selection of this cutoff threshold is subjective (see Discussion
for our treatment of this issue), this cluster number selection is
supported by previous functional subdivisions of cells in the ma-
caque monkey (e.g., Gamberini et al., 2011) and cytoarchitectonic
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A Seed Regions

B Associated Whole-Brain Networks

Fig. 3. Networks representing the shared connectivity of macaque monkey left hemisphere mPOC seed ROIs within each identified cluster in Fig. 2. A) ROIs are color-coded according to
their cluster assignment (see Fig. 2C). B) Cluster networks are displayed on medial, lateral, dorsal and flat-map cortical representations for both hemispheres. Activation maps depict the
whole-brain functional connectivity networks of the seed ROIs identified as being part of each cluster (at z > 2.3; P < 0.05, cluster-threshold corrected), normalized to the space of the F99
template (van Essen, 2004). Border colors denote the linkage between the specific activation maps shown in B and the seed ROIs shown in A. White lines indicate major sulci. Ces = central
sulcus; Cis = cingulate sulcus; Hs = hippocampal sulcus; 10S = inferior occipital sulcus; LuS = lunate sulcus; OTS = occipitotemporal sulcus; STS = superior temporal sulcus; POS =
parieto-occipital sulcus; PS = principal sulcus; AS = arcuate sulcus; IPS = intraparietal sulcus.
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divisions (e.g., Brodmann, 1909; Brodmann and Gary, 2006), and
intrinsic patterns of whole-brain FC (e.g., Yeo et al., 2011) in the
human (Fig. 1). The four identified mPOC clusters were found to
have good spatial differentiation within and across the anterior
and posterior POS (though the spatial separation in the lateral
seeds of the macaque did not follow sulcal borders, see green clus-
ter in Fig. 2A) and was generally consistent across both hemi-
spheres. The average-link partitioning scheme was then used to
examine the shared functional connectivity among the seeds of
each cluster for each species. Fig. 3 displays the results for the ma-
caque with statistical comparisons between cluster maps shown in
Supplementary Figs. 5-6. Human maps are displayed in Fig. 5 and
the corresponding statistical comparisons are shown in Supple-
mentary Figs. 8-9.

Dorsal aPOS (red cluster)

In the macaque, the dorsal anterior seed cluster (seeds 4, 8, and
12; red) showed positive correlations with a range of brain areas in
parietal, temporal and frontal cortices. Among these areas was bilat-
eral FC with the angular gyrus (AG) and supramarginal gyrus (SMG),
medial and lateral intraparietal sulcus (IPS), superior parietal lobe
(SPL), post- and precentral gyrus, cingulate gyrus, and fusiform
gyrus. The majority of these areas have been implicated in various
aspects of sensorimotor planning and control (for review, see
Andersen and Cui, 2009) as well as spatial attentional processing
(for reviews, see Moore et al., 2003; Bisley and Goldberg, 2010). No-
tably, much of this network resembles the somatomotor network
that was previously observed with seeds placed in the macaque cen-
tral sulcus (Vincent et al., 2007, see their Supplementary Fig. 2). For
the right hemisphere, the clustering of seeds and corresponding pro-
file of whole-brain FC were virtually identical (see Supplementary
Fig. 4).

In the human, the dorsal anterior seed cluster (seeds 4, 8, 11, and
12; red), in contrast to that observed in the macaque, showed unilat-
eral positive correlations with a range of brain areas in occipital, pa-
rietal, temporal, and frontal cortices. Among these areas was
ipsilateral FC with the AG and SMG, lateral IPS, and precentral
gyrus (with intersections of activity at the SFS and IFG—areas fre-
quently identified in fMRI sensorimotor tasks as FEF/PMd and PMyv,
respectively) (Silver et al., 2005; Beurze et al., 2007; Cavina-Pratesi
et al,, 2010), and bilateral FC with POS, paracentral lobule, medial
temporal gyrus (MTG), medial IPS, SPL, and fusiform gyrus. In
many ways, this network resembles the frontoparietal and dorsal at-
tention networks involved in the preparation of goal-directed ac-
tions and spatially directed attention (for reviews, see Corbetta and
Shulman, 2002; Culham et al., 2006; Culham and Valyear, 2006;
Silver and Kastner, 2009; Filimon, 2010) and corresponds well with
the frontoparietal control and dorsal attention networks observed
in previous whole-brain parcellations (cf. Power et al., 2011; Yeo
et al,, 2011). Notably, in contrast to the macaque, we did not
find any statistically significant FC with somatomotor cortex
(i.e., somatosensory and motor cortex). For the right hemisphere,
the clustering of seeds and corresponding profile of whole-brain FC
was near identical. It is worth recognizing that, of all the clusters ex-
plored (for comparison, see below), the seed cluster assignment for
this dorsal aPOS subdivision, for both the human and macaque, and
across the hemispheres within each species, was the most
consistent.

Middle aPOS (blue cluster)

In the macaque, the middle aPOS seed cluster (seeds 2, 3, 6, 7;
blue) showed positive correlations with bilateral occipital cortex,
cingulate gyrus, precentral gyrus, medial IPS, AG, and SMG. Notably,
for the right hemisphere, we observed a slightly different arrange-
ment of seed clustering for the middle aPOS (which instead
contained seeds 3, 7, 11, 15, 18), and a more extensive associated

network of FC (Supplementary Fig. 4). Specifically, in addition to
the areas found with left hemisphere middle aPOS, the right hemi-
sphere middle aPOS cluster was additionally found to be functionally
connected with left and right somatomotor cortices, and some right-
lateralized areas like the medial frontal gyrus and hippocampus, and
the right inferior frontal gyrus.

