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Abstract
Mapping anatomical brain networks with graph-theoretic analysis of diffusion tractography has
recently gained popularity, because of its presumed value in understanding brain function.
However, this approach has seldom been used to compare brain connectomes across species,
which may provide insights into brain evolution. Here, we employed a data-driven approach to
compare interregional brain connections across three primate species: 1) the intensively studied
rhesus macaque, 2) our closest living primate relative, the chimpanzee, and 3) humans.
Specifically, we first used random parcellations and surface-based probabilistic diffusion
tractography to derive the brain networks of the three species under various network densities and
resolutions. We then compared the characteristics of the networks using graph-theoretic measures.
In rhesus macaques, our tractography-defined hubs showed reasonable overlap with hubs
previously identified using anterograde and retrograde tracer data. Across all three species, hubs
were largely symmetric in the two hemispheres and were consistently identified in medial parietal,
insular, retrosplenial cingulate and ventrolateral prefrontal cortices, suggesting a conserved
structural architecture within these regions. However, species differences were observed in the
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inferior parietal cortex, polar and medial prefrontal cortices. The potential significance of these
interspecies differences is discussed.
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Introduction
The brain is organized as distributed dynamic networks that are largely constrained by their
anatomical connections (Greicius et al., 2003). Mapping and characterizing interregional
anatomical connections of the brain, known collectively as the structural connectome
(Sporns et al., 2005), has recently gained significant attention and proven to be an effective
approach for understanding brain structural architecture (Bullmore and Sporns, 2009; Gong
et al., 2009b; Hagmann et al., 2008; Honey et al., 2009). Although many studies have
modeled and analyzed anatomical networks of human brains (Bullmore and Sporns, 2009;
Gong et al., 2009a; Hagmann et al., 2008; Iturria-Medina et al., 2008; Li et al., 2009; Shu et
al., 2009), there is little parallel research on other primates using similar methodologies
(Iturria-Medina et al., 2011). These studies are important, as comparing human and non-
human brain networks may provide insights into the evolution of human brain
specializations (Denys et al., 2004b).

The interregional anatomical connections of the brain can be reconstructed with in vivo
diffusion tractography, an imaging technique that is able to noninvasively estimate the
orientations of neuronal fiber bundles in the brain based on anisotropic diffusion of water
molecules in white matter (Basser et al., 2000; Behrens et al., 2007). Then, the reconstructed
networks can be studied using graph theory, a powerful data-reduction technique that
summarizes the characteristics of a complex network with only a few measures, giving
insight into the organization of entire networks as well as individual network elements
(Gong et al., 2009b; Honey et al., 2009; Tymofiyeva et al., 2012; van den Heuvel et al.,
2010). Interregional connections of the rhesus monkey brain have been extensively
investigated for decades using invasive tracer methods (Kobbert et al., 2000; Markov et al.,
2011). The resulting information has greatly enhanced our understanding of the structural
architecture of the rhesus monkey brain (Bezgin et al., 2012; Felleman and Van Essen, 1991;
Lewis and Van Essen, 2000). These data are also invaluable for evaluating the accuracy of
results obtained by non-invasive diffusion tractography (Iturria-Medina et al., 2011; Li et al.,
2012a). In contrast to the widespread knowledge of connectivity in macaque brains,
knowledge of brain connectivity of chimpanzees is still in its infancy (Bailey et al., 1950;
Hecht et al., 2012; Rilling et al., 2008). Chimpanzees have cognitive abilities that
distinguish them from other primates (Tomasello and Call, 1997), and they are our closest
living primate relative. Mapping their brain connectome may therefore shed light on both
chimpanzee and human brain specializations.

In this study, we used a data-driven approach to map and compare the brain connectomes of
macaques, chimpanzees and humans. We first divided the neocortex of the three species into
hundreds of random parcels of equal area using an anatomically unconstrained method and
mapped the interparcel connections with surface-based probabilistic diffusion tractography.
We then summarized the characteristics of the derived brain networks using graph theory,
and compared network hubs across species. Although multi-modal areal parcellation
schemes are preferable for connectome studies like this, we demonstrate here that a great
deal of the structural architecture can be revealed with anatomically unconstrained
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parcellation (see Fig.1 for an analogy), when a detailed multi-modal areal-based scheme is
unavailable across species.

Methods
Subjects

MRI scans were collected from 10 female rhesus macaques (Macaca mulatta, 14±6.7 yrs),
10 female chimpanzees (Pan troglodytes, 29.4±12.8 yrs) and 10 female humans (Homo
sapiens, 42.5±9.8 yrs), which were randomly selected from larger cohorts. All chimpanzees
and macaques were housed at Yerkes National Primate Research Center (YNPRC) in
Atlanta, Georgia. All procedures were carried out in accordance with protocols approved by
the YNPRC and the Emory University Institutional Animal Care and Use Committee
(IACUC, approval #: YER-2001206). All female humans were healthy volunteers with no
known neurological disorders (IRB approval #: IRB00000028).

