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The functions of prefrontal cortex (