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The human dorsal frontal cortex has been associated with the most sophisticated aspects of cognition, including those that are thought to
be especially refined in humans. Here we used diffusion-weighted magnetic resonance imaging (DW-MRI) and functional MRI (fMRI) in
humans and macaques to infer and compare the organization of dorsal frontal cortex in the two species. Using DW-MRI tractography-
based parcellation, we identified 10 dorsal frontal regions lying between the human inferior frontal sulcus and cingulate cortex. Patterns
of functional coupling between each area and the rest of the brain were then estimated with fMRI and compared with functional coupling
patterns in macaques. Areas in human medial frontal cortex, including areas associated with high-level social cognitive processes such as
theory of mind, showed a surprising degree of similarity in their functional coupling patterns with the frontal pole, medial prefrontal, and
dorsal prefrontal convexity in the macaque. We failed to find evidence for “new” regions in human medial frontal cortex. On the lateral
surface, comparison of functional coupling patterns suggested correspondences in anatomical organization distinct from those that are
widely assumed. A human region sometimes referred to as lateral frontal pole more closely resembled area 46, rather than the frontal
pole, of the macaque. Overall the pattern of results suggest important similarities in frontal cortex organization in humans and other
primates, even in the case of regions thought to carry out uniquely human functions. The patterns of interspecies correspondences are

not, however, always those that are widely assumed.

Introduction

The dorsal frontal cortex (DFC) is associated with high-level con-
trol of cognition (Petrides, 2000; Koechlin et al., 2003; Koechlin,
2011; Passingham and Wise, 2012). In many cases, the cognitive
processes with which it is concerned are the ones that are espe-
cially developed in humans. For instance, human anterior DFC is
associated with tracking of the intentions and beliefs of others
sometimes referred to as “theory of mind” (Behrens et al., 2008;
Frith and Frith, 2012). Both medial and lateral anterior DFC
regions are coactive when we engage in complex behavioral in-
teractions with others (Yoshida et al., 2010).

We know little about human prefrontal cortex connections,
even though a region’s connections constrain and determine its
functions. Our knowledge of human prefrontal organization is
principally based on inferences from neuroanatomical studies of
areas with similar cytoarchitecture in nonhuman primates, usu-
ally macaques (Petrides and Pandya, 1994, 1999; Petrides, 2005).
Inferences about human brain function from studies conducted
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in macaques, however, may be unwarranted if there are differ-
ences in neuroanatomical organization in the two species as
sometimes has been suggested (Ramnani et al., 2006).

To compare DFC in humans and macaques we exploited re-
cently developed diffusion-weighted magnetic resonance imag-
ing (DW-MRI) and functional MRI (fMRI) techniques. First, we
used DW-MRI tractography-based parcellation (Johansen-Berg
etal.,, 2004) to delineate component regions within human DFC.
Tractography was used to estimate connectivity profiles for voxels in
MRI scans of DFC, and voxels with similar estimated connectivity
profiles were identified. This technique has been used to identify
areas in parietal cortex that resemble in distribution, organization,
and position the principle areas identified in cytoarchitectonic stud-
ies of parietal cortex (Caspers et al., 2006, 2008, 2011; Scheperjans et
al., 2008a; Mars et al., 2011). In the present study, we applied similar
techniques to the entire DFC; there is limited published information
concerning the locations in standard Montreal Neurological Insti-
tute (MNI) space of DFC regions.

While diffusion-based tractography can identify many of the
principle component areas within regions of cortex on the basis
of discontinuities in estimated connectivity profiles of voxels, the
connectivity profiles estimated from diffusion become more un-
certain with distance (Mars et al., 2012a). By contrast, coupling
strength between blood oxygenation level-dependent (BOLD)
signals in different regions (“functional coupling”) allows us to
investigate in which networks an area participates even when
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those areas are distant (Margulies et al.,
2009; Mars et al., 2011; Hutchison et al.,
2012b). Cross-species comparisons of
such coupling signals therefore provide a
way of comparing brain networks across
species. We examined patterns of BOLD
coupling between DFC areas and brain re-
gions known to be homologous in the two
species in 36 humans, and compared
them with patterns of BOLD coupling be-
tween DFC areas and other brain regions
in 20 macaques.

Materials and Methods

Our investigation of human DFC and compar-
ison with macaque DFC consisted of the same
three component stages as a previous investi-
gation of parietal cortex (Mars et al., 2011)
(Fig. 1a): (1) an initial DW-MRI parcellation of
human DFC; (2) an examination of BOLD
coupling patterns in humans DFC; and (3) a
comparison of these BOLD coupling patterns
with those of macaque DFC.

DW-MRI and tractography-based parcella-
tion. Diffusion-weighted images were acquired
in nine healthy subjects (four females; age
range, 20—36 years; mean * SD age, 26.9 * 6.0
years) on a 1.5 T Siemens Sonata MR scanner,
with maximum gradient strength of 40 mT/
m ', This approximate number of partici-
pants has previously been established as
sufficient for obtaining reliable parcellation re-
sults in studies using DW-MRI (9 subjects,
Johansen-Berg et al., 2004; 6 subjects, Anwan-
der et al., 2007; 11 subjects, Beckmann et al.,
2009; 11 subjects, Mars et al., 2011) and fMRI-
based parcellation (12 subjects, Goulas et al.,
2012). These results have proven reliable in
subsequent replication studies using the same
or similar methods. For example, Caspers et al.
(2011) showed results similar to those of Mars
et al. (2011), and Klein et al. (2007) replicated
the results of Johansen-Berg et al. (2004) and
Anwander et al. (2007). Moreover, the reliabil-
ity of these types of approaches has previously
been demonstrated empirically. Tomassini et
al. (2007) demonstrated the replicability of
cluster borders across participants. Zhang et al.
(2012) showed identical parcellation results in-
dependent of whether the parcellation was per-
formed in 21 or 10 participants. Klein et al.
(2007) demonstrated the reliability of DW-
MRI-based parcellations across subjects, scan-
ners, and analysis methods. All participants
gave informed written consent in accordance
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Figure 1. g, The investigation consisted of three parts. First, we used DW-MRI tractography to parcellate human DFC. This
approach has previously been shown to identify many of the key cytoarchitectonic regions when applied to other brain areas.
Second, we examined resting-state BOLD coupling patterns between the dorsal frontal clusters we had found in the first step and
regions in other parts of the human brain. Finally, we examined resting-state BOLD coupling patterns between dorsal frontal
regions in the macaque. We examined BOLD coupling patterns because, in comparison with DW-MRI tractography, they are less
affected by the distance between brain regions. They can therefore be used to illustrate in which cortical networks the areas
participate in both humans and macaques. The networks associated with different frontal areas can then be compared and the
resting-state functional coupling patterns in the macaque can be compared with the known anatomical connections in the same
species. b, The dorsal frontal region investigated extended from the inferior frontal sulcus on the lateral surface to the cingulate
sulcus on the medial surface. Rostrally, it included the frontal pole, and caudally it extended to the superior precentral sulcus or to
asimilar position on the medial surface. The region investigated therefore included all the tissue commonly called dorsolateral PFC,
dorsomedial PFC, pre-SMA, SMA, FEF, and dorsal parts of the frontal pole and parts of PMd. The degree of overlap in the area
investigated in nine subjects after registration to standard MNI space is indicated by the color (scale bar shown at center). ¢,
Summary of the 10 right DFC regions revealed by the tractography-based parcellation in the nine human subjects studied. The
results are presented in more detail in Figures 5, 6,7, 8, 10, 11, 12, 14, and 15. We refer to cluster 1 as SMA, cluster 2 as preSMA,
cluster3asarea9, cluster4asarea 10, cluster 5 as area 9/46d, cluster 6 as area 9/46v, cluster 7 as area 46, cluster 8 as area 8A, cluster
9 as the rostral PMd, and cluster 10 as area 8B.

(TE) = 5.65 ms; flip angle = 19°; with elliptical sampling of k space, giving a

with ethical approval from the local ethics committee. Participants lay supine
in the scanner, and cushions were used to reduce head motion. Diffusion-
weighted data were acquired using echoplanar imaging (EPI; 72- X 2-mm-
thick axial slices; matrix size, 128 X 104; field of view, 256 X 208 mm; voxel
size, 2 X 2 X 2 mm). Diffusion weighting was isotropically distributed along
60 directions using a B value of 1000 s/mm . For each set of diffusion-
weighted data, five volumes with no diffusion weighting were acquired
throughout the acquisition. Three sets of diffusion-weighted data were ac-
quired for subsequent averaging to improve the signal-to-noise ratio. The
total scan time for the diffusion-weighted imaging protocol was 45 min. A
structural scan was acquired for each participant in the same session, using a
T1-weighted 3D FLASH sequence [repetition time (TR) = 12 ms; echo time

voxel size of 1 X 1 X 1 mm)].

Analyses and data visualization were performed using tools from FreeSurfer
(Athinoula A. Martinos Center for Biomedical Imaging), FSL (Smith al., 2004),
and the Connectome Workbench of the Human Connectome Project
(http://www.humanconnectome.org/connectome/connectome-workbench.
html). A DFC region of interest (ROI) was drawn by hand in each partici-
pant’s right hemisphere directly on the cortical surface model produced by
FreeSurfer (Fig. 1b). In the absence of detailed cytoarchitectonic measure-
ments, it is necessary to use macroscopic boundaries that can be reliably
identified in all individuals as the boundaries of the ROL The fundus of the
inferior frontal sulcus formed the ventral and lateral boundary of the ROL
The ventral and medial boundary was drawn following the cingulate sulcus,


http://www.humanconnectome.org/connectome/connectome-workbench.html
http://www.humanconnectome.org/connectome/connectome-workbench.html
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a—f,ROlsin humans (a- ¢) and macaques (d—f). The resting-state functional coupling between each DFCregions (blue dots) and each of the target regions (purple dots) was estimated

in both humans and macaques to determine how closely DFC networks corresponded in the two species. Note that the size of the dots does not refer to the actual size of the ROIs.

and more rostrally the rostral sulcus. The inferior and superior branch of the
precentral sulcus formed the caudal and lateral boundary. The superior
branch of the precentral sulcus was extended to the medial surface to form
the medial and caudal boundary of the ROIL. Although there is individual
variation in some aspects of the prefrontal cortex’s sulcal anatomy, these
boundaries identified a similar location in the brains of all subjects after
affine registration into MNI space.