In the human, the middle aPOS seed cluster (seeds 3 and 7; blue)
showed positive correlations with several bilateral frontoparietal
areas. Among these was bilateral FC with anterior posterior cingulate
cortex (PCC), AG, SMG, superior and middle frontal gyri, cingulate
gyrus, and ipsilateral FC with the fusiform gyrus, MTG, and inferior
frontal gyrus. Despite the clustering of seeds being slightly different
for the right hemisphere (i.e., seeds 3, 7 and 10 were clustered
together), the profile of whole-brain FC was near identical (see Sup-
plementary Fig. 7).

Ventral aPOS (cyan cluster)

In the macaque, this seed cluster (seeds 1, 5, and 9; cyan) showed
positive correlations with several areas of occipital, parietal, temporal,
and frontal cortices. Among these was bilateral FC with the occipital
lobe, posterior cingulate, inferior temporal and superior temporal gyri,
AG, SMG, superior, middle and inferior frontal gyri and the medio-
orbital gyrus. Notably, despite the clustering of seeds being slightly dif-
ferent for the right hemisphere (i.e,, seeds 1, 2, 5, 6, 9, and 10 were
clustered), the profile of whole-brain FC was near identical (see Supple-
mentary Fig. 4).

In the human, this seed cluster (seeds 1, 2, 5, 6,9, and 10; cyan), in con-
trast to that observed in the macaque, showed largely unilateral positive
correlations with a range of brain areas in occipital, parietal, temporal and
frontal cortices. Among these, there was ipsilateral FC with PCC, fusiform
gyrus, AG, and SMG, anterior superior and middle temporal gyri, superior
and middle frontal gyri and medial frontal pole. This network of activity
closely corresponds to that frequently associated with the classic default
network (Buckner et al., 2008). Despite the clustering of seeds being slightly
different for the right hemisphere (seeds 1, 2, 5, 6, and 9 were clustered),
the profile of whole-brain FC was nearly identical, with the exception that
we did observe more bilateral FC, particularly with the fusiform gyrus, ante-
rior superior temporal gyrus, and superior frontal gyrus.

Posterior POS (green cluster)

In the macaque, this seed cluster included seeds along the medial
posterior bank of the POS as well as the lateral posterior and anterior
banks of the POS (i.e., seeds 10, 11, and 13-18; green). It showed posi-
tive correlations with a largely symmetrical bilateral network, which in-
cluded the occipital lobe, AG, SPL, medial postcentral gyrus, and
fusiform gyrus as well as ipsilateral precentral gyrus. Despite
the clustering of seeds slightly differing for the right hemisphere
(i.e., seeds 13,14, 16 and 17), we observed a largely similar bilateral pat-
tern of whole-brain FC with the addition of some other sites of FC, such
as the left inferior temporal gyrus and parahippocampal gyrus.

In the human, we found that the clustering of seeds greatly differed
from that of the macaque, and was entirely limited to the posterior bank
of the POS (seeds 13-18). Correspondingly, it showed positive correla-
tions that were almost entirely constrained to bilateral occipital cortex.
The exception to this was that we observed very small areas of FC in ip-
silateral medial IPS and SPL, precentral gyrus, and contralateral superior
frontal gyrus. For the right hemisphere, the clustering of seeds was iden-
tical. The associated whole-brain FC maps, however, slightly differed in
that the small areas of FC that extended outside of occipital lobe were
along the ipsilateral superior temporal gyrus and precentral gyrus.

Convergence in networks associated with the separate mPOC clusters
To visualize where in the brain the different mPOC clusters show

mutual versus distinct patterns of whole-brain FC, we overlapped the
FC maps associated with each of the mPOC subdivisions defined by
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Fig. 4. Previous results of retrograde neuroanatomical tracer studies in macaque mPOC. Top left, cortical distribution of labeled cells after V6 tracer injections (represented
by black dots) shown on parasagittal sections taken at the levels shown on the brain silhouette (top left; image taken from Galletti et al., 2001). Top right, cortical distribution
of labeled cells after V6Av tracer injections (represented as a color density map, expressed as a percentage of maximum value obtained throughout cortex) shown on two-
dimensional reconstructions (image taken from Passarelli et al., 2011). Bottom left, cortical distribution of labeled cells after V6Ad tracer injections (represented by black
dots) shown on two-dimensional reconstructions (image taken from Gamberini et al., 2009). Bottom right, cortical distribution of labeled cells after PEc tracer injections
(represented as a color density map, expressed as a percentage of maximum value obtained throughout cortex) shown on two-dimensional reconstructions (image taken
from Bakola et al., 2010). To provide reference for the sites of tracer injections in mPOC, a macaque brain with labeled cytoarchitectonic boundaries is shown at centre