Data acquisition
The anatomical and diffusion MR data for all three species were acquired on two Siemens
3T Trio Tim Scanners (Siemens Medical System, Malvern, PA). Macaques and
chimpanzees were immobilized with ketamine (2–6 mg/kg, i.m.) prior to being anesthetized
with isoflurane (1%). Animals were under constant observation by the veterinary staff
before, during, and after the scan. Head motion was minimized by stabilizing with foam
cushions and elastic straps. For diffusion imaging, equal sets of diffusion-weighted images
with phase-encoding directions (left-right) of opposite polarity were acquired for removing
susceptibility-related distortion in postprocessing (Andersson et al., 2003). We used a phase-
array human knee coil for macaques. For chimpanzees, we used a standard circularly
polarized (CP) birdcage coil because their protruding jaw would be too large to be fit into
the standard phase-array coil designed for humans. For humans, we used a 12-channel
phase-array coil. The details of the sequences and scanning parameters for the three species
are listed in Table. 1. SNR of the diffusion weighted images was similar (approximately 30)
for all three species.

Data preprocessing
All data were analyzed using FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). T1-weighted
images were preprocessed with skull stripping (Smith, 2002), intensity bias correction
(Zhang et al., 2001), noise reduction (Smith and Brady, 1997), and contrast enhancement
(square of the images to improve white-matter/gray-matter contrast). Diffusion-weighted
images were first corrected for eddy-current induced distortion across diffusion directions by
using a linear coregistration of the diffusion-weighted images to the b0 image. Then, the
susceptibility distortion was corrected based on the method by Andersson, et al. (Andersson
et al., 2003).

Reconstructing interregional connectivity of brain networks
In this study, we first generated a population-specific surface template for each species by
randomly choosing six subjects in each cohort and then iteratively generated the surface
templates using FreeSurfer (http://surfer.nmr.mgh.harvard.edu/). Specifically, a random
subject was first chosen for generating a single-subject, surface-based template. Then all the
remaining five subjects were surface-registered to the template and the derived warps were
used to generate a population-specific, surface template. These procedures were repeated
using the resulting surface template as the starting point for a final population-specific,
surface template in each species. Acquiring accurate FreeSurfer surfaces in macaques and
chimpanzees requires steps outside the FreeSurfer processing pipeline, including: i) brain
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segmentation, ii) manually editing the segmented white matter in the subcortical areas in
macaques, and iii) linear alignment of the subjects to the template. Then, the surfaces of
white-matter/gray-matter (WM/GM) interface for each species were reconstructed and
registered to the population-specific surface template using FreeSurfer’s energy-based
surface registration technique. Last, after excluding cortex on the medial wall, surface
templates for each species were randomly divided into a total of 300 and 600 parcels for
both hemispheres. These random parcellations have identical numbers of parcels (N=300,
600) across species. Keeping the parcel number identical across species is necessary as
previous studies indicated that graph-theoretic measures are functions of node number
(Wang et al., 2009; Zalesky et al., 2010). The number of 300 parcels for both hemispheres
was chosen to approximate the estimated total cortical areas in macaques and humans (260–
280 for macaques and 300–400 for humans)(Van Essen et al., 2012a; Van Essen et al.,
2012b). The 600-parcellation scheme was selected for higher mapping resolution, but at the
price of increased errors associated with inter-subject parcel transformation (Cammoun et
al., 2012; Hagmann et al., 2008). Extremely high network resolutions were avoided in our
analyses due to the large inter-subject misregistration of parcels under the high network
resolutions. After the parcels were generated in the template space, they were transformed to
each subject’s WM/GM surface space using the surface-based transformation derived
earlier. The probabilistic tractography implemented in FDT (http://www.fmrib.ox.ac.uk/fsl/)
was used to derive the interregional connections for network analyses. The WM/GM
interface surfaces were used as the seed masks, whereas the pial surfaces were used as stop
masks to prevent fibers jumping from one side of a gyrus to another. We first estimated the
local probability density functions of the primary and secondary diffusion orientations of the
fibers in each voxel for each subject (Behrens et al., 2007; Behrens et al., 2003). We then
sent 1000 random samples from each vertex in the seed surface mask and counted the
number of the “probabilistic streamlines” originating from one parcel and reaching to the
other parcels. As the vertex number in our surface-based tractography analyses was
approximately ten times more than the voxel number in the GM/WM interface mask in the
three species’ diffusion space (~ 130K for macaques, ~200K for chimpanzees and humans),
1000 samples per vertex will guarantee the convergence of the Monte Carlo sampling for
posterior distribution.