The study focuses on the right hemisphere, which is not dominant for
language in right-handed humans. There may be hemispheric differences
in the human brain, albeit in language areas, but these are mostly outside
the region we investigate here. There is little evidence that hemispheric
differentiation exists in the macaque (Passingham, 2008).

DWI-MRI data were preprocessed using tools from FDT (part of FSL
4.1). Eddy-current distortions were corrected using affine registration of
all volumes to a target volume with no diffusion weighting. Voxelwise

estimates of the fiber orientation distribution were calculated using Bed-
postx, limited to estimating two fiber orientations at each voxel, because
of the B value and the number of gradient orientations in the diffusion
data (Tomassini et al., 2007). For each participant, probabilistic tractog-
raphy was run from vertices at the gray matter/white matter boundary
surface within the prefrontal ROI to assess connectivity with every brain
voxel (down-sampled to 5 mm isotropic voxels), using a model account-
ing for multiple fiber orientations in each voxel (Behrens et al., 2007).
Crucially, tractography was seeded from surface vertices (as opposed to
voxels). From each seed vertex, the normal to the cortical surface was
given by the FreeSurfer cortical model, and this information was used to
track toward the brain, instead of tracking in both directions as is usually
done in voxel-based tractography. This approach reduces dramatically
the risks of creating spurious sample tracts that cross gyral walls (for
details, see www.fmrib.ox.ac.uk/fsl/fdt/fdt_surfaces.html).


http://www.fmrib.ox.ac.uk/fsl/fdt/fdt_surfaces.html
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Figure 4. The initial first-pass parcellation of the three more posterior dorsomedial frontal
areas, clusters 1, 2, and 3, could be further parcellated each into two areas. In each case, the
parcellation resulted in a more dorsal area and a more ventral area. The ventral areas all corre-
sponded to regions of the cingulate cortex that have been previously described (Beckmann et
al., 2009) and were not investigated further in the current study. The dorsomedial clusters 1, 2,
and 3 shown in Figures 5, 6, and 7, together with their associated coupling patterns, correspond
to the dorsal tier of areas shown here.

A connectivity matrix between prefrontal vertices and each brain voxel
was derived as described previously (Johansen-Berg et al., 2004) and was
used to generate a symmetric cross-correlation matrix of dimensions
(number of seeds X number of seeds) in which the (i,j)th element value
is the correlation between the connectivity profile of seed i and the con-
nectivity profile of seed j. The rows of this cross-correlation matrix were
then permuted using k-means segmentation for automated clustering to
define different clusters. The goal of clustering the cross-correlation ma-
trix is to group together regions that share the same connectivity with the
rest of the brain. To increase the chances of obtaining continuous, or
nonscattered, clusters, we included a weak connexity constraint (To-
massini etal., 2007). This also ensures that the parcellation of such a large
area, which has only been attempted once before in the case of the parietal
cortex (and with a similar constraint, Mars et al., 2011), is not simply
partly driven by connections between frontal cortical areas themselves.
The DFC contains several sulci, notably the superior frontal sulci and the
complex intermediate frontal sulcus (Petrides, 2005), and the Euclidean
distance between different banks of the same sulcus is small even though
the banks are far apart in cortical distance. The flattening of the brain in
FreeSurfer space, however, made it possible to implement the connectiv-
ity constraint along a geodesic that followed the cortical surface. The
resulting clusters were thus constrained to consist of vertices that are
spatially contiguous, although the border between clusters is still guided
by remote connectivity information.

The number of clusters in the k-means clustering must be set by the
experimenter. To determine the optimal number of clusters resulting in
consistency across participants, we used an iterative procedure (Beckmann
etal., 2009; Mars et al., 2011, 2012a). Over the course of several iterations of
analysis of each subject’s data, we increased the number of clusters that were
sought by the k-means clustering algorithm until the results returned were
no longer consistent across subjects. Intersubject consistency was best with a

<«

Figure 3.  Tractography-based parcellation revealed four clusters in human dorsomedial
frontal cortex. a—d, In each case the clusters’ BOLD coupling patterns with other brain regions
suggested similarities with particular areas of macaque DFC: cluster 1 resembled SMA (a),
cluster 2 resembled pre-SMA (b), cluster 3 resembled area 9 (c), and cluster 4 resembled area 10
(d). Colors indicate the degree of overlap in the cluster placement across subjects (scale bar
shown at bottom).
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nine-cluster parcellation. Following previous reports (Beckmann et al., 2009;
Mars et al,, 2011), each of these nine clusters was then reparcellated into
subclusters in an attempt to search for any finer grain parcellation that could
be seen consistently in all nine participants. It was found that three medial
clusters and one lateral cluster could each be subdivided into two component
clusters. However, as explained in detail in the Results the three most medial
subclusters obtained in this way were positioned in the cingulate cortex and
corresponded to cingulate areas that have been previously reported (Beck-
mann et al., 2009). The remaining 10 clusters in the frontal cortex are thus
the focus of the present report (see Figs. 1, 3, 9, 18). Each of the participant’s
individual clusters was transformed from FreeSurfer space to the MNI tem-
plate brain. The center of gravity of each cluster in MNI space was then
established.

We note that the approach that we used in defining DFC clusters was
similar to that taken previously in investigations of cingulate, parietal, and
temporo-parietal junction cortex (Johansen-Berg et al., 2004; Tomassini et
al., 2007; Beckmann et al., 2009; Mars et al., 2011, 2012a), but it constrains us
to only identifying regions that have a consistent location in standard MNI
space across subjects. This means that the DFC areas we delineate are likely to
be the same ones that will figure in the results of task-based fMRI analyses in
which effects are averaged over participants. Nevertheless, the DFC is likely
to contain more spatially fine-grained levels of organization.

Confirmation of DW-MRI and tractography-based parcellation in an
additional group of subjects. As explained above, the number of subjects
examined in our DW-MRI tractography-based parcellation is approxi-
mately similar to the number of subjects studied in previous anatomical
parcellation studies. Nevertheless, we sought to confirm the appropriate-
ness of our parcellation scheme by attempting an analysis of an addi-

Rhesus Macaque Areas

Cluster 1/SMA. a, b, The BOLD coupling patterns of cluster 1 in human subjects (a) and SMA in macaques (b)
illustrated as z-statistic maps overlain on cortex. ¢, BOLD coupling patterns between human cluster 1and macaque SMA and a set
of regions in other parts of the brains in each species provided fingerprints of “functional connectivity.” d, The summed absolute
differences between the functional coupling scores of human cluster 1 and 10 areas in macaque DFC suggested that the BOLD
coupling pattern of human cluster 1 was least different to (in other words, it was most similar to) the coupling pattern associated
with macaque SMA (lowest bar). Ars, Arcuate sulcus; CS, central sulcus; CingS, cingulate sulcus; IFS, inferior frontal sulcus; IPS,
intraparietal sulcus; LF, lateral fissure; LuS, lunate sulcus; PCS, precentral sulcus; PS, principal sulcus; SFS, superior frontal sulcus.
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tional group of 25 right-handed (according to
Edinburgh Handedness Inventory: mean *
SD, 77 % 26.7) healthy human subjects (14 fe-
males; age range, 20—45 years; mean age, 29 =
6.6 years).

The data were acquired on a 3 T Siemens
Magnetom Verio MR scanner. All participants
gave written informed consent in accordance
with ethical approval from the local ethics
committee. Participants lay supine in the scan-
ner, and cushions were used to reduce head
motion. Diffusion-weighted data were ac-
quired using EPI (65 2.0-mm-thick axial slices;
field of view, 190 X 190 mm?; voxel size, 2 X
2 X 2 mm). Diffusion weighting was isotropi-
cally distributed along 60 directions using a B
value of 1.000 s/mm 2. Eight volumes with no
diffusion weighting were acquired throughout
the acquisition. A structural scan was acquired
for each participant in the same session, using a
T1-weighted three-dimensional fast, low-angle
shot (3D Multiecho MPRAGE) sequence (TR,
2530 ms; TE, 1.69 ms; flip angle, 7.0% elliptical
sampling of k space, giving voxel size of 1.0 X
1.0 X 1.0 mm).

The data were analyzed in a similar way to
those obtained from the first nine subjects. For
each participant, probabilistic tractography was
run from each voxel in the right DFC ROI (the
ROI was defined in standard MNI space, using
the same criteria as described above, and then
registered into each individual subject’s MRI us-
ing FNIRT, a part of FSL) to assess connectivity
with every brain voxel (down-sampled to 5 mm
isotropic voxels), using a model accounting for
multiple fiber orientations in each voxel (Behrens
et al.,, 2007). To allow the clustering to be fully
driven by the connectivity with the rest of the
brain, no connexity constraint was applied dur-
ing this clustering procedure (Tomassini et al.,
2007). We then performed a cross-correlation
analysis on the obtained connectivity matrix. The
rows of this cross-correlation matrix were then permuted using a fuzzy
k-means (k = 10) algorithm for automated clustering to define 10 different
clusters as an attempt to replicate the results we obtained in the analysis of
our nine subjects. Note that in addition to examining the right DFC we also
performed an additional analysis on the left DFC.