(image taken from Gamberini et al., 2009).
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hierarchical clustering (see Fig. 6). There are striking differences in the
lateralization of the FC maps associated with the human compared to
macaque brain. That is, as noted in the sections above, for each seeded
hemisphere we find a largely bilateral and symmetrical pattern of
whole-brain FC in macaques, whereas in humans, we found a much
more ipsilateral pattern of whole-brain FC. Also apparent is the consis-
tency in the areas of network convergence across mPOC subdivisions
within each species. That is, in the macaque, all mPOC clusters show
FC with bilateral precuneus, PCC, inferior parietal cortex (the AG and
SMG), the superior-most STS and the precentral gyrus (just posterior
to the arcuate sulcus). In the human, like the macaque, all mPOC clusters
show FC with ipsilateral PMC and inferior parietal cortex (the AG and
SMG). However, as a departure from that observed in the macaque,
we instead find convergence zones in the left middle temporal gyrus
and the left superior frontal gyrus (for the left hemisphere mPOC clus-
ters only). This may reflect, to some extent, a by-product of some of
the functional hemispheric specialization that characterizes much of
human cortex. For example, evidence in humans suggests that the left
hemisphere may be particularly specialized for the visual-motor
control of action (Serrien et al., 2006) as well as speech processing
and communicative behavior (Hickok and Poeppel, 2000; Davis and
Johnsrude, 2003; Hickok and Poeppel, 2007), and these processes may
be particularly well developed in the right-hand dominant participants
tested here.

Comparisons between species of mPOC network laterality

To examine the extent to which species-specific differences exist in
the laterality of mPOC functional networks, we contrasted FC maps as-
sociated with all the left versus right hemisphere seeds (and vice
versa). The results of these direct hemispheric comparisons are shown
in Fig. 7. There is strikingly more robust and extensive patterns of ipsi-
lateral FC in human compared to macaque cortex. This demonstrates
that the FC networks associated with mPOC seeds are largely bilateral
in the macaque monkey and primarily unilateral in humans. This gener-
al observation can be made, though it is not as explicit, from visual com-
parisons of Figs. 3 and 5.

Voxel-wise cluster analyses

In addition to the seed-based analyses, we performed two clustering
analyses of the mPOC region at the voxel-wise level. The first of these
analyses clustered mPOC voxels according to the intrinsic temporal re-
lationships that these voxels have with each other (i.e., within-mPOC
temporal parcellation). The second of these analyses clustered mPOC
voxels according to relationships in their associated spatial connectivity
fingerprints (i.e., whole-brain spatial parcellation). Thus, in the case of
the first voxel-wise analysis, hierarchical clustering will be driven by
similarities in the individual timecourses of the mPOC voxels them-
selves; in the case of the second voxel-wise analysis, hierarchical clus-
tering will be driven by similarities in the distributed spatial maps
associated with each individual mPOC voxel. The results of these two
separate analyses are shown in Fig. 8 and the center of mass of each
cluster is listed in Supplemental Table 2.

What can be immediately observed is the striking level of conver-
gence in the parcellation results of the within mPOC temporal
parcellation (Fig. 8A) and the whole-brain spatial parcellation
(Fig. 8B) not just within each species (compare within the columns of
Fig. 8A and B), but also between the species (compare across the col-
umns of Fig. 8A and B). That is, in both the macaque and human, we
find that mPOC can be reliably subdivided into a dorsal-ventral gradient
and a posterior-anterior gradient. This dorsal-ventral gradient is found
anterior to the POS, is composed of a dorsal, middle, and ventral region,
and reasonably corresponds to the subdivisions found with our seed-
based analyses (compare Fig. 8 with Fig. 2A). By contrast, the aforemen-
tioned posterior-anterior subdivision extends across the POS, with the

cortex posterior to the POS generally forming one cluster and the cortex
anterior to the POS being comprised of the other three clusters. On this
note we do recognize that the posterior-anterior voxel-wise clustering
in the macaque is blurred across the POS, with some portion of the
voxels anterior to the POS being clustered with voxels posterior to the
POS. This is consistent with the parcellation results of our seed-based
analyses. Nevertheless, in general, these dorsal-ventral and posterior-
anterior gradients can be easily observed. Importantly, we found that
clustering based on hierarchical versus k-means algorithms did not sig-
nificantly alter this general topography (see Supplementary Fig. 10). For
the sake of comparison, we also examined a finer number of partitions
(an 8-cluster solution). Here, we not only observed a clustering that dif-
fered between species (see Supplementary Fig. 11) but one that also
markedly departs from previous subdivisions of the area based on
cytoarchitectonics, patterns of cortico-cortical connectivity, or neuronal
response properties (for example, see Figs. 1 and 4 for comparison). For
these reasons, we believe that much more tractable interpretations can
be applied to the 4-cluster solution presented here. When we applied
the same temporal and whole-brain parcellation schemes to the right
hemisphere, we found good correspondence with those observed here
(see Supplementary Fig. 12), with the exception that the within mPOC
temporal parcellation in the macaque provides a differentiation of clus-
ters in the medial-lateral plane (with the posterior medial wall of the
IPS, MIP, being assigned its own cluster).

Discussion

Here, we clustered both seed regions and individual voxels in the
mPOC of the human (collected at 3T) and macaque monkey (collected
at 7T) based on the group-averaged FC patterns associated with sponta-
neous BOLD correlations of rs-fMRI data. We first employed a seed-
based hierarchical clustering approach on the time course correlations
within mPOC in order to determine coarse functional boundaries. We
then examined the shared whole-brain network FC associated with
each of these mPOC clusters. This data-driven approach permitted iden-
tification of four broad and spatially separated clusters that
corresponded with graded differences in whole-brain FC patterns.
Specifically, we found that both macaque and human mPOC varied sys-
tematically along the dorsal-ventral axis anterior to the POS and along
the posterior-anterior axis across the POS. To bolster these seed-based
results, we then performed a more fine-grained voxel-wise clustering
analysis based either on the pattern of within mPOC temporal correla-
tions or on the pattern of distributed whole-brain spatial correlations
associated each mPOC voxel. In addition to supporting the clustering
results of our seed-based analyses, we found that the two separate
voxel-wise clustering approaches tended to converge upon similar
parcellation solutions. This suggests that the functional parcellations
in both macaque and human are tightly linked to the distinct patterns
of whole-brain functional connectivity (Fig. 9).