Characterizing the reconstructed brain networks via graph theory—In this
study, we utilized four related but complementary centrality measures to characterize
putative hubs in the brain, with two focusing on topological distances and two on the effects
of perturbation (Harriger et al., 2012). The first centrality measure is a widely used quantity
called nodal betweenness centrality (BC), which expresses the potential role of each node in
network communication along shortest paths (Hagmann et al., 2008). It is defined as the
fraction of shortest paths between pairs of nodes that pass through a given node (Rubinov
and Sporns, 2010). Closeness centrality is defined as the average distance between a given
node and all other nodes in the network. The vulnerability measure attempts to capture the
effect of deleting a network element on global network structure and is expressed as the
difference in global efficiency (which is the average of the nodal global efficiency, defined
as the mean of the inverse of the shortest path length for that given node to the other nodes
in the network) due to the deletion of a given node element (Kaiser and Hilgetag, 2004;
Rubinov and Sporns, 2010). Dynamical importance is designed to capture the changes in the
magnitude of the largest eigenvector of a network, a key quantity determining several
important dynamic processes on complex networks, after the deletion of a given node
(Restrepo et al., 2006). In the current study, we defined brain regions with at least two of the
four centrality measures placed in the top 10% regions across the whole brain as putative
hubs. All brain regions above this criterion were treated equally. The network density is
defined as the ratio of the number of existing connections over the number of all possible
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connections in the network. Probabilistic tractography results must be thresholded to avoid
including false positive connections that would result in an implausibly high network
density. Therefore, we specify a range of anatomically plausible network densities and
threshold the tractography data to match these pre-specified network density values. In this
study, only the networks with density ranging from 10% to 30% were investigated. We did
not include networks with density sparser than 10% or denser than 30% for several reasons:
i) network density of mammalian brain networks is estimated to be higher than 10%
(Felleman and Van Essen, 1991; Hagmann et al., 2008; Jouve et al., 1998; Kaiser, 2011;
Young, 1993); ii) connectivity matrices with density sparser than 10% were found to be
dominated by short fibers in our diffusion data, which could be a result of the distance effect
in the tracking algorithm (Li et al., 2012b); iii) binary networks with density higher than
30% have similar network characteristics as the matched random networks (results not
shown here). In the present study, all networks were first thresholded with the density
ranging from 10% to 30% under five thresholds, then binarized for further network analyses.
However, future studies utilizing weighted adjacency matrix with higher network density are
warranted, as a recent quantitative tracer study suggested a network density of 66% in
macaque tracing studies examining 29 injected target areas and 91 source areas (Markov et
al., 2012). As we included two random parcellation schemes (N=300, 600 for both
hemispheres), choosing any combination of network density and parcellation scheme for
hub identification will give us somewhat different results. Inspired by the idea of mapping
brain networks at multiple scales (Cammoun et al., 2012), here we extended the idea by
identifying the putative hubs at multiple network densities and resolutions. Specifically, we
calculated and delineated hubs in the brain networks of macaques, chimpanzees and humans
at five densities (10%, 15%, 20%, 25%, 30%) and two resolutions (N=300, 600). We then
binarized and averaged the hub regions identified at each combination of density and
resolution. Brain regions with high intensities in the resulting map are identified as hubs
under most network densities and resolutions. All the graph-theoretic measures were
calculated using the Matlab functions implemented in Brain Connectivity Toolbox (http://
www.brain-connectivity-toolbox.net)(Rubinov and Sporns, 2010).

Comparison of tractography- and tracer- derived brain networks in monkeys
To evaluate the accuracy of the putative hubs mapped via diffusion tractography, we treated
the tracer-derived putative hubs based on identical centrality measures as the gold standard
(Harriger et al., 2012) and compared our tractography-derived results with the gold standard.
Their directed tracer-derived brain networks in macaques were based on an earlier network
analysis in which the connectivity information of the macaque cortex was collated from 410
anatomical tracing studies (Modha and Singh, 2010). Harriger and colleagues conducted the
analyses on 242 cortical regions and mapped the identified hubs on 187 cortical regions for
which matching surface coordinates could be found. The hubs that were originally
visualized on F99AU1 surface were mapped to our macaque template using the landmark-
based spherical registration in CARET software (Van Essen et al., 2001). Visual inspection
of the tracer-derived hubs on F99AU1 template and our macaque template (YM6) showed a
relatively good correspondence (supplementary Fig.1). As the connectivity information in
the Harriger’s study does not include commissural pathways, we derived centrality hubs in
each hemisphere separately in our macaque diffusion data under the above-mentioned
network resolutions and thresholds, and then averaged the hubs that were individually
identified at specific network density and resolution for a probability map. Unless otherwise
specified, all the other cross-species analyses of hubs included commissural connectivity
information, which results in slightly different distribution of structural hubs. Since the
definition of the hub in our tractography-based analyses is that at least two out of the four
centrality measures are placed among 10%, we removed all the tracer-derived hubs with
only one centrality measure placed in the top 10% (Harriger et al., 2012). After the tracer-
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and tractography-derived hubs were identified, the spatial overlap of the hubs were
evaluated using Jaccard Similarity Coefficient (Rombouts et al., 1998):

(1)

where Vi,j is the overlapped area on the surface templates between the two methods, where
the Vi and Vj are the areas underlying the hubs identified by tractography and tracer
methods respectively. We also simulated the random probability for the tracer- and
tractography-derived hubs to overlap on the surface template. Specifically, we assumed
equal distance between vertices in the simulations and used the vertex as a substitute for area
for computational efficiency. Identical proportions of the vertices as those of actually
estimated values in the respective tracer and tractography analyses were randomly
designated as hubs and the overlapped vertices were counted and quantified using Jaccard
Simulation Coefficients. The procedure was repeated 1000 times and the coefficients were
averaged.