Human resting-state fMRI data acquisition and preprocessing. Resting-
state fMRI and structural MRI data were collected from 36 human sub-
jects (15 females; average age, 28.5 years) on a Siemens 3T TIM Trio
scanner (Filippini et al., 2009). This group of participants was a distinct
group from those taking part in the DW-MRI experiment. All partici-
pants gave informed written consent in accordance with ethical approval
from the local ethics committee.

For the resting-state fMRI scan, subjects were instructed to lie in
dimmed light with their eyes open, to think of nothing in particular, and
not to fall asleep. Whole-brain functional imaging was performed using a
gradient echo EPIsequence (TR = 2000 ms; TE = 28 ms; flip angle = 89°%
field of view = 224 mm; voxel dimension = 3 X 3 X 3.5 mm; acquisition
time = 6 min 4 s). High-resolution 3D T1-weighted MRI scans were also
acquired using a magnetization prepared rapid gradient echo sequence
(TR = 2040 ms; TE = 4.7 ms; flip angle = 8° field of view = 192 mmy;
voxel dimension = 1 mm isotropic; acquisition time = 12 min).

Data were analyzed using tools from FSL (Smith et al., 2004) and
custom tools written in Matlab, and were visualized using the Connec-
tome Workbench. The first six volumes of each functional dataset were
discarded, after which the following preprocessing was performed: mo-
tion correction, nonbrain removal, spatial smoothing (using Gaussian 5
mm FWHM kernel), grand-mean intensity normalization of the entire

88 9/46D 46  9/46V
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four-dimensional (4D) dataset by a single mul-
tiplicative factor, high-pass temporal filtering
(Gaussian-weighted least-squares straight-line
fitting, with o0 = 50.0 s). Registration of func-
tional images to the skull-stripped structural
template was done using FLIRT (Jenkinson et
al., 2002).

Macaque resting-state fMRI data acquisition
and preprocessing. Macaque fMRI and anatom-
ical scans were collected for 20 healthy ma-
caque monkeys (Macaca mulatta, six females;
average age, 4.38 years; average weight, 6.53
kg). Protocols for animal care, magnetic reso-
nance imaging, and anesthesia were performed
under authority of personal and project li-
censes in accordance with the UK Animals
(Scientific Procedures) Act (1986). Anesthesia
was induced using intramuscular injection of
ketamine (10 mg/kg) combined with either xy-
lazine (0.125-0.25 mg/kg) or midazolam (0.1
mg/kg) and buprenorphine (0.01 mg/kg). Ma-
caques also received injections of atropine
(0.05 mg/kg, im.), meloxicam (0.2 mg/kg,
i.v.), and ranitidine (0.05 mg/kg, i.v.). Local
anesthetic (5% lidocaine/prilocaine cream and
2.5% bupivacaine injected subcutaneously
around the ears to block peripheral nerve stim-
ulation) was also used at least 15 min before
placing the macaque in the stereotaxic frame.
Anesthesia was maintained with isoflurane.
The anesthetized animals were placed in an

MRI-compatible stereotactic frame (Crist In- cc SPL

strument) in a sphinx position within a hori-
zontal 3T MRI scanner with a full-size bore.
Scanning commenced ~1.5-2 h after induc-
tion, when the peak effect of ketamine was un-
likely still to be present. In accordance with
veterinary instruction, anesthesia was main-
tained using the lowest possible concentration
of isoflurane gas. The depth of anesthesia was assessed using physiologi-
cal parameters (continuous monitoring of heart rate and blood pressure
as well as clinical checks for muscle relaxation before scanning). During
the acquisition of the MRI data, the mean inspired isoflurane concentra-
tion was 1.48% (SD, 0.38%), and the mean expired isoflurane concen-
tration was 1.41% (SD, 0.33%). Isoflurane was selected for the scans as
resting-state networks have previously been demonstrated to be present
using this agent (Vincent et al., 2007; Mars et al., 2011; Sallet et al., 2011;
Hutchison et al., 2012b). Vincent et al. (2007) reported similar patterns
of functional coupling between brain areas at two levels of isoflurane,
0.9% and 1.25%, that were similar to the levels that we used. They there-
fore amalgamated results collected “at isoflurane levels between 0.8%
and 1.5%.” In other words, they used a range of isoflurane levels that were
similar to the ones that we used. We note that our intention was to equate
the levels of physiological anesthesia across animals and not the level of
anesthetic gas concentration. Slight individual differences in physiology
mean that slight differences in anesthetic gas concentrations are needed
to impose a similar level of anesthesia on different monkeys. Macaques
were maintained with intermittent positive-pressure ventilation to en-
sure a constant respiration rate (mean rate, 22 breaths/min; SD, 3.15
breaths/min) during the functional scan. Respiration rate, inspired and
expired CO,, and inspired and expired isoflurane concentration were
monitored and recorded using VitalMonitor software (Vetronic Ser-
vices). In addition to these parameters, core temperature was monitored
using an Opsens temperature sensor, and pulse rate (mean rate, 103.75
beats/min; SD, 9.2 beats/min) and O, saturation (>95%) were moni-
tored using a Nonin Medical sensor throughout the scan.

A four-channel, phased-array, radio-frequency coil in conjunction
with a local transmission coil was used for data acquisition (Windmiller
Kolster Scientific). Whole-brain BOLD fMRI data were collected for 53

Figure 6.

ventions are as in Figure 5.
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Cluster 2/pre-SMA. a— ¢, The BOLD coupling patterns of cluster 2 in human subjects (a) and pre-SMA in macaques (b)
and their associated functional connectivity fingerprints in humans and macaques (c). d, The summed absolute differences be-
tween the functional coupling scores suggested that human cluster 2 resembled macaque pre-SMA (lowest bar). All other con-

min and 26 s from each animal, using the following parameters: 36 axial
slices; in-plane resolution, 2 X 2 mm; slice thickness, 2 mm; no slice gap;
TR = 2000 ms; TE = 19 ms; 1600 volumes. Structural scans were ac-
quired for each macaque in the same session, using a T1-weighted MP-
RAGE sequence (no slice gap; 0.5 X 0.5 X 0.5 mm; TR = 2500 ms; TE =
4.01 ms; 128 slices).

Data were analyzed using tools from FSL (Smith et al., 2004) and
custom tools written in Matlab (Mathworks), and were visualized using
Caret (Van Essen et al, 2001) and the Connectome Workbench
(http://www.humanconnectome.org). The first six volumes of each
functional dataset were discarded, and the following preprocessing was
performed: nonbrain removal, 0.1 Hz low-pass filtering to remove respi-
ratory artifacts, motion correction, spatial smoothing (using Gaussian 3
mm FWHM kernel), grand-mean intensity normalization of the entire
4D dataset by a single multiplicative factor, high-pass temporal filtering
(Gaussian-weighted least-squares straight-line fitting, with o = 50.0 s).
Registration of functional images to the skull-stripped structural image
and a macaque template was performed using FLIRT (Jenkinson et al.,
2002).

Comparing resting-state fMRI data between species. To quantify differ-
ences between the functional connectivity patterns of the prefrontal areas
yielded by the tractography-based parcellation, we created a number of
target ROIs and examined DFC coupling with these regions in both
humans and macaques.

The human DFC regions that we examined were the ones that resulted
from the DW-MRI-based tractography experiment (Fig. 2a—c). The DEC
regions (4 X 4 X 4 mm cubes) were placed at each DFC cluster’s center of
gravity. Occasionally, because of the convex geometry of the cortex, a
region’s center of gravity lay just inside the white matter rather than
within the gray matter itself. Therefore, the DFC coordinates that were
used were ones that were moved slightly to ensure that they were not in
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white matter but at the nearest point at which there was high between-
subject overlap in gray matter. The regions of interest (with MNI coor-
dinates, x, y, z) were located at cluster 1 [8, 4, 58], cluster 2 [5, 24, 50],
cluster 3 [6, 48, 29], cluster 4 [4, 58, 6], cluster 5 [29, 40, 39], cluster 6 [45,
28,26], cluster 7 [28, 48, 15], cluster 8 [30, 5, 49], cluster 9 [23, 0, 51], and
cluster 10 [24, 32, 38].

We performed a similar analysis in macaque monkeys (Fig. 2d—f); we
identified brain regions where the BOLD signal at rest was correlated
with the BOLD signal in each of 10 frontal areas in the macaque monkey
that might correspond to the human DFC regions we had identified.
Because of the extreme difficulty of obtaining the very high-spatial reso-
lution DW-MRI data that would be required to conduct a tractography-
based parcellation of the relatively small macaque brain in vivo and
because the positions of cytoarchitectonically defined areas are reason-
ably well established in the macaque, we examined the coupling patterns
of BOLD signals in four cytoarchitectonically defined areas of the ma-
caque brain. A region of interest (0.75 X 0.75 X 0.75 mm cubes) was
placed in the cortex of the supplementary motor area (SMA), pre-SMA,
area 9, area 10, area 8A, anterior dorsal premotor cortex (PMd), area 8B,
area 9/46d, area 9/46v, and area 46 at macaque MNI coordinates (x, y, z)
(Freyetal.,, 2011) [0.87, 1.62, 19.31], [0.87,9.37, 16], [1.06, 15.12, 14.18],
[2.62, 26.12 7.68], [15.5, 8.2, 11.43], [7.87, 11.62, 15.62], [9.12, 16.37,
13.18],[12.87,14.37,11.56], [14.87,14.62,8.37],and [11.12,11.37, 8.87]
respectively.