Current results in the context of emerging structural-functional subdivisions
of mPOC

Previous studies of anatomical connections in NHPs reported a general
posterior-to-anterior transitional gradient within the precuneus, sugges-
tive of 3 separable, homogeneous regions: 1) a posterior portion, PO,
exhibiting prominent connectivity with visual areas (Colby et al., 1988);
2) a middle portion, PGm, exhibiting prominent connectivity with cogni-
tive/associative brain areas like STS, IPL, and DLPFC (Pandya and Seltzer,
1982; Leichnetz, 2001; Morecraft et al., 2004; Buckwalter et al., 2008)
and, 3) an anterior portion, PEc, exhibiting prominent connectivity with
medial somatosensory and motor regions (Morecraft et al., 2004; Bakola
et al.,, 2010). However, more recent functional and anatomical evidence
has suggested that the posterior precuneus (area PO), in particular, is
itself quite heterogeneous, being loosely comprised of three distinct sub-
regions, topographically organized ventrally-to-dorsally: V6, V6Av, and
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A Seed Regions

B Associated Whole-Brain Networks

Fig. 5. Networks representing the shared connectivity of human left hemisphere mPOC seed ROIs within each identified cluster in Fig. 2. A) ROIs are color-coded according to their cluster
assignment (see Fig. 2C). B) Cluster networks are displayed on medial, lateral, dorsal and flat-map cortical representations for both hemispheres. Activation maps depict the whole-brain
functional connectivity networks of the seed ROIs identified as being part of each cluster (at z> 3.9; P < 0.05, cluster-threshold corrected), normalized to the space of the PALS-B12 template
(Van Essen, 2005). Border colors denote the linkage between the specific activation maps shown in B and the seed ROIs shown in A. White lines indicate major sulci. Ces = central sulcus;
CiS = cingulate sulcus; CoS = collateral sulcus; IFS = interior frontal sulcus; IPS = intraparietal sulcus; ITS = inferior temporal sulcus; MTS = middle temporal sulcus; PoCes =
postcentral sulcus; POS = parieto-occipital sulcus; PrCes = precentral sulcus; SF = sylvian fissure; SFS = superior frontal sulcus; STS = superior temporal sulcus.



22 R.M. Hutchison et al. / Neurolmage 116 (2015) 10-29

Left Hemisphere

Right Hemisphere

CeS

IOS‘« l_LS

Fig. 6. Conjunction analysis across the functional connectivity maps of all mPOC clusters. Color maps represent the number of mPOC functional maps that have significant (z-score > 2.3,
monkey; z-score > 3.9, human) FC at each voxel, thus identifying the core regions that show FC with all mPOC clusters. For interpreting which seed-based mPOC clusters are driving the
overlap effects, see Figs. 3 and 4 (and Supplementary Figs. 4 and 7). White lines indicate major sulci in accordance with Fig. 3 and 5 captions.

V6Ad. Region V6 is a pure visual area, receives direct projections from V1
and exhibits connectivity with MT. Consistent with this, the area is
retinotopically organized and contains cells responsive to motion
(Galletti et al., 1999). In contrast, region V6A, which has recently been
cytoarchitectonically subdivided into a ventral and dorsal component
(i.e., V6Av and V6Ad, respectively, Luppino et al., 2005), contains cells
with both visual and motor response properties as well as cells responsive
to arm movements in the absence of any vision (motor-type cells, see
Fattori et al., 2001; Fattori et al., 2005; Gamberini et al., 2011). In further
support of this recent cytoarchitectonic subdivision of V6A, V6Ad
predominantly shows connections with areas of parietal (MIP, PEc, and
medial PG) and premotor cortex (PMd) and shows comparatively more
somatosensory-type neuronal responses than V6Av. By contrast, V6Av
predominantly shows connectivity with non-primary visual areas,

including V6, as well as parietal cortex, has much more sparse connec-
tions with frontal cortex, and shows comparatively more visual-type
responses than V6Ad (Gamberini et al., 2009; Gamberini et al., 2011;
Passarelli et al., 2011). Causal evidence for the role of V6A in visuomotor
transformations for action comes from the variety of specific deficits in
reaching, wrist orientation, and grasping that can be observed when
lesions or inactivation are delivered to the anterior bank of the POS in
NHPs (Battaglini et al., 2002; Hwang et al.,, 2012). It is worth noting
that, in addition to areas V6, V6Av, and V6Ad, the very caudal extent
of area PEc also directly abuts the dorsal-most portion of the POS.
Fluorescence tracer studies show that it receives projections from a net-
work of parietal, mesial, and frontal areas, the latter mainly being the
dorsocaudal part of premotor area F2 (Bakola et al.,, 2010). Consistent
with this pattern of connectivity, electrophysiological recordings show
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Fig. 7. Comparison of laterality in mPOC functional connectivity maps across all seed regions in the macaque monkey and human. Activation maps depict contrasts of the functional
connectivity networks associated with all the left vs. right hemisphere seeds (left panels) and all the right vs. left hemisphere seeds (right panels) for both the macaque monkey
(top panels) and human (bottom panels). Maps are statistically thresholded for each species according to the color bars shown at center. White lines indicate major sulci in accordance

with Fig. 3 and 5 captions.