Results
Qualitative comparison of hubs identified via tracer and tractography methods

Our previous work comparing tracer- and tractography- derived brain networks focused
mainly on the intraparietal areas in monkeys (Li et al., 2012a). In the current study, we took
advantage of the results from a recent network analysis in which connectivity information
for the monkey’s cerebral cortex from 410 tract-tracing studies were collated and analyzed
to identify hubs (Harriger et al., 2012; Modha and Singh, 2010). By directly visualizing and
comparing the identified hubs between these tracer results and our tractography results (Fig.
3, supplementary Fig.2), we found a reasonable correspondence in the ventrolateral
prefrontal cortex (PFCvl), the medial prefrontal cortex (PFCm), the medial parietal cortex
(PCm), the inferior parietal cortex (PCi) and the left ventrolateral premotor area, based on
the nomenclature in Kotter and Wanke’s study (2005). On the other hand, major disparities
were observed in the inferior temporal cortex, the insular cortex and the mid-cingulate
cortex. The tractography-derived hubs covered on average 21.1% of the total cerebral cortex
(left: 20.4%; right: 21.8%), approximately one third less than that derived using tracer
methods (34.6%). This disparity might be due to the fact that the parcellation schemes
employed in the tracer-derived networks have unequal areal extents. The mean Jaccard
Similiarity Coefficient of the tracer- and tractography- derived hubs was 11.5% (left: 12.2%;
right: 10.9%), nearly four times higher than that by random chance (3.23%, table. 2).

Identification of putative hubs in macaques, chimpanzees and humans
Fig.4 illustrates the distribution of BC at network density of 10%, resolution of 300. With a
single threshold and resolution, high BC values at the insular, medial parietal and the
ventrolateral prefrontal cortices are consistent across all three species. When all the putative
hubs that were identified under individual network density and resolution were binarized
and then averaged across density and resolution for a probability map, we found that highly
central brain regions are largely symmetric in the two hemispheres, and are located at the
frontal, parietal, insular and occipital lobes (Fig.5). Specifically, we identified the following
brain regions that serve as putative hubs in macaques: PFCvl/PFCol, the prefrontal polar
cortex (PFCpol), PFCm, the anterior and posterior insular cortex (la/lp), PCi, the medial
parietal and posterior cingulate cortex (PGm/CCp), the retrosplenial cingulate cortex (CCr),
the primary and secondary visual cortex (V1, V2), the intermediate orbital prefrontal cortex
(PFCoi) (Fig.5, upper two rows). We identified the following brain regions as putative hubs
in chimpanzees: PFCvl, PFCpol, PFCm, la/lp, PCi, PGm/CCp, CCr and V1. Less consistent
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hubs were also present in the bilateral central temporal cortices (TCc) (Fig.5, middle two
rows). The following brain areas were identified as hubs in humans: the PFCvl, the primary
motor cortex (M1), the intraparietal sulcus and superior parietal cortex (PCip/PCs), PCm, Ia/
Ip, the medial premotor cortex (PMCm) and CCr. Similar to chimpanzees, less consistent
hubs were observed on TCc (Fig.5 bottom two rows). Detailed information about the
identified putative hubs and the papers highlighting their structural and functional roles are
presented in table 3. The hub distribution on the original GM/WM interface surface was also
plotted and presented in supplementary Fig.3.

In sum, we found common hubs in ventrolateral prefrontal cortex, insula, medial parietal
cortex, and restrosplenial cingulate cortex in all three species. Macaques and chimpanzees
showed hubs in medial prefrontal cortex, inferior parietal cortex and V1 that are lacking in
the corresponding brain regions in humans. On the other hand, hubs in intraparietal/superior
parietal cortex, and medial premotor cortex were detected in humans but were absent in the
corresponding brain regions in two non-human primates. Chimpanzees were intermediate
between macaques and humans with regard to the hub distribution, but generally showed
more similarity to macaques than to humans, consistent with the observations via myelin
maps of the three species (Glasser et al., 2012).

Discussion
In this study, we employed a data-driven approach, without need for predefined cortical
parcellation schemes based on cytoarchitecture or on gross anatomical landmarks, to analyze
the brain connectomes of macaques, chimpanzees and humans. We compared characteristics
of brain networks across species using graph-theoretic methods for measuring tractography-
derived putative hubs under multiple network densities and resolutions. Our results
demonstrated a reasonable correspondence in certain brain regions between tracer- and
tractography- derived hubs in monkeys. Furthermore, the most central brain regions are
usually symmetric in the two hemispheres. Hubs were found in the medial parietal, insular,
retrosplenial cingulate and ventrolateral prefrontal cortex in all three species, suggesting that
the structural organization within these regions is conserved among the three primate
species. Major differences at the polar and medial prefrontal cortices, as well as the inferior
parietal cortex, were found between humans and the other two non-human primates,
indicating possible cross-species differences in the connectivity patterns of these areas.