Because our intention was to compare the BOLD coupling patterns of
human dorsal premotor cortex an and macaque DFC, we focused on the
coupling patterns between each DFC cluster and ROIs in other brain
areas that met two criteria (Fig. 2). First, the ROIs were ones that are
known to be connected to prefrontal cortex in the macaque. Second, the
ROIs were ones that could be identified in both humans and macaques
and are known to be homologous. This meant, for example, that we did
not look at dorsal frontal coupling with areas such as the superior tem-

Rhesus Macaque Areas

Cluster 3/area 9. a— ¢, The BOLD coupling patterns of cluster 3 in human subjects (@) and area 9 in macaques (b) and
their associated functional connectivity fingerprints in humans and macaques (c). d, The summed absolute differences between
the functional coupling scores suggested that human cluster 3 resembled macaque area 9 (lowest bar). All other conventions are
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poral sulcus (STS); this area is known to be
connected with DFC in macaques, but inter-
species neuroanatomical correspondences in
this region are uncertain. For this reason, com-
paring the functional coupling of the STS in the
context of the current experiment is less infor-
mative because there are good reasons to think
that we would not be comparing like with like.

The cubic ROIs were placed in the ventral
premotor cortex (PMv) centered at MNI coor-
dinates [61, 9, 31], the PMd centered at [37, 1,
48], the rostral ventral prefrontal cortex (PFvr)
centered at [39, 39, —15], the caudal ventral
prefrontal cortex (posterior PFvc) centered at
[49, 31, 19], the ventromedial prefrontal cortex
(vmPFC) centered at [3, 47, —7], the rostral
anterior cingulate cortex (ACCr) centered at
[5, 49, 5], the mid-cingulate cortex (MCC)
centered at [3, —9, 43], the posterior cingulate
cortex (PCC) centered at [5, —49, 17], the cau-
dal inferior parietal lobule (IPLc) centered at
[45, —75, 35], the mid-section of the IPL
(IPLm) centered at [51, —43, 47], the rostral
IPL (IPLr) centered at [57, —33, 45], the lateral
intraparietal area (LIP) centered at [21, —65,
57], the superior parietal lobule (SPL) centered
at [19, —57, 65], the medial parietal cortex in
the precuneus (PC) centered at [5, —59, 47],
the parietal operculum (POp) centered at 53,
—17, 17], the temporal pole (TP) centered at
[39, =9, —17], and the amygdala centered at
[=17, =9, —17]. All masks were of identical
size (4 X 4 X 4 mm), so as not to bias the
analysis.

Equivalent cubic target masks were created
on the macaque template brain using the MNI
rhesus monkey atlas (Frey et al., 2011) at the
following coordinates: PMv centered at [17 5.5
10.75], PMd centered at [7, 5.75, 16.5], PFvr centered at [11.5, 21.75,
4.75], PFvc centered at [17.25, 15.25, 8], vmPFC centered at [0.75, 21.5,
1.75], ACCr centered at [1, 20.75, 6], MCC centered at [2.75, —8.25,
15.25], PCC centered at [1.5, —18, 6], IPLc centered at [9.5, —24.75, 19],
IPLm centered at [15, —21, 19], IPLr centered at [17, —15.25, 17], LIP
centered at [6, —23.25, 16.25], SPL centered at [4, —20, 23.25], PC cen-
tered at [1.25, —24.75, 13.5], POp centered at [21.5, —6, 8.75], TP cen-
tered at[15.75, 6.25, —14.75], and the amygdala centered at [—10.5, 1.75,
—10.5]. All masks were of identical size (0.75 X 0.75 X 0.75 mm).

Anatomical and functional evidence suggests that there are homolo-
gies between each of these target regions in humans and macaques: PMd
and PMv (Passingham et al., 1998; Geyer et al., 2000; Passingham and
Toni, 2001; Picard and Strick, 2001; Tomassini et al., 2007); LIP, SPL, and
PC (Rushworth et al., 2001; Sereno et al., 2001; Astafiev et al., 2003;
Grefkes and Fink, 2005; Swisher et al., 2007; Scheperjans et al., 2008b;
Hinkley et al., 2009; Margulies et al., 2009; Mars et al., 2011); IPLc, IPLm,
IPLr, and POp (Culham et al., 2003; Caspers et al., 2006, 2008, 2011;
Eickhoff et al., 2010; Mars et al., 2011); PFvr, PFvc, and vimPFC (Petrides
and Pandya, 2002, 2009; Petrides, 2005; Mackey and Petrides, 2010);
ACCr, MCC, and PCC (Picard and Strick, 1996, 2001; Margulies et al.,
2009; Vogt, 2009; Amiez and Petrides, 2012); TP (Blaizot et al., 2010);
and amygdala (Aggleton, 2000).

We used a voxelwise approach to map resting-state functional connec-
tivity between each prefrontal cortex cluster and characteristic time series
associated with specific target regions. This analysis was performed both
in the human and in the macaque. This means that it is possible to
compare the resting-state functional connectivity of the macaque DFC
with the known structural connectivity of the DFC that has been estab-
lished in tract tracing experiments. Then, by comparing the functional
interactions between the macaque and human brain, we can directly
compare the organization of the DFC between the two species using the

8B 9/46D 46 9/46V
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same technique. First, we calculated the major
Eigen time series around the center of each
of the human clusters resulting from the
tractography-based parcellation and their ma-
caque equivalents. The major Eigen time series
is the single time series that best reflects coher-
ent activity across the mask in that it represents
the largest amount of variance across the set of
voxels within the region. Using a seed-based
correlation analysis tool of FSL, we then calcu-
lated the correlation of each gray matter voxel
while accounting for the average time series of
the whole brain and the six movement param-
eters; a procedure that allows us to make com-
parison between the datasets from the two
species (Mars et al., 2011). The resulting corre-
lation masks were then entered into a nonpara-
metric second-level group analysis performed
using the FSL tool fsl_glm. This procedure was
done for each frontal region separately and re-
sulted in a z-statistical map for each region.
These maps are displayed in Figures 5, 6, 7, 8,
10,11, 12, 14,and 15 (thresholded at z >2.3 for
display purposes only).

Having established the reliability of the
resting-state fMRI method and compared the
patterns of correlation between the macaque
and human brains, we then sought to formally
compare the pattern of resting-state functional
connectivity associated with each of the DFC

clusters with the target areas outside of DFC c SPL

and so to create a resting-state connectivity fin-
gerprint for each DFC cluster (Passingham et
al., 2002). The strength of BOLD coupling be-
tween each DFC region and each target area
was determined by masking the thresholded
(=0) resting-state functional correlation map
of each DFC cluster with each of the target re-
gions of interest described at the beginning of this section. The average
positive resulting z-score in each target mask was then calculated and
taken as an index of connectivity between the target mask area and the
respective frontal area. For each DFC area, a vector can then be created
that contains the coupling of that area with each of the target areas. This
vector can be represented as a spider plot (Figs. 5, 6, 7, 8, 10, 11, 12, 14,
and 15). Such fingerprints have previously been used to compare con-
nections and coupling between other brain regions (Passingham et al.,
2002; Tomassini et al., 2007; Beckmann et al., 2009; Mars et al., 2011).
Note that the areas that we investigate in such fingerprints are mostly in
the premotor, parietal, frontal, and cingulate areas rather in the temporal
cortex. This is because such connections are more diagnostic (Preuss,
1995) of similarities in coupling patterns in species, whereas we know
that there has been major reorganization within the temporal cortex in
humans and macaques (Van Essen and Dierker, 2007). To be able to
compare fingerprints between the human and macaque datasets, which
cannot be expected to have an equal signal-to-noise ratio, the connectiv-
ity fingerprints were normalized such that the maximum connectivity
between the given DFC area and any of its target regions has a value of 1
and the minimum connectivity between the given DFC area and any of its
target regions has a value of 0.

We then illustrated the dissimilarity or “distance” between a human
frontal area’s coupling fingerprint and the coupling fingerprint associ-
ated with each frontal area of the macaque so as to make a formal com-
parison between the human and macaque coupling patterns. We
computed the summed absolute difference, sometimes called the “Man-
hattan” or “city-block” distance index (Krause, 1987), between the nor-
malized functional connectivity fingerprints to summarize differences in
the BOLD coupling patterns between each human DFC cluster with DFC
regions in the macaque. This summary measure can then be used to
compare the functional coupling pattern of each human DFC region

Figure8.

asin Figure 5.

Sallet et al. @ Dorsal Prefrontal Cortex in Humans and Macaques

Cluster 4: area 10

b

ps CS  ArS

PS

[
o

Distance from
Human area 10
-
N

ES ©

0 -
PMd SMA PreSMA 9 10 8A 8B 9/46D 46 9/a6v
Rhesus Macaque Areas

= Macaque
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with the functional coupling patterns associated with all 10 DFC regions
in the macaque. For each human DFC region, we show a bar chart where
the height of each bar represents the distance between the connectivity
fingerprints of the human DFC region in question and all macaque DFC
regions. The lowest bar (highlighted in pink) indicates the macaque area
that is least different (most similar) to the human DFC area investigated
in terms of its coupling patterns with the rest of the brain. The results for
the various areas are summarized in panel d of Figures 5, 6, 7, 8,10, 11, 12,
14, and 15. Note that once again in these analyses, as in other illustrations
of inter-regional BOLD coupling and as in the fingerprint graphs, we
focus on positive BOLD coupling effects.

We note that previous studies of areas of the human and macaque
parietal and posterior cingulate cortex that are thought to be similar on
cytoarchitectonic grounds have similar patterns of BOLD signal cou-
pling. These coupling patterns appear similar regardless of whether data
are collected while subjects are awake or under anesthesia (Vincent et al.,
2007; Margulies et al., 2009; Mars et al., 2011; Hutchison et al., 2012a).

Results

Tractography-based parcellation of DFC identified 10 clusters
that were consistently located in similar positions in MNI space
in all subjects. Two control procedures suggested that these were
some of the key subregions into which DFC could be subdivided.
First, the clusters that were identified when a finer parcellation of
the DFC into more areas was attempted were not consistently
located across subjects. Second, a series of attempts were made to
further parcellate each of the regions that were found in the initial
analysis into additional, smaller subregions. Again, the clusters
reported here could not be reliably parcellated further. In what
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follows, we summarize the results for the medial frontal cortex
first and then results in the lateral frontal cortex.