that both oculomotor and reach-related tasks elicit robust activity in PEc
neurons (Battaglia-Mayer et al.,, 2001; Ferraina et al.,, 2001), suggestive
that the region plays a prominent role in coordinated limb movements.
Based on cortical topography as well as comparisons with retrograde
and bidirectional neuronal tracer studies in NHPs (see Fig. 4, Gamberini
et al.,, 2009; Bakola et al., 2010; Passarelli et al., 2011), we submit that
our macaque dorsal aPOS region (red cluster) corresponds with the
connectivity patterns of V6Ad and caudal PEc. Our middle aPOS (blue
cluster) and pPOS (green cluster) regions correspond with the topogra-
phy and connectivity patterns of areas V6Av and V6 (and perhaps also
V3A in occipital cortex, see Felleman et al., 1997; Galletti et al., 2005),

though not necessarily in a one-to-one fashion. That is, the resting
network activity associated with V6 and V6Av (and also V3A) likely
contributes (to differing degrees) to the FC profiles associated with
each our middle aPOS and pPOS regions and, likewise, the resting net-
work activity associated with both V6Ad and caudal PEc (but perhaps
also part of V6AvV) likely contributes to the FC profiles associated with
our dorsal aPOS region. We suspect that the absence of a clear one-to-
one mapping may be explained, at least in part, by our data-driven
clusters encompassing more than one functional area (e.g., the dorsal
aPOSs region comprising cortex that belongs to areas V6Ad and PEc).
Nevertheless, at the level of cytoarchitecture, our dorsal and middle
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Fig. 8. Resting state-based cluster analyses of mPOC voxels in both the macaque monkey and human. A) Results of voxel cluster analysis for a 4-cluster solution, based on temporal
correlations within mPOC, displayed on the dorsal and medial cortical representations of the left hemisphere in both the human (left) and macaque monkey (right). B) Results of
voxel cluster analysis for a 4-cluster solution, based on spatial correlations in the whole-brain functional connectivity maps of mPOC voxels, displayed the same as in A. See Supplementary
Fig. 11 for a comparison of hierarchical and k-means clustering approaches and see Supplementary Fig. 12 for the results of the 8-cluster solution.

aPOS clusters—at least in the human—appear to closely correspond to
the locations of areas 7p and 7m, respectively, as recently delineated
by Scheperjans et al. (2008a,b) in postmortem brains. As for our
ventral aPOS region (cyan cluster), previous work has shown that the
PCC/retrosplenial cortex exhibits prominent connections to ventral pre-
frontal cortex and medial temporal regions, suggestive that the area
plays a role in the neural processing of emotion, motivation and memo-
ry (Kobayashi and Amaral, 2003; Parvizi et al., 2006; Kobayashi and

Macaque

Amaral, 2007; Kravitz et al., 2013). We found prominent FC with each
of these areas (as well as frontal areas like FEF, which are only polysyn-
aptically connected with PCC, Morris et al., 1999), and thus our ventral
cluster likely corresponds with some of the spontaneous activity associ-
ated with PCC/retrosplenial cortex (Brodmann's areas 23 and 31, Vogt,
2009). Alongside these proposed subdivisions of mPOC, we generally
find that, consistent with anterograde and retrograde tracer work of
the PMC in cynomolgus monkeys (Parvizi et al., 2006), all our aPOS

Strength of
Functional Connectivity

T:

Increasing

Human

Fig. 9. Summary of functional connectivity patterns emerging from the 4 mPOC subdivisions in both the macaque monkey and human. A simplified summary of the divisions and
functional connections for regions in the left mPOC is displayed on schematic lateral (top) and medial (bottom) cortical representations of the left hemisphere in both the macaque mon-
key (left) and human (right). Regions and their connections are color-coded according to their cluster assignment (see Fig. 2C) and meant to highlight prominent differences between
divisions and species. The thickness of connections denotes the relative strength of functional connectivity (see Supplemental Table 3). To see full connection patterns, see Figs. 3 and

5 for the monkey and human, respectively.
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regions (dorsal, middle and ventral subdivisions) show FC both with
each other and with various aspects of the anterior cingulate gyrus,
DLPFC, lateral parietal cortex (AG and SMG), and STS.