Comparison of hubs identified using tracer and tractography methods
To the best of our knowledge, this is the first attempt to directly compare structural hubs
identified based on two different techniques (tract tracer and diffusion tractography). We
believe such evaluations are essential prerequisites for advancing the use of diffusion
tractography and graph theory in human brain network analyses. In our results, we found
reasonable overlap between tracer and tractography results for multiple brain regions,
although considerable disparities were also observed. It should be noted that the graph-
theoretic characteristics of the two types of networks are not expected to be identical, due to
significant limitations in both methods: although invasive tracers are probably the most
reliable ways to study inter-areal connections in real brain tissues and the tracer-based gold
standard used in our study is the most comprehensive one available for monkeys, they are
not without problems: the accuracy of tracer-based connectivity studies may be affected by
the choice of injection sites, incomplete tracer uptake and/or spread, the histology methods
employed for detecting the labeled brain areas (Caspers et al., 2011; Kobbert et al., 2000).
Moreover, our gold standard was collated from 410 anatomical tracing studies with
hierarchical parcellations (Modha and Singh, 2010), which has been demonstrated to affect
the distribution of tracer-derived hubs (Bezgin et al., 2012). The limitations of diffusion
tractography include the lack of directionality, geometric biases favoring gyral connectivity
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in vertex-to-vertex tractography analyses, limited spatial resolution and varying sensitivity
to different fiber systems. Furthermore, as no anatomical priors were usually applied to
constrain tractography in whole-brain network analyses, more false positive/negative
connections are expected compared to the studies in which prior knowledge on anatomical
connectivity was used for deriving major white matter fasciculi in the brain.

The common PCm hub in macaques, chimpanzees and humans
The medial parietal cortex (PCm) was identified as a putative hub in all three primate
species. PCm is located between the somatosensory and visual cortex, well situated to play a
multimodal, integrative functional role. It is usually associated with high-level cognitive
functions in humans, such as episodic memory, aspects of consciousness and self-related
processing (Margulies et al., 2009; Vogt and Laureys, 2005). Brain network studies using
diffusion tractography have shown that the medial parietal cortex (including the precuneus)
is among the most consistently reported structural hubs in humans (Gong et al., 2009a;
Hagmann et al., 2008; Iturria-Medina et al., 2008; Li et al., 2012b). Similarly, graph-
theoretic approaches based on monkey tracer results also strongly suggest the importance of
the medial parietal cortex in monkey brain architecture. For example, recent studies that
analyzed brain connectivity in macaques by collating all the connection information in
CoCoMac database (Collations of Connectivity data on the Macaque brain, cocomac.g-
node.org) demonstrated that PGm in the medial parietal cortex ranks in the top 10 out of 383
brain regions in terms of out-degree (degree for directed graphs), and acts as a component of
the structural core and centrality hubs, highlighting its central role in information
distribution (Harriger et al., 2012; Modha and Singh, 2010). Moreover, evidence from a
resting-state fMRI study also suggested that humans and macaques may share similar
intrinsic functional architecture at the precuneus (Margulies et al., 2009). Based on the
evidence in the literature obtained via various methodologies and in both humans and
monkeys, we propose that the identified hub at the medial parietal cortex in our study is a
brain structural hub that has been largely preserved across the three primate species and may
have similar functions in them as well. Given the large amount of information being
integrated in medial parietal cortex, we might expect it to be among the most metabolically
active areas of the brain, and this is indeed the case in both humans and chimpanzees
(Raichle et al., 2001; Rilling et al., 2007).

The common insula hub in macaques, chimpanzees and humans
The anterior insula that was consistently identified as a tractography hub in our study is
documented as visceral somatosensory cortex that receives feedback from the body (Craig,
2002, 2003; Critchley, 2005). It is part of a salience network (Seeley et al., 2007), and has
been proposed as an integral hub that mediates dynamic interactions between other large-
scale brain networks involved in externally oriented attention and internally oriented or self-
related cognition (Menon and Uddin, 2010). Our data suggest that these functions of the
insula may be preserved among non-human primates, as well as humans. However, these
results should be interpreted with caution (see limitation section for details).

The differences in PCi between humans and non-human primates
Using landmark-based surface registration for interspecies comparison, Van Essen and
colleagues found that human PCi, together with lateral prefrontal cortex, is the most
expanded brain area compared to macaques (Van Essen and Dierker, 2007). In macaques,
area 7a is considered as a visually responsive area for space perception and guidance of
motor behavior, whereas area 7b contains somatosensory, mouth, face and arm fields.
Several network analyses based on the tracer data in macaques have identified PCi as a hub,
consistent with our findings at PCi in macaques using diffusion tractography (Bezgin et al.,
2012; Harriger et al., 2012; Sporns et al., 2007). In contrast, few tractography-based brain

Li et al. Page 8

Neuroimage. Author manuscript; available in PMC 2014 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



network analyses in humans reported PCi hub (see Fig.1 in (Li et al., 2011)), which is in
good line with our observations in human PCi in the present study. We also noted that PCi
hub has been more frequently reported in functional MRI-based network analyses in
humans(Buckner et al., 2009; Cole et al., 2010), although the exact reason behind the
inconsistent findings between the tractography- and functional MRI-based network analyses
is still unclear. In the present study, we found hubs in macaque and chimpanzee PCi using
diffusion tractography (Fig.3). However, the PCi hubs were not observed in humans (Fig.5).
It has been suggested that area 7a and 7b in macaques, which are located in PCi, are
homologous to area 7 in human PCs, instead of PCi (Culham and Kanwisher, 2001; Stiles et
al., 1988; Van Essen and Dierker, 2007). If macaque PCi and human PCs are indeed
homologous, the identified structural hubs in the macaque and chimpanzee PCi in the
current study may correspond to those identified in human PCs/PCip (Fig.5), suggesting
preserved hubs in these regions between humans and non-human primates.