Four clusters in dorsomedial frontal cortex

The initial tractography-based parcellation identified four areas
in the medial frontal cortex dorsal to ACC (Fig. 3). The most
posterior area, cluster 1, had a center of gravity at [10, 4, 59] and
occupied a similar area to the SMA that is active when people
make simple movements, for example, during finger tapping
(Johansen-Berg et al., 2004) (Fig. 3a). The center of gravity of the
cluster meant that it was just anterior to the center of the SMA
that has been previously reported, although it lay within the same
range (Johansen-Berg et al., 2004; Mayka et al., 2006). It is likely
that our estimate of the position of the region is biased in the
anterior direction because the initial volume we attempted to
parcellate was bounded at the level of the superior precentral
sulcus at approximately y = —10; it was therefore unlikely to have
included the whole of the SMA. There is evidence that a more
anterior subcomponent may exist within SMA (Vorobiev et al.,
1998), and it is possible that our analysis focuses on this region. In
the monkey, the connections of the SMA with primary motor
cortex and ventral horn of the spinal cord have meant that it is
included among the motor association or premotor areas (Strick
et al., 1998; Geyer et al., 2000).

A second cluster, cluster 2, was identified just anterior to clus-
ter 1 at [14, 23, 52]. It was situated on the medial surface, but it
extended over the crown onto the lateral surface of the posterior
superior frontal gyrus. It therefore lay in approximately the same
position as the pre-SMA, a region important during the initiation
and changing of actions (Johansen-Berg et al., 2004; Rushworth,
2008) (Fig. 3b). The center of gravity of the cluster meant that it
was just anterior to what has been previously reported (Johansen-
Berget al., 2004). It is possible that the relatively posterior setting
of the anterior boundary of the region investigated in previous
studies may have induced a posterior bias in previous estimates.
The pre-SMA lacks the direct connections that the SMA has with
the primary motor cortex and ventral horn of the spinal cord, and
s0 it is not classified as a premotor area. Instead, its transitional
nature between motor and prefrontal cortex is emphasized
(Picard and Strick, 2001). Like premotor areas, however, it is still
able to influence primary motor cortical activity and behavior at
short latencies (Taylor et al., 2007; Mars et al., 2009; Neubert et
al,, 2010).

Cluster 3 was situated even more anteriorly with a center of
gravity at [10,50, 29]. It was mainly situated on the medial sur-
face, but it extended over the crown and onto the superior frontal
gyrus. It therefore appears to lie in the same position as the cyto-
architectonically defined prefrontal area 9 (Petrides and Pandya,
1999; Petrides, 2005), although a description of the location of
area 9 with respect to MNI coordinates has not been published
(Fig. 3¢). One of the most prominent and consistent findings in
fMRI studies of this region is its activation in social cognitive
tasks in which subjects attempt to infer the intentions or beliefs of
others (Amodio and Frith, 2006; Behrens et al., 2008, 2009;
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Figure9. Tractography-based parcellation revealed six clusters in human dorsolateral fron-
tal cortex. a—f, In each case, the clusters’ topological position and BOLD coupling patterns with
other brain regions suggested similarities with particular areas of macaque DFC: cluster 5 re-
sembled area 9/46d (a), cluster 6 resembled area 9/46v (b), cluster 7 resembled area 46 (c),
cluster 8 resembled 8A (d), cluster 9 resembled rostral PMd (e), and cluster 10 resembled area
8B (f). All other conventions are as in Figure 5.
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Hampton et al.,, 2008). Such tasks are
sometimes referred to as theory of mind
and “mentalizing tasks.”

The most anterior area, cluster 4, on
the medial surface had a center of gravity
at [16, 58, 4], where it occupied a similar
location to the one proposed for frontal
polar area 10 (Petrides and Pandya, 1999;
Petrides, 2005), although, once again, the
boundaries and center of gravity of a cy-
toarchitectonically defined area 10 in
MNI space have not been published (Fig.
3d). Again, activity in this region is asso-
ciated with social cognitive processes such
as mentalizing (Amodio and Frith, 2006;
Gilbert et al., 2006; Yoshida et al., 2010).
Different subdivisions of area 10 have
been proposed on the basis of neuroimag-
ing investigations, and the region corre-
sponds to what some authors refer to as
the medial part of area 10 (Gilbert et al.,
2006). No consistent subdivision, how-
ever, was identifiable within the area 10-
like cluster 4 in our study. Below, we argue
that cluster 4 may in fact constitute the
entirety of area 10 (at least in DFC as op-
posed to more ventral frontal cortex). We
argue that the area that lies laterally adja-

. L . C
cent to it may be a very distinct cortical SPL

region that more closely corresponds to

area 46. Figure 10.
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Cluster 5/area 9/46d. a—c, The BOLD coupling patterns of cluster 5 in human subjects (a) and area 9/46d in

macaques (b) and their associated functional connectivity fingerprints in humans and macaques (c). d, The summed absolute
differences between the functional coupling scores suggested that human cluster 5 resembled macaque area 9/46d (lowest bar).

The ventral border between the
dorsomedial clusters and the
cingulate cortex

As already noted, the tractography-based parcellation identified
four clusters in the medial frontal cortex. In this section, we re-
port how we performed a further search for consistently posi-
tioned subregions within each of the medial frontal clusters. In
other words, we attempted a further parcellation of each of the
four clusters that we had already identified. The additional anal-
yses were prompted partly by a desire to characterize DFC as fully
as possible and also by a desire to better characterize the border
between dorsal frontal areas that we investigate here (SMA, pre-
SMA, area 9, and area 10) and the more ventral ACC.

When a further parcellation attempt was performed on each
of the four medial frontal areas, we were unable to identify any
consistent subdivision within cluster 4, but it was possible to
identify evidence for more ventral and more dorsal subdivisions
in each of the three more posterior clusters, 1, 2, and 3 (Fig. 4). As
explained in detail in the previous section, the centers of gravities
of the dorsal regions identified them with SMA, pre-SMA, and
area 9. We previously reported a tractography-based parcellation
of the human anterior cingulate cortex ventral to the fundus of
the paracingulate sulcus/dorsal bank of the cingulate sulcus
(Beckmann et al., 2009). The positions of all three ventral regions
in the present study overlapped with our previously described
regions in ACC (Beckmann et al., 2009). Together, the present
study and the previous study of Beckmann et al. (2009) identify
eight principle regions in dorsomedial frontal cortex: a ventral
tier of cingulate areas, including the cingulate motor areas and
area 32; and a dorsal tier of SMA, pre-SMA, area 9, and area 10.

All other conventions are as in Figure 5.

Because the ACC regions have been described previously, we
focused here on the dorsal tier of areas.

Functional coupling of dorsomedial frontal cortex in humans
and macaques

The pattern of BOLD signal coupling seen between the human
SMA-like cluster 1 and the rest of the brain was quite distinct to
that seen when the other dorsal frontal areas were investigated
(Fig. 5a). It did, however, resemble that seen when the resting
BOLD coupling patterns of SMA were examined in the macaque
(Fig. 5b—d). In both cases, there was a correlated BOLD signal in
anumber of motor-related areas on the lateral and medial surface
including the cingulate motor regions and SPL. This cluster
showed only moderate coupling with other prefrontal clusters
and with the temporal lobe. The pattern of coupling resembles
the connections that are known to exist from tracer injection
studies between the SMA and the same regions in the macaque
(McGuire et al., 1991; Luppino et al., 1993; Petrides and Pandya,
1999; Dum and Strick, 2005; Miyachi et al., 2005).

The human pre-SMA-like cluster 2 (Fig. 6a) and the macaque
pre-SMA region (Fig. 6b) exhibited similar patterns of BOLD
coupling to one another (Fig. 6¢,d). In contrast to the SMA, there
was evidence of much more extensive coupling between this re-
gion and prefrontal cortex, apparent throughout a wide swathe of
medial and lateral dorsal prefrontal cortex. The pre-SMA/cluster
2 BOLD signal was coupled with the BOLD signal in premotor
areas, but coupling was strongest in more anterior parts of the
premotor cortex than had been the case for SMA/cluster 1. The
pattern resembles the distribution of connections of the pre-SMA
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in tracer injection studies of the macaque brain, and the differ-
ences between the SMA/cluster and the pre-SMA/cluster 2 cou-
pling patterns resemble differences in SMA versus pre-SMA
connections in the macaque (Bates and Goldman-Rakic, 1993;
Luppino et al., 1993).

Once again, there were similarities between the BOLD cou-
pling patterns of the human area 9-like cluster 3 and the macaque
area 9 region (Fig. 7), and once again these patterns were distinct
to those associated with SMA/cluster 1 and pre-SMA/cluster 2.
The BOLD signal of area 9/cluster 3 was coupled with the BOLD
signal in anterior PMd, as had been the case for pre-SMA/cluster
2. Unlike the previous two clusters, however, area 9/cluster 3
BOLD, in both humans and macaques, was coupled with the
BOLD signal throughout much of the frontal cortex; although it
was especially prominent in the dorsal prefrontal cortex, it also
extended into parts of ACC and vmPFC in both species. More-
over, in both species, there was less evidence of coupling between
area9/cluster 3 and parietal cortex; instead, there was evidence of
coupling with temporal cortex. In macaques, coupling was ap-
parent in the anterior superior temporal gyrus, superior temporal
sulcus, and TP, and in human subjects coupling was also evident
in similar anterior, superior temporal cortex, and TP. Finally,
there was evidence of BOLD coupling between area 9/cluster 3
and the amygdala in both species. The BOLD coupling with the
amygdala and TP was a distinctive feature of area 9/cluster 3 that
was seen in only one other area (area 10/cluster 4). All of these
features of the coupling pattern of area 9/cluster 3 are reminiscent
of the connection patterns of area 9 in the macaque (Morris et al.,

Rhesus Macaque Areas

Cluster 6/area 9/46v. a—c¢, The BOLD coupling patterns of cluster 6 in human subjects () and area 9/46v in
macaques (b) and their associated functional connectivity fingerprints in humans and macaques (c). d, The summed absolute
differences between the functional coupling scores suggested that human cluster 6 resembled macaque area 9/46v (lowest bar).
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1999; Kobayashi and Amaral, 2003;
Ghashghaei et al., 2007; Petrides and Pan-
dya, 2007).