Through retinotopic mapping studies in humans, putative homo-
logues of monkey visual areas V6 and V6Av has been functionally iden-
tified (Pitzalis et al., 2006; Fattori et al., 2009a; Pitzalis et al., 2013a).
Putative human V6 (hV6) is located in the posterior dorsalmost POS
and hV6Av borders hV6 anteriorly within the POS (Pitzalis et al., 2010;
Pitzalis et al., 2013b; Pitzalis et al., 2013a). In addition, consistent with
more recent anatomical and neural investigations in the macaque mon-
key (Fattori et al., 2009b; Gamberini et al., 2009; Fattori et al., 2010;
Passarelli et al., 2011; Fattori et al., 2012) several lines of evidence impli-
cate the aPOS region in the preparation and execution of human hand
actions. For example, consistent with SPOC playing a role in visual-to-
motor transformations for arm movements, a gradient transition of func-
tional responses can be observed: hV6Av shows greater fMRI responses
for the execution of spatially directed pointing movements than V6
(Pitzalis et al., 2013a), but approximately equal responses to saccades
(Tosoni et al., 2014); by contrast, hV6Ad, which is thought to border
hV6AV just anteriorly (in the anterior POS), shows greater responses for
pointing movements than saccades (Tosoni et al., 2014). In support of
this functional neural organization, a whole host of fMRI work reports
foci of activity in aPOS during the preparation and execution of reaching,
pointing and grasping actions (Astafiev et al., 2003; Connolly et al., 2003;
Prado et al., 2005; Filimon et al., 2009; Gallivan et al., 2009; Bernier and
Grafton, 2010; Cavina-Pratesi et al., 2010; Gallivan et al,, 2011a; Gallivan
et al,, 2011b; Monaco et al,, 2011; Gallivan et al., 2013; Gallivan et al.,
2015). This corresponds well with the types of reaching deficits observed
in optic ataxia patients (Perenin and Vighetto, 1988; Andersen et al.,
2014), many of whom have lesions to the mPOC region, near the
parieto-occipital junction (Karnath and Perenin, 2005). Based on these
functional response properties, it is expected that dorsal mPOC, in partic-
ular, should show positive correlations with the networks involved action
planning and control and spatial orienting.

With respect to the current rs-fMRI results, the FC maps associated
with the dorsal (red), middle (blue), and ventral (cyan) aPOS regions
correspond with several components of the frontoparietal control,
dorsal attention, and default networks associated with action planning
and control (Yeo et al., 2011), the orienting spatial attention (Corbetta
and Shulman, 2002), and internal modes of cognition (Buckner et al.,
2008; Leech et al., 2012), respectively (see Fig. 1 for comparison).
However, this mapping between aPOS subdivisions and associated
networks, like that found with the macaque, does not appear to be
one-to-one. For instance, rather than the FC of the dorsal aPOS (red)
corresponding to just one whole-brain network, it instead shows FC
with several areas that comprise both the frontoparietal control (FPC)
and dorsal attention networks (DAN; see Yeo et al., 2011, see also
Fig. 1). This is evidenced by dorsal aPOS showing FC with both the SPL
and PMd/FEF (belonging to the DAN) as well as FC with both the IPS
and middle frontal gyrus (belonging to the FPC). By contrast, the middle
aPOS (blue) shows FC with several areas of the FPC and DN (see Yeo
et al.,, 2011, see also Fig. 1). This is evidenced by FC with both the ACC
and MTG (belonging to the FPC) as well as FC with PCC and superior
frontal gyrus (belonging to the DN). In contrast to the FC associated
with the dorsal aPOS cluster, the FC associated with the middle aPOS
cluster is much more bilateral, particularly in middle and superior fron-
tal gyrus, more lateralized in parietal cortex, and more medial in frontal
cortex. This profile of FC is to be contrasted with that of the ventral aPOS
(cyan) cluster, which shows FC with several hallmark structures of the
classic DN (Yeo et al., 2011, see also Fig. 1). This includes FC with AG,
STS, and medial prefrontal cortex. In contrast to the FC associated with
the middle aPOS cluster, the FC associated with the ventral aPOS cluster
is not bilateral, even more lateralized in parietal cortex, and even more
medial in frontal cortex. Finally, in contrast to the subdivisions found in
aPOSs, for the single pPOS (green) cluster we find classic visual network
activity (Yeo etal,, 2011, see also Fig. 1). Taken together, this work is not

only consistent with the classic view that the medial parieto-occipital
cortex is a key hub of an expansive frontoparietal pathway involved in
visual spatial processing and the planning and control of actions
(Ungerleider and Mishkin, 1982; Goodale and Milner, 1992), but also
the more recent view that the area, by virtue of the projections it
sends to the parieto-prefrontal and parieto-medial temporal pathways,
plays important roles in spatial working memory and navigation,
respectively (Kravitz et al., 2011).

Comparison with previous rs-fMRI parcellation in macaques and humans

The present results extend a study that used rs-fMRI in both
humans and macaques to examine the intrinsic functional connec-
tivity of the precuneus and posterior cingulate cortex (Margulies
et al., 2009), in which the functional connectivity was constructed
from 21 seed ROIs in the right PMC. We focused our analyses not
on the entire PMC, which has also been a target of investigation
in other previous human DTI (Zhang et al., 2014) and rs-fMRI
work (Zhang and Li, 2012; Yang et al., 2014), but rather on the
cortex that lies directly adjacent to the POS, both posteriorly and
anteriorly. In this way, the present work was not motivated to
explore separations in the patterns of intrinsic FC that arise along
the posterior-anterior axis of entire PMC, as previously described
by others (i.e., precuneus is thought to manifest a posterior-to-
central-to-anterior gradient transition of visual-to-cognitive-to-
somatomotor network activity; see Margulies et al., 2009). Never-
theless, we did observe some degree of consistency with the findings
of Margulies et al. (2009). For instance, when we performed the
temporal voxel-wise parcellation of mPOC in the macaque we
found predominantly two main cluster separations along the
anterior POS (our green and cyan clusters). Similar to here, these
clusters were identified by Margulies et al. (2009) as having
primarily visual- and limbic-like patterns of FC (respectively).
Notably, similar to that reported by Margulies et al. (2009), this
same analysis in the human also revealed evidence of a visual cluster
in the dorsal-most aPOS (our green cluster). The convergence of
these results across separate studies using the same methods
(i.e., clustering based on temporal correlations within the region)
clearly suggests a visual role for dorsal anterior POS in information
processing. Notwithstanding these important similarities, however,
we did also observe several noteworthy profiles of whole-brain FC
that depart from what Margulies et al. (2009) described.