The difference in PFCm between humans and non-human primates
Perhaps one of the most intriguing findings in the current study is the presence of the
structural hubs in the polar and medial prefrontal cortices (PFCpol, PFCm) in two non-
human primate species, in contrast to the absence of such hubs in humans (Fig.5). Lateral
and medial prefrontal cortices receive highly processed sensory afferents, influence visceral
functions, participate in high-order cognitive functions and guide emotional and reward-
related behaviors (Ongur et al., 2003; Ongur and Price, 2000). Graph theoretic analysis of
anatomical tracer studies in monkeys has clearly demonstrated the structural importance of
these regions (Bezgin et al., 2012; Harriger et al., 2012; Lewis and Van Essen, 2000; Modha
and Singh, 2010; Sporns et al., 2007; Stephan et al., 2001). Several areas in the medial
prefrontal cortex, including areas 9, 24 and 32 are ranked near the top in degree and/or
betweenness centrality (see table 3 for details). In fact, a recent network analysis based on
tracer-derived connections in monkeys estimated that 7 of top 10 brain regions in terms of
several centrality measures were found to reside in the prefrontal cortex (Modha and Singh,
2010). These results are in good agreement with our findings of structural hubs in macaque
prefrontal cortex using diffusion tractography, highlighting the importance of these areas in
macaque brain structural networks.

Invasive tracer methods cannot be applied in humans and therefore human brain network
studies have been conducted using non-invasive imaging such as diffusion tractography
(Gong et al., 2009a; Hagmann et al., 2008; Iturria-Medina et al., 2008) and cortical thickness
measures (He et al., 2007). Similar to our observations in humans, hubs have not been
consistently reported in the polar and medial prefrontal cortices in the human literature
(Bastiani et al., 2012; Hagmann et al., 2008; Iturria-Medina et al., 2008; Li et al., 2012b),
especially in studies where the medial and polar prefrontal cortex were distinguished from
the superior frontal cortex using high-resolution parcellation schemes. For example, in a
seminal study by Hagmann and colleagues (Hagmann et al., 2008) the human cerebral
cortex was divided into 998 parcels and structural hubs were mapped based on degree or
BC. Hubs were not observed in the prefrontal pole (Fig.6 and Fig.7 in Hagmann et al.).

A fundamental question is therefore why these interspecies differences exist in the prefrontal
hubs. Human prefrontal cortex is among the most enlarged brain regions compared to other
primates (Preuss, 2011; Schoenemann et al., 2005; Van Essen and Dierker, 2007). The
human prefrontal cortex forms 28.5% of human neocortex in contrast to only 11.3% in
macaque brain (Brodmann, 1913; Passingham, 2009). Compared to the chimpanzee brain,
the polar prefrontal cortex (area 10) of humans is proportionately twice as large
(Semendeferi et al., 2001). A recent comparative study using cortical myelin maps based on
T1/T2 images also demonstrated a greatly expanded, lightly myelinated region of prefrontal
cortex in humans when compared with that in macaques and chimpanzees (Glasser et al.,
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2012). Moreover, human prefrontal cortex is more gyrified than prefrontal cortex of other
primates, even after controlling for differences in brain size (Rilling and Insel, 1999). These
morphological and microstructural changes suggest that the prefrontal cortex became
specialized during hominin evolution. Structural interspecies differences in the prefrontal
areas are also supported by comparative functional MRI evidences (Astafiev et al., 2003;
Denys et al., 2004b; Mantini et al., 2012a; Mantini et al., 2012b). When mapping
preparatory signals for looking at a visual location, large differences in the functional
organizations of the prefrontal cortex were found between macaques and humans (Astafiev
et al., 2003). In another study to assess the information reaching the prefrontal cortex, Denys
and colleagues reported that the prefrontal object-related visual activations in macaques
constituted 4.2% of the total volume of the prefrontal cortex, fivefold greater than that of
humans (Denys et al., 2004a). As functional connectivity is constrained by anatomical
circuitry (Honey et al., 2009; Honey et al., 2010), the interspecies difference in functional
activations found in these studies could be explained by the differences in connectivity
patterns in the prefrontal cortex as reflected in our results.

An alternative explanation for the lack of prefrontal hubs in humans relates to the sensitivity
of diffusion tractography to the coherence of white-matter bundles. It is well known that
tractography is more sensitive to large and coherent white matter bundles (Catani and
Thiebaut de Schotten, 2008; Mori et al., 2002). Since human prefrontal cortex is large and
more gyrified than the other two non-human primates, it is possible that the terminations of
the major white matter bundles connecting to the prefrontal gray matter in humans have
evolved more diffuse trajectories and/or larger bending angles relative to the GM/WM
surfaces to accommodate the enlarged and more gyrified prefrontal cortex, making them less
detectable using current diffusion tractography algorithms.