The most anterior medial frontal area,
area 10/cluster 4 exhibited a coupling pat-
tern that was similar in the two species
(Fig. 8). Like area 9/cluster 3, the BOLD
signal of area 10/cluster 4 was coupled
with the BOLD signal throughout much
of prefrontal cortex including parts of
ACCr and vmPFC. There was also cou-
pling with the temporal cortex, especially
in the anterior temporal sulcus and TP, in
both species. There was evidence of BOLD
coupling between area 10/cluster 4 and
the amygdala in both species. Although
area 10/cluster 4 shared with area 9/clus-
ter 3 a distinctive pattern of coupling with
TP and amygdale, there were differences
between the coupling patterns of the two
regions; there was comparatively little ev-
idence of coupling between area 10/clus-
ter 4 and premotor cortex in either
species.

In a previous study, Goulas et al.
(2012) have also suggested locations for
regions that they argue might correspond
to human areas 9 and 10. The focus of
their investigation was, however, ventral
and posterior to the regions that we iden-
tified as areas 9 and 10. Instead, they argue
that a region that lies more ventrolaterally
than our cluster 3/area 9, in a location that
is lateral to the superior frontal sulcus and
close to our cluster 10 (see below), corre-
sponds to area 9. It seems unlikely that that this region could be
area 9, given that we show below that there is BOLD signal cou-
pling between it, but not cluster 3, and several parts of the IPL,
while we show that cluster 3 is coupled with the temporal pole
and amygdala. In other words, the coupling pattern associated
with our cluster 3, rather than the region Goulas et al. (2012)
suggest, is more reminiscent of area 9 in the macaque. Goulas et
al. (2012) also suggest that a comparatively posterior, small re-
gion might correspond to human area 10. One possibility is that
the area they identify is a very posterior part of area 10; however,
it lacked some of the distinctive coupling that our cluster 3/area
10 had with the temporal pole, which is also found in the ma-
caque (Petrides and Pandya, 2007; Markov et al., 2012), and in-
stead it had stronger coupling with the IPL, which our cluster
3/area 10 lacked, as does area 10 in the macaque (Petrides and
Pandya, 2007; Markov et al., 2012).

In summary, the patterns of BOLD coupling exhibited by the
four human medial dorsal frontal clusters exhibited two impor-
tant features. First, the dissimilarities among the coupling pat-
terns of the four regions suggested important dissimilarities in
the networks they were part of. Second, there were important
similarities between the coupling patterns of each human cluster
and areas in the macaque (SMA, pre-SMA, area 9, and area 10). In
the macaque, some of these areas are largely situated on the me-
dial surface (SMA, pre-SMA), but they extend onto the dorsal
convexity (area 9) and frontal pole (area 10). Although areas 9
and 10 are associated with social cognitive processes that are es-
pecially developed in humans, precursors of such processes may

8B 9/46D 46  9/46V
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exist in other primates and be associated
with the same brain regions (Flombaum
and Santos, 2005; Sallet et al., 2011; Mars
et al., 2012b). Moreover, the BOLD cou-
pling patterns reflected key features of the
anatomical connections in monkeys
(Petrides and Pandya, 1994, 1999, 2007;
Barbas et al., 1999).

Six clusters in the dorsolateral

frontal cortex

The initial tractography-based parcella-
tion identified five areas in the lateral
DFC. As in our investigation of medial
frontal cortex, we subjected each lateral
frontal region to a further parcellation at-
tempt. We were able to parcellate just one
lateral frontal area into smaller subdivi-
sions in a consistent manner across sub-
jects; on further analysis, one of the initial
clusters was found to be subdivisible into
clusters 8 and 9. We therefore report the
features of a total of six clusters found in
the lateral frontal cortex (Fig. 9).

Clusters 5 and 6 covered much of the
anterior middle frontal gyrus (Fig. 9a,b).
Cluster 5, with a center of gravity at [26,
40, 32], was more dorsal and slightly more
rostral than cluster 6, with a center of
gravity at [38, 25, 31]. While cluster 5 was
just ventral to the superior frontal sulcus,
cluster 6 was just dorsal to the inferior
frontal sulcus. These two clusters spanned
most of the region that is typically referred
to as dorsolateral prefrontal cortex in discussions of the human
brain. Itis in this region that working memory-related activations
have been reported (Petrides, 2005), and it is this region that is
also responsive to a diverse range of tasks often requiring the
sequencing of multiple cognitive processes and of behavior that
hasled Duncan (2010) to describe it as a “multiple demand (MD)
system.”

Another cluster was found anterior to clusters 5 and 6 (Fig. 9¢)
with a center of gravity at [31, 48, 11]. Unlike cluster 5 and 6,
which were squarely placed within the middle frontal gyrus, clus-
ter 7 was largely anterior to the anterior tip of the inferior sulcus,
and it surrounded the ascending branch of the intermediate fron-
tal sulcus. Activity in this region is reported in some working
memory studies but is less frequently associated with MD tasks
(see Fig. 16).

The names given to the cortex assigned to these three clusters
have been quite diverse. Activity reported in fMRI studies in the
more posterior clusters 5 and 6 is often referred to as being in area
46, area 9/46, or even in area 9, while activity in the more anterior
cluster 7 is reported as being in the frontal pole, area 10, or some-
times just more simply as being in anterior PFC or rostral PFC.
Cluster 7 is in a similar position to the lateral division of area 10
proposed by Gilbert et al. (2006). The present finding of a clear
difference in location between cluster 4, described above, and
cluster 10, emphasizes that there is an important difference be-
tween these two anterior prefrontal regions. The inter-regional
BOLD coupling patterns associated with clusters 5, 6, and 7, how-
ever, suggest that human clusters 5 and 6 may more closely re-
semble macaque areas 9/46d and 9/46v, while it may be

Figure 12.

tions are as in Figure 5.

Sallet et al. @ Dorsal Prefrontal Cortex in Humans and Macaques

Cluster 7: area 46

b

] STS

Distance from
Human area 46

“PMd SMA PreSMA 9 10 8A 8B  9/46D 46  9/46V
Rhesus Macaque Areas

= Macaque

Cluster 7/area 46. a— ¢, The BOLD coupling patterns of cluster 7 in human subjects (a) and area 46 in macaques (b)
and their associated functional connectivity fingerprints in humans and macaques (c). d, The summed absolute differences be-
tween the functional coupling scores suggested that human cluster 7 resembled macaque area 46 (lowest bar). All other conven-

misleading to think of human cluster 7 as being frontal polar but
instead that it is more similar to macaque area 46. The BOLD
coupling patterns of the areas are discussed in the next section.

The center of gravity of cluster 8 was at [30, 9, 52]. It was
situated in the most posterior part of the middle frontal gyrus,
just anterior to the superior precentral sulcus and ventral to the
superior frontal sulcus. It therefore occupied a position similar to
that proposed for area 8A (Petrides and Pandya, 1999) (Fig. 94).
This region of the human brain is active when the eyes, or the
focus of visual attention, move (Amiez et al., 2006; Amiez and
Petrides, 2009), and so it has been identified with the frontal eye
field (FEF) of the macaque.

Another cluster, cluster 9, lay just dorsal with a center of grav-
ity at [24, 3, 55]. It was situated just dorsal to the superior frontal
sulcus and anterior to the precentral sulcus. The area therefore
occupied a position that was similar to anterior PMd (Petrides
and Pandya, 1999; Picard and Strick, 2001) (Fig. 9e). The area,
like PMd in the macaque, is active especially when arm move-
ments, as opposed to eye movements, are made, especially when
the rule linking the cue to the action is an arbitrary or learned one
(Murray et al., 2000; Passingham et al., 2000; Petrides, 2005;
Amiez et al., 2006).

Just anterior to the PMd-like cluster 9, on the lateral part of
the superior frontal gyrus, lay another cluster, cluster 10, with a
center of gravity at [22, 32, 39] (Fig. 9f). Brodmann (1909) and
other anatomists (Von Economo, 1929; Sarkissov et al., 1955)
have not distinguished this region of posterior frontal cortex
from the region we have referred to as cluster 8 and the FEF.
Petrides and Pandya (1999), however, have argued that the re-
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Figure 5.

gion just anterior to PMd and dorsal to the FEF, in other words in
the same position as cluster 9, has a distinct cytoarchitecture to
the adjacent regions, and they refer to it as area 8B. Our results
support their contention. Because the possibility of a separate
brain area within this region has received so little attention and
because its location in MNI space has been unknown, there has
been little consideration of its specialized function.

Functional coupling of dorsolateral frontal cortex in humans
and macaques

Despite the diversity of descriptions of activity found in cortex
corresponding to clusters 5, 6, or 7, their functional coupling
patterns suggested that they have the most in common with ma-
caque areas 9/46d, 9/46v, and 46, respectively. Cluster 5, like
9/46d in the monkey, possessed a BOLD signal that was coupled
with IPLm, IPLc, PMd, area 9, and vimPFC (Fig. 10). The BOLD
signal of cluster 6, by contrast, resembled that of macaque 9/46v
because it was more strongly coupled with the BOLD signal in
PMv and anterior IPL (IPLa), and only weakly with area 9 and
vmPFC (Fig. 11). The BOLD coupling patterns resemble the con-
nection patterns established with tracer injection studies in the
macaque (Cavada and Goldman-Rakic, 1989; Petrides and Pan-
dya, 1999, 2002, 2009).