First, whereas Margulies et al. (2009) did not observe strong
premotor FC associated with their posterior or central precuneal regions
(see summary of their findings in Fig. 1F), which we suspect occupies
our dorsal aPOS (red) region, here we find prominent premotor connec-
tivity associated with this region in both species (and, of particular note,
somatomotor activity associated with this region in the macaque). In
addition, whereas Margulies et al. reported positive correlations with
visual areas when seeding the posterior precuneal region (dorsal
portion of the parieto-occipital fissure), we only reliably found robust
visual network FC when we seeded the posterior bank of the POS
(a general region not thoroughly explored by Margulies et al., 2009).
Though Brodmann area 7m encompasses a fairly large expanse of
precuneal cortex, our findings for the dorsal aPOS region are generally
consistent with anatomical tracing studies in the cynomolgus monkey
showing that area 7m, when compared to other cytoarchitectonic
divisions of PMC, selectively shows connectivity with premotor
(e.g., PMd) and cingulate structures as well as the SPL (Parvizi et al.,
2006). Importantly, these structures are well known to be involved in
the preparation and execution of hand actions (Kalaska et al., 1997
Dum and Strick, 2002; Cisek et al., 2003; Fattori et al., 2012).

Second, whereas Margulies et al. (2009) only subdivided their aPOS
into a precuneal region dorsally and posterior cingulate/retrosplenial
region ventrally, our analyses parcellated aPOS into 3 subdivisions,
dorsal, middle and ventral. While the results of Margulies et al. (2009)
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are in line with a previous parcellation of PMC that subdivided the aPOS
into a dorsal visual-related network and a ventral task-negative net-
work (Cauda et al., 2010) our parcellation results more closely
conform with previous DTI-based (Zhang et al., 2014) and rs-fMRI-
based PMC (Zhang and Li, 2012) and whole-brain (Yeo et al., 2011)
parcellations in the human.'

In addition to these differences in findings, there are other notable
ways in which the current study adds to that of Margulies et al. (2009).
First, because we examined the FC of both hemispheres (Margulies
examined only the FC associated with the right hemisphere), we were
able to systematically explore the degree of hemispheric lateralization
observed in the mPOC FC maps for both species. Here, it is worth noting
that whereas with the macaques we found a largely bilateral and highly
symmetrical pattern of whole-brain FC associated with each of the left-
and right-hemisphere mPOC seed clusters, in the human we typically
found a largely ipsilateral organization for these same networks. This ob-
servation is in line with previous reports of differences in the resting-state
networks in the two species (Hutchison et al., 2012c; Mantini et al., 2013).
Second, we found that, despite the clustering of seeds for the dorsal aPOS
region in both species being identical, the FC patterns associated with
the dorsal aPOS (red) cluster in the human was largely limited to
frontoparietal cortex, whereas in the macaque, the FC associated with
this same cluster also extended into the primary somatosensory and
motor cortices. This suggests that macaque and human mPOC, while
generally sharing a similar functional architecture (Margulies et al.,
2009) and exhibiting many of the same kinds of neural response proper-
ties (e.g., selectivity for reaching and grasping), may also exhibit some
small differences in functional organization. Human precuneus comprises
a significantly larger portion of brain volume than in NHPs (Cavanna and
Trimble, 2006; see also Hill et al., 2010) and humans are capable of more
sophisticated mentalization tasks and behaviors. It thus stands to reason
that some differences in FC patterns should be expected between the
species (see also Hutchison et al., 2012¢; Mantini et al., 2013; Neubert
et al,, 2014), in spite of the fact that they exhibit similar functional
and neuroanatomical organizations (Margulies et al., 2009; Mars
et al,, 2011; Sallet et al., 2013). Third, in addition to exploring FC
associated with the medial wall of mPOC (as done in Margulies
et al,, 2009), we also explored FC more laterally (bounded by the
posterior medial wall of the IPS, at the point where it joins the
POS). This allowed us to assess any changes in cluster assignment
(and associated FC) as a function of transitions in medial-to-lateral
gray matter. And finally, because we additionally clustered mPOC
voxels in both species according to their spatial profiles of distribut-
ed FC, we were able to qualitatively assess the degree to which tem-
poral and spatial parcellations of mPOC converge upon common
areal boundaries. We found a striking degree of convergence in
both analysis approaches, suggesting that the functional subdivi-
sions of mPOC derive their distinct temporal signatures by virtue
of differences in the distributed brain areas to which they are
functionally connected.