Resting-state functional MRI (rsfMRI), which assesses the brain’s spontaneous intrinsic
activity and does not suffer from the above-mentioned shortcomings in diffusion
tractography, may be helpful in explaining the lack of human PFCm hubs in tractography-
derived brain networks. Unfortunately, hub identification in PFCm using rsfMRI-based
brain networks has not been consistent, either (Achard and Bullmore, 2007; Buckner et al.,
2009; Cole et al., 2010; Lohmann et al., 2010; van den Heuvel et al., 2008). For example,
using degree centrality as the measure, Buckner et.al., identified functional hubs in medial
prefrontal cortex. However, such functional hubs in PFCm were not observed in another
analysis based on voxelwise functional brain networks and degree centrality (van den
Heuvel et al., 2008). Inconsistency in the literature could be due to different preprocessing
steps, choice of parcellation scheme and criteria for hub selection. It should also be noted
that the functional connections based on rsfMRI are polysynaptic in nature, in contrast to the
usual monosynaptic connections in tractography-based network analyses, which may
contribute to the differences in hub distribution across the two imaging modalities. We also
plotted the projection patterns of the white-matter pathways originated from the medial
prefrontal cortex across the species (supplementary Fig.4). However, readers are cautioned
not to use the results to justify the existence or absence of hubs in that specific region (see
the captions in supplementary Fig.4 for details).

Parceling and analyzing brain networks at multiple scales
The node is the most basic and important element of a network and its definition directly
affects the outcome of network analyses (Cammoun et al., 2012; van Wijk et al., 2010;
Zalesky et al., 2010). Parceling the cerebral cortex of macaques has been a century-long
effort (Van Essen et al., 2012a). Currently, there are several available cortical parcellation
schemes for macaque cortex. However, a recent investigation that coregistered these
independently derived parcellation schemes onto a common cortical surface showed that the
number of areas (ranging from 26 to 161 each hemisphere) and their boundaries vary
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significantly (Ferry et al., 2000; Markov et al., 2011; Paxinos et al., 2000; Van Essen et al.,
2012a). Such variability will certainly affect outcomes of brain network analyses (Bezgin et
al., 2012; Van Essen et al., 2012a). A detailed, consensus whole-brain parcellation scheme
for the human cortex is lacking (Van Essen et al., 2012b), which is a probable cause of hub
inconsistency in the literature (Bassett et al., 2011; Li et al., 2012b; Zalesky et al., 2010).
Cytoarchitectonic mapping of the chimpanzee brain (Bailey, 1950; Schenker et al., 2010;
Spocter et al., 2010) is still in its infancy, making it impractical to explore their brain
networks using a well-defined whole-brain parcellation scheme. Although it is ideal to have
neurobiologically delineated parcellation schemes for connectome studies as suggested by
Wig and colleagues(Wig et al., 2011), such parcellation schemes that are comparable across
the three species and controlled for the node number in network analyses will not be
available in the near future. Alternatively, we proposed to randomly and repeatedly
parcellate the cortex at multiple scales for a balance of sensitivity and robustness in our
network analyses (Fig.1c). Using this strategy, it is possible to compare interspecies
structural connectomes for insights into human brain specializations without well-defined,
neurobiologically delineated parcellation schemes for each species. Indeed, we identified
several common hubs across species that have been frequently reported in literature using
different methodologies, as well as a few significant interspecies differences in the frontal
and parietal association cortices, two of the most expanded brain regions in humans
(Mantini et al., 2012a; Van Essen and Dierker, 2007). It should be noted that the preliminary
results in the current study are based on only two random parcellation schemes, an initial
attempt for achieving parcellation-independent network analysis as illustrated in Fig.1c.
Future studies with more repeated sampling and varying parcel sizes are desired to obtain
maps of hub distribution independent of the node definition.

Several technical limitations warrant discussion: First, although great effort has been made
to match data quality across species, acquiring diffusion MR data from several primate
species that have major differences in brain size and head anatomy requires somewhat
different protocols. Thus, data heterogeneity is expected to be larger than studies based on
only a single species. Second, as there are currently over a dozen tractography algorithms
that could be utilized for building anatomical brain networks, selecting different
tractography algorithms (for example, local vs. global tractography; deterministic vs.
probabilistic tractography; model-based vs. model-free method) could alter the distribution
of identified hubs. These are, however, not likely to modify the major conclusions in the
study, as many of our findings have been replicated in other studies using various
tractography algorithms. Third, as the parcel size in our study is similar across the brain, in
contrast to the variable parcel sizes obtained using cytoarchitectonical/multi-modal methods
(Van Essen et al., 2012a), it is possible that certain structural hubs with small brain areas
may be missed. Last, one unique geometric feature of the insular cortex compared to the
other cortices is that a large proportion of its WM/GM surface (the seed mask in our
tractography analysis) is adjacent to the external/extreme capsules, through which several
major white matter pathways pass (including the inferior fronto-occipital fasciculus, the
inferior longitudinal fasciculus and uncinate fasciculus, etc). Whether this geometric
positioning contributes to its identification as a hub in the low-resolution diffusion MR data
warrants further investigation.