Although tissue in the vicinity of cluster 7 is sometimes de-
scribed as frontopolar or cytoarchitectonic area 10, it was notable
that the functional coupling pattern of cluster 7 was very distinct
from the known connection patterns of area 10 in the macaque;
instead, it resembled the coupling pattern associated with ma-
caque area 46 (Fig. 12). Like cytoarchitectonic area 46 but unlike

9 10
Rhesus Macaque Areas

Cluster 8/8A. a— ¢, The BOLD coupling patterns of cluster 8 in human subjects (a) and 8A in macaques (b) and their
associated functional connectivity fingerprints in humans and macaques (c). d, The summed absolute differences between the
functional coupling scores suggested that human cluster 8 resembled macaque 8A (lowest bar). All other conventions are as in
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cytoarchitectonic area 10, the BOLD sig-
nal of cluster 7 was coupled with IPLc and

ArS IPLm BOLD signals. In the monkey, area

46 has much stronger connections with
PS inferior parietal cortex than cytoarchitec-
tonic area 10 (Petrides and Pandya, 1999,
2007; Rozzi et al., 2006; Markov et al.,
2012). Like cytoarchitectonic area 46 but
unlike cytoarchitectonic area 10, the
sTS BOLD signal of cluster 7 was not coupled
with amygdala BOLD signals. In both spe-
cies, the coupling of area 46/cluster 7 with
PC was more prominent than was the case
for 9/46d/cluster 5 and 9/46v/cluster 6,
which is reminiscent of tracer injection
studies in the macaque (Cavada and
Goldman-Rakic, 1989) and is arguably
consistent with a previous report (Margu-
lies et al., 2009). Unlike 9/46v/cluster 6,
area 46/cluster 7 lacked strong coupling
with PMv in both species, as has been re-
ported in tracer injection studies (Petrides
and Pandya, 1999). More posterior parts
of macaque area 46, including the region
that was the focus of our investigation,
were coupled with LIP, but that was no
longer the case when we examined more
anterior parts of macaque area 46 and hu-
man cluster 7. A distinctive feature of ma-
caque area 46 was the strong coupling it
exhibited along the length of the STS,
while areas 9/46d and 9/46v had less
strong coupling that was restricted to an-
terior STS. Human cluster 7, more so than
either cluster 5 or 6, was coupled with both the posterior and
anterior parts of the STS, although such coupling was not evident
in the central portion of STS. Whether the mid-section of the
human STS is more concerned with auditory and linguistic
processes than is the case in the macaque is a current topic of
investigation.

The pattern of BOLD coupling seen between the human
8A-like cluster 8 and the rest of the brain included parts of the
parietal cortex such as the intraparietal sulcus region that may
correspond to LIP in the macaque (Swisher et al., 2007; Mars
et al., 2011) (Fig. 13a). The coupling pattern also extended
into IPLc but not IPLa or SPL. It was also notable that there
was evidence of coupling between both human cluster 8 and
macaque 8A and visual association cortex in the lateral
occipito-temporal region. In general, the coupling pattern of
cluster 8 was similar to that seen for the macaque FEF 8A
region (Fig. 13b) (Cavada and Goldman-Rakic, 1989; Schall et
al., 1995; Petrides and Pandya, 1999; Lewis and Van Essen,
2000). However, in the macaque there was evidence for cou-
pling with the posterior superior temporal gyrus but no such
coupling pattern was evident in the human data. Connections
between area 8A and the superior temporal gyrus in the ma-
caque are most prominent in the dorsal part of 8A, 8Ad
(Petrides and Pandya, 1999).

By contrast, the adjacent rostral PMd-like BOLD signal of
cluster 9 was more correlated with SPL as well as dorsal prefrontal
cortex (Fig. 14a). A similar pattern was observed for the macaque
rostral PMd region, which has been called PMdr or 6DR (Fig.
14b—d). The coupling pattern was reminiscent of this area’s con-
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nections (Matelli et al., 1998; Geyer et al.,
2000; Luppino et al., 2003).

Although little attention has been
given to the distinct functional role of area
8B, we were able to see that cluster 10 ex-
hibited a distinctive coupling pattern that
distinguished it from its neighbors (Fig.
15a). Unlike FEF-like cluster 8 or PMd-
like cluster 9, the BOLD signal of 8B-like
cluster 10 was coupled with that in
vmPFC. Finally, the 8B-like BOLD signal
of cluster 10 was not coupled with SPL
areas concerned with limb movements as
had been the case for the PMd-like cluster
6. A similar pattern, exhibiting the same
distinctive features, was also seen in the
BOLD coupling pattern associated with
8B in the macaque (Fig. 15b—d). These as-
pects of the coupling pattern of 8B/cluster
10 are reminiscent of the connections of
8B in tracer injection studies. When we
compared the full “connectional finger-
print” of cluster 10 with areas in the ma-
caque using the same distance measure as
used above, we found that it was most
similar to macaque 8B.

In a previous study, Goulas et al.
(2012) have put forward suggestions for
the positions of human DFC areas. The
location that they suggest for the region
they call “premotor BA6” is similar to the
one that we link with cluster 9/PMd. Gou-
las et al. (2012) identified clusters when
they were present and overlapped in just over half (7) of their 12
subjects, whereas the clusters we report were present and over-
lapped in all 9 of our subjects. With such criteria, it is perhaps not
surprising that they identify a greater number of areas. Goulas et
al. (2012) refer to three different areas that they name as FEF,
8Ad, and 8Av, which largely fell within our cluster 8/area 8A. It is
therefore possible that further subdivisions exist within cluster
8/area 8A but that their positions do not overlap across subjects
after registration into MNI space. Goulas et al. (2012) label two
different but close and almost interdigitating areas both as 9/46v,
and each was identified in just over half of their subjects, in the
region covered by our cluster 6/area 9/46v. The area we refer to as
cluster 7/area 46 lies mostly anterior to the region investigated by
Goulas et al. (2012), although it might include some of the region
they identify as 45-9/46—45. By contrast, the more posterior re-
gion Goulas et al. (2012) refer to as area 46 may be another
subdivision of 9/46; it is certainly unlike our cluster 7/area 46 in
humans or macaques because it is strongly coupled with ventral
premotor cortex.

In summary, within human dorsolateral prefrontal cortex we
show similarities between the multiple demand/working mem-
ory areas in the central parts of the middle frontal gyrus and areas
9/46d and 9/46v of the macaque. Even though these regions are
often labeled area 46 and likened to area 46 in the macaque, our
data suggested that they were less similar to area 46 than they were
to 9/46v and 9/46d. The BOLD coupling patterns of the more
anterior human dorsolateral tissue adjacent to the frontal pole
appeared quite distinct from the frontal pole in the macaque, and
instead very similar to macaque 46. We were also able to identify
a human dorsolateral frontal cortical region that has gone virtu-

Figure 14.
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Cluster 9/rostral PMd. a—c, The BOLD coupling patterns of cluster 9 in human subjects (a) and rostral PMd in
macaques (b) and their associated functional connectivity fingerprints in humans and macaques (c). d, The summed absolute
differences between the functional coupling scores suggested that human cluster 9 resembled macaque rostral PMd (lowest bar).
All other conventions are as in Figure 5.

ally unremarked, cluster 10, which resembled area 8B in the
macaque.

Finally, we note that Figure 17 illustrates the full cross-
correlation matrix of human and macaque DFC area coupling
patterns, while Figure 18 summarizes the DW-MRI-based par-
cellation scheme we propose for human DFC.

Confirmation of DFC parcellation scheme in an additional
group of subjects in left and right hemispheres

Our DW-MRI tractography-based parcellation analysis was con-
ducted on a similar number of subjects to those in previous stud-
ies. Nevertheless, to confirm the generality of the parcellation
scheme we also performed a similar DW-MRI tractography-
based parcellation analysis on a further group of 25 human sub-
jects, and the results for the left and right hemispheres are
presented in Figure 19. It can be seen that the DFC anatomical
scheme appeared similar in both hemispheres in the new group of
subjects.

Discussion

It has been known for some time that human DFC consists of
subregions, but there has been uncertainty about their nature,
location, and relation to brain regions in other primates. An un-
derstanding of whether correspondences exist between DFC in
humans and other primates is important because the region is
associated with cognitive processes that are especially well devel-
oped in humans, or even unique to humans, and there have been
debates about whether some of the component anatomical sub-
regions might be especially large in, or unique to, humans (Se-
mendeferi et al., 2002; Schoenemann et al., 2005; Saxe, 2006;
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Figure16. a, Activations (light blue dots) associated with theory of mind and the making of
inferences about others’ beliefs are found in area 10/cluster 4 and area 9/cluster 3 (Amodio and
Frith, 2006; Behrens et al., 2008; Van Overwalle and Baetens, 2009). b, Activations associated
with the monitoring of information in memory (dark blue dots) are found in anterior lateral
prefrontal cortex (Sakai etal., 2002; Owen etal., 2005; Amiez and Petrides, 2007; Champod and
Petrides, 2007, 2010). Activity associated with cognitive branching and the representation and
monitoring of counterfactual actions (red dots) is situated nearby but a little more ventrally
and anteriorly (Daw et al., 2006; Gilbert et al., 2006; Boorman et al., 2009; Amiez et al., 2012).
Activity associated with cognitive control demands is associated with more posterior DFC (green
dots) (Kerns et al., 2004; Dosenbach et al., 2007; Duncan, 2010).