1 Some reasons for discrepancies between our findings in macaques and humans with
those of Margulies et al. (2009) may be attributed to one or more of following methodo-
logical differences: (1) We selectively focused our analysis on the cortex adjacent to the
POS (both posteriorly and anteriorly) to more closely align our results with recent ana-
tomical and functional subdivisions proposed in NHPs (Galletti et al., 1996; Galletti et al.,
1999; Gamberini et al., 2009; Gamberini et al., 2011; Passarelli et al., 2011; Fattori et al.,
2012) whereas Margulies et al. examined the full PMC but not the cortex posterior to
the POS — this may have led to a more nuanced partitioning scheme being applied to
our data; (2) The selection of our mPOC seeds and voxel-wise masks were at the group-
level whereas Margulies et al. selected their seeds in MNI-normalized space at the
single-subject level; (3) The observation of frontoparietal and somatomotor network ac-
tivity associated with the macaque dorsal aPOS (red) region in our study may reflect the
fact that our monkeys were scanned at high-field 7T, allowing for better spatial resolution,
whereas Margulies et al.'s monkeys were scanned at 3T.

Methodological considerations and limitations to interpretation

Ongoing work has demonstrated that FC patterns are shaped
(though not fully determined) by patterns of the underlying structural
connectivity. Anatomically connected brain regions tend to show strong
FC coupling, but this does not mean that FC guarantees a direct white-
matter connection between the regions. This case can be made based
on the current data; here we find that some of our aPOS regions in the
macaque show FC with either primary visual, somatosensory, or
motor cortex regions, and yet tracer studies suggest that such direct
structural connections do not exist (Parvizi et al., 2006). This is in line
with previous results demonstrating that the networks identified with
FC measures can either reflect mono- or polysynaptic connections
(Fox and Raichle, 2007; Adachi et al., 2012; Hutchison et al., 2012b;
Shen et al., 2012). In addition, FC networks can be modified by repeated
evoked co-activation of brain areas (Fox and Raichle, 2007; Deco and
Corbetta, 2011; Deco et al., 2011) and can vary even within the period
of a standard scan (for review, see Hutchison et al., 2013). Accordingly,
interpreting FC patterns requires some caution and with consideration
of DTI and animal-based neuroanatomical tracer studies.

With regards to the clustering analyses performed in the current
study, it is worth recognizing that a limitation to any clustering
approach is that the number of clusters selected is arbitrary. That is,
each cluster is comprised of increasingly smaller subclusters until even-
tually reaching the single-voxel level. For the current work we
employed Euclidean distance cutoff values that allowed for a compara-
ble number of clusters in both the human and macaque monkey and in
the left and right hemispheres. For higher (and lower) cluster numbers,
this symmetry began to break down (this can be seen in Fig. 2 or
Supplementary Fig. 1). While arbitrary, this cluster number corresponds
well with what might be expected from previous cytoarchitectonic
(Brodmann, 1909) and FC-based subdivisions of medial parieto-
occipital cortex in the human (Yeo et al., 2011) and recently emerg-
ing structural and functional subdivisions of the same area in NHPs
(Galletti et al., 1996; Galletti et al., 1999; Gamberini et al., 2009;
Gamberini et al., 2011; Passarelli et al., 2011; Fattori et al., 2012).
Nevertheless, the parcellation provided here does not preclude inter-
pretation of more fine-grained subdivisions, which can be directly
appreciated through visual inspection of our dendrograms. The delinea-
tion of smaller units, however, is inherently limited by the processes of
brain normalization (to allow for comparison across the group), the
spatial smoothing criteria applied (Gaussian kernel of FWHM 3 mm in
the macaque and 6 mm in the human), as well as the sizes of the
seed ROIs used (1 mm in the macaque and 4 mm in the human)
and voxel sizes collected in each species (macaque Set 1:
1.3 mm x 1.3 mm x 1.3 mm; macaque Set 2: 1 mm isovoxel; humans:
3 mm isovoxel). All three of these factors may lead to distortions in
areal boundaries (especially across the sulci), magnify hemispheric dif-
ferences in FC between the species, and prevent more reliable, fine-
grained parcellations of mPOC. In addition, we recognize that we can
only offer qualitative comparisons of our results with those of previous
tracer results in NHPs that provide a distribution of labeled cells within
a single hemisphere. A quantitative assessment, at least for NHPs, will
require fMRI and tracer injections in the same cohort of animals.

Lastly, it is worth noting that in our discussion of the whole-brain
FC patterns associated with the different mPOC clusters, we have
attempted, where appropriate, to situate our results within the context
of previously published work with DTI, neuroanatomical tracing
methods in animals, and task-based or rs-based fMRI. Often this entails
some speculation on the nature of the cortical processes that different
FC networks may support (a line of reasoning called ‘reverse inference’,
see Poldrack, 2006). Though any speculation made using reverse
inference may be limited or context-dependent (Poldrack, 2011;
Hutzler, 2013), given a plethora of task- and rs-based fMRI explorations
in the precuneus along with evidence from NHP neurophysiology and
neuroanatomical tracing in the same region (much of this discussed



R.M. Hutchison et al. / Neurolmage 116 (2015) 10-29 27

above), a good supporting basis exists for such considerations. Never-
theless, we wish to acknowledge that suggestions concerning the func-
tional processes supported by the different networks derived via
resting-state analyses remain open to interpretation.

Conclusions

Multiple analysis approaches revealed consistent functional
boundaries of mPOC that correspond well with graded differences
in whole-brain FC patterns. While broad similarities in mPOC organi-
zation exist, species-specific differences in functional organization
between macaques and humans were evident. Taken together, the
results support the notion that mPOC is a heterogeneous structure,
forming a critical hub of networks involved in action planning and
control, spatial navigation, and working memory whose functional
role has likely changed over the course of evolution.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2015.04.068.
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