To summarize, we mapped the anatomical brain networks of macaques, chimpanzees and
humans using diffusion tractography and analyzed the characteristics of their brain networks
via graph theory. When comparing our tractography-derived brain networks in monkeys
with those derived by invasive tracer studies, we find a reasonable correspondence between
the two in terms of hub distribution. In all three species, putative hubs were consistently
identified at the medial parietal, insular, the retrosplenial cingulate and ventrolateral
prefrontal cortices, indicating a largely preserved structural architecture associated with
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these brain regions. Interesting disparities were found between humans and non-human
primates in the inferior parietal, as well as the polar and medial prefrontal cortex, suggesting
potentially significant changes of connectivity patterns within these regions during human
evolution.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We use diffusion tractography to derive brain networks of three primate species

• Tractography-based hubs partially overlap with tracer-based hubs

• Hubs are found in PCm, insular and PFCvl cortex in all three species

• Major species differences are found in PCi, polar and PFCm cortex
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Fig. 1.
The schematic of random parcellation of world population density map. (a) Original world
population density map with well-defined boundaries between countries. (b) Random square
masks were used to parcellate the map and the value in each mask is the mean of population
density covered by the mask. (c) Fifty random parcellation schemes were generated and the
results were averaged. It can be seen that a great deal of world population density was
revealed with the random parcellation method (e.g., the countries with highest population
densities could be easily identified in b, with even more details in c) even though no prior
knowledge on the boundaries of the countries is available. Extremely high network
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resolutions were avoided in our analyses due to the large inter-subject misregistration of
parcels under the high network resolutions.
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Fig. 2.
Flowchart of deriving whole-brain anatomical brain networks. The procedures could be
divided into three steps: First, a surface template was generated on a sphere space and
randomly parcellated into 300 and 600 parcels with the medial wall excluded. The
parcellation schemes were transformed to the template original surface (1a). Each subject’s
original WM/GM boundary surface was constructed based on the T1-weighted images using
the FreeSurfer (1b). Then the parcellation schemes were transformed to each subject’s
surface space (1c). In the second step, local diffusion orientation distribution functions in
each voxel of subject’s diffusion data were estimated using FDT toolbox (2). Then the
connections between each cortical parcel pairs were reconstructed by sending millions of
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samples from vertices on the WM/GM interface surface and the number of the “probabilistic
streamlines” sent from every vertex and reached every other vertices were counted and
summed over parcels for graph-theoretic analyses (3).
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Fig. 3.
Comparison of tracer- and tractography- derived brain networks on monkey’s inflated
surfaces. (a) Centrality hubs identified using tracer-derived brain networks (adapted from
Harriger et al. and mapped to our macaque surface template). The hubs were identified
based on the regional scores for node betweenness centrality, closeness centrality,
vulnerability and dynamical importance. Different colors indicate the number of the four
centrality measures being placed in the top 10%; (b) Centrality hubs in the tractography-
derived brain networks. Hubs were first identified under each network resolution
(N=300,600) and threshold (10%,15%,20% 25%,30%) and then binarized and overlapped
for a probability map (see methodology for details). To easily interpret the results, we did
not differentiate brain regions that were ranked as hubs (i.e., at least two of four centrality
measures were placed in the top 10%) and treated them equally. As a result, different colors
in (b) represent how frequent the area was identified as a hub across network densities and
resolutions. (c) The overlapped brain regions that have been identified as hubs across the
two methodologies. It can be seen that the overlapped hubs are mainly located at the PFCvl,
PFCm, PCi, PCm and the left ventrolateral premotor cortex.
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Fig. 4.
Betweenness centrality of the brain networks from macaques, chimpanzees and humans at
the network density of 10% and resolution of 300. For each species, the left two columns
represent the lateral and medial views of the left hemisphere and the right two represent the
right hemisphere. For all three species, the color scale was set identically.
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Fig. 5.
The probability map of the putative hubs in macaques (upper two rows), chimpanzees
(middle two rows) and humans (bottom two rows). For each species, the left two columns
showed the lateral, medial, dorsal and ventral views of the left hemisphere and the right two
columns showed the corresponding views for the right hemisphere. The cortical parcels with
at least two out of four centrality measures placed in the top 10% were first identified under
five network densities (10%, 15%,20%,25%,30%) and two resolutions (N=300,600)
respectively. Then these hubs that were identified under a specific network density and
resolution were binarized and averaged for a probability map. Brain regions with high
intensities in the resulting map are frequently identified as hubs. Labels for humans and
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macaques were based on the nomenclature proposed by Kotter and Wanke (2005) and areas
for chimpanzees were labeled based on their putative homologues in humans and macaques
(Kotter and Wanke, 2005). Abbreviations: CCp, posterior cingulate cortex; CCr,
retrosplenial cingulate cortex; Ia, anterior insular; Ip, posterior insula; M1, primary motor
cortex; PCi, inferior parietal cortex; PCip, cortex of the intraparietal sulcus; PCm, medial
parietal cortex; PCs, superior parietal cortex; PFCm, medial prefrontal cortex; PFCoi,
intermediate orbital prefrontal cortex; PFCol, orbitolateral prefrontal cortex; PFCom,
orbitomedial prefrontal cortex; PFCpol, polar prefrontal cortex; PFCvl, ventrolateral
prefrontal cortex; PMCm, medial (supplementary) premotor cortex; V1, primary visual
cortex; V2, secondary visual cortex;
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