Burgess, 2011; Koechlin, 2011; Tsujimoto and Genovesio, 2011;
Tsujimoto et al., 2011; Passingham and Wise, 2012). In brief, we
identified 10 major divisions of human DFC that were consis-
tently located in the same positions in standard MNI space. The
BOLD signal in each cluster was coupled in a distinct way with
BOLD signals recorded from the rest of the brain. In every case,
even when the clusters we identified were in regions associated
with social cognitive processes such as theory of mind, we were
able to identify regions in the macaque with similar coupling

Rhesus Macaque Areas

Cluster 10/area 8B. a- ¢, The BOLD coupling patterns of cluster 10in human subjects (a) and area 8B in macaques (b)
and their associated functional connectivity fingerprints in humans and macaques (c). d, The summed absolute differences be-
tween the functional coupling scores suggested that human cluster 10 resembled macaque area 88 (lowest bar). All other con-
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patterns. Moreover, the macaque BOLD
signal coupling patterns were reminiscent
of the connectional anatomy of the same
regions.

PS Several between-species relationships
we report conform with widely held no-
tions. For example, the relationships we
report among posterior clusters 1, 2, and
8, and SMA, pre-SMA, and area 8A/FEF
(Johansen-Berg et al., 2004; Amiez et al.,
2006; Amiez and Petrides, 2009). There
has been greater uncertainty about how
areas in more anterior DFC are related.

Clusters 3 and 4 occupied dorsomedial
prefrontal cortex. Activity in these clusters
has been linked to social cognition when
people make social judgments or employ
theory of mind to predict the actions, be-
liefs, and intentions of others (Amodio
and Frith, 2006; Lieberman, 2007; Beh-
rens et al., 2008, 2009; Krienen et al., 2010)
(Fig. 16). Despite these regions’ involve-
ment in social cognition, it also seems that
they are active when people reflect on
themselves and their own beliefs, inten-
tions, and actions (Amodio and Frith,
2006; Brass and Haggard, 2007; Desmet et
al,, 2011).

Activity in cluster 3 is apparent not just
when subjects are performing theory of
mind tasks but also when they are moni-
toring and predicting their own and oth-
ers’ actions in the absence of inferences
about the beliefs and mental states that
guide the actions (Ramnani and Miall, 2004; Brass and Haggard,
2007; Desmet et al., 2011; Suzuki et al., 2012). In both species,
area 9/cluster 3 was also coupled with premotor areas. Tasks em-
phasizing mentalizing—reflecting about one’s own or another’s
beliefs—are associated with activity in cluster 4 (Amodio and
Frith, 2006; Mitchell, 2009; Tamir and Mitchell, 2010).

Although monkeys may not engage in mentalizing in the
manner that humans do, they may possess related skills. They
make inferences about what others can see (Flombaum and San-
tos, 2005) and monitor their actions and their outcomes (Yoshida
etal., 2011, 2012; Chang et al., 2013). Moreover, gray matter in
areas 9 and 10 increases as the complexity of macaques’ social
environments increase (Sallet et al., 2011), suggesting areas 9 and
10 may also be important in mediating social cognition in ma-
caques too.

Like area 10/cluster 4, cluster 7 was also found in anterior
prefrontal cortex, but its position was more lateral (Figs. 9, 18). It
has been suggested that this region is a lateral component of the
frontal pole and that it has a quite distinct function to a more
medial frontal polar area in the vicinity of cluster 4. The possibil-
ity that this region may even be uniquely human has also been
raised (Gilbert et al., 2006; Koechlin, 2011; Rushworth et al,,
2011; Tsujimoto and Genovesio, 2011; Tsujimoto et al., 2011).
Our results bear on several of these controversies. First, they em-
phasize a profound difference between medial and lateral ante-
rior prefrontal cortex clusters 4 and 7. DW-MRI parcellation
identified a consistent boundary between these two regions.
Clusters 4 and 7 were also associated with dramatically different
patterns of BOLD coupling compared with the rest of the brain.
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We argue, however, that the coupling pattern associated with
human cluster 7 suggested that it was different to macaque area
10 and instead similar to macaque area 46. We emphasize that we
follow the definitions of Petrides and Pandya (1994, 1999) in
using the label 46 to refer to anterior rather than to posterior
principle sulcus, which instead they refer to as 9/46d and 9/46v.

In the macaque there are major differences between the
connections of areas 10 and 46, and concomitants of each
difference were apparent in the regions’ BOLD coupling pat-
terns (Figs. 8, 12). While area 46 is connected with IPLc and
medial parietal area PC, area 10 has weaker connections with
parietal cortex (Cavada and Goldman-Rakic, 1989; Petrides
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Figure17.  Summary of the full matrix of similarity values between the functional networks

associated with human DFC regions (horizontal axis) and macaque DFC regions (vertical axis).
Blue colors indicate that there is little difference between the functional networks associated
with a macaque and a human DFC area, while red colors indicate greater disparity between
areas. Similarity/disparity estimates were based on the summed absolute differences between
the functional coupling scores (also shown in panel cof Figs. 5,6,7,8,10,11,12,13,14,15). The
dashed line indicates the comparison for which the distance value is minimum.
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and Pandya, 1999, 2007; Markov et al., 2012). Human clusters
7 and 4 resembled macaque cytoarchitectonic areas 10 and 46
respectively; while cluster 7’s BOLD signal was coupled with
IPLc and PC cluster 4 exhibited no coupling with these areas
(Figs. 6, 12). Cytoarchitectonic area 10, by contrast, is more
densely interconnected with amygdala than is area 46
(Petrides and Pandya, 1999, 2007) and, again, the BOLD signal
of human cluster 4 was more strongly coupled with amygdala
BOLD than was the case for cluster 7. A review of fMRI studies
and meta-analyses also suggests differences between area 10/
cluster 4 and area 46/cluster 7 of prefrontal cortex (Fig. 16).

Although the suggestion that human cluster 7 resembles ma-
caque area 46 may appear radical, the proposal is in fact consis-
tent with the anatomical scheme advanced by Petrides and
Pandya (1999). The only adjustment that might be made to their
scheme as it is commonly understood (although not necessarily
as it was intended by the authors) is that it should be recognized
just how far anterior area 46 is situated. Our study provides an
estimate of its location in standard MNI space that can be com-
pared with the results of functional imaging studies.

There were nevertheless differences between the coupling pat-
terns of macaque area 46 and human cluster 7. Macaque area 46
was coupled with the length of the STS, but human cluster 7 was
coupled only with rostral and caudal STS. In fact, we were unable
to find any human DFC region that coupled with the mid-STS.
This probably reflects changes in the tissue that occupies the mid-
STS in humans and macaques, perhaps as a consequence of ex-
pansion of auditory association areas associated with language.
We know that there has been major reorganization within the
temporal cortex in humans and macaques (Van Essen and
Dierker, 2007).

The other areas that we focus on in analyzing BOLD coupling
patterns are ones that are more diagnostic (Preuss, 1995) of DFC
similarities across species. This is because human—macaque cor-
respondences in these regions themselves are established, and so
it is easier to be sure that comparisons are made between like and
like when DFC coupling is compared in the two species.

0 +20 +40 0 +20 +40 0 +20 +40 0 +20 +40 0 +20 +40 +60

+60 +60 +60
+40 +40
+20 +20
0 0
20 20

y=+64 y=+56 y=+48 y=+40
0 +20 +40 +60 0 +20 +40 +60 0 +20 +40 +60 0 +20 +40 +60

y=+24 y=+8 y=0

Figure18.  Summary of the DFCparcellation, presented in more detail in Figures 3 and 9. We refer to cluster 1as SMA, cluster 2 as pre-SMA, cluster 3 asarea 9, cluster 4 asarea 10, cluster 5 as area
9/46d, cluster 6 as area 9/46v, cluster 7 as area 46, cluster 8 as area 8A, cluster 9 as the rostral PMd, and cluster 10 as area 8B. The probabilistic tractography was run from vertices at the gray
matter/white matter boundary surface. Therefore, for the purpose of this figure, the clusters were dilated (performed using the FSL tool fslmaths) before being transformed (performed using the FSL
tool FLIRT) to the MNI space.
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Figure 19.

area 46, cluster 8 as area 8A, cluster 9 as the rostral PMd, and cluster 10 as area 8B.

It is possible that there are areas unique to humans in anterior
prefrontal cortex outside of the dorsal part that we investigated.
One candidate is just ventral and anterior to area 46/cluster 7
(Fig. 16) where activity associated with counterfactual response
and prediction errors has been reported (Boorman et al., 2011).

There was also a clear boundary between area 46/cluster 7 and
clusters 5 and 6 in the more posterior dorsolateral middle frontal
gyrus. Clusters 5 and 6 resembled macaque areas 9/46d and 9/46v
rather than area 46. Unlike human cluster 5 and macaque 9/46d,
human cluster 6 and macaque area 9/46v lacked BOLD coupling
with superior parietal areas PC and medial intraparietal and with
vmPFC. Instead cluster 6 and area 9/46v exhibited more coupling
with IPLa, PMv, and PFvr.

Activity related to monitoring and sequencing of information
in working memory (Petrides, 1995, 2005; Owen et al., 1998;
Amiez and Petrides, 2007), and to monitoring, sequencing, and
hierarchical organization of other cognitive operations (Duncan
and Owen, 2000; Koechlin et al., 2003; Duncan, 2010) has been
reported in clusters 5 and 6 (Fig. 16). Neuronal activity recorded
in posterior parts of dorsolateral prefrontal cortex in macaques
may reflect similar processes (Sigala et al., 2008; Duncan, 2010).

Finally, we note that our approach does not obviate the need
for detailed cytoarchitectonic investigation of DFC and tract trac-
ing studies in animal models. First, it is only such studies that
provide us with direct information about brain anatomy rather
than an indirect MRI-based estimate of anatomy. Nevertheless,
one of the justifications for conducting studies in animal models
is that they provide a guide to the understanding of the human
brain. We test this assumption here and show that indeed it is the
case that key features of human DFC anatomy can be understood
in relation to the macaque model.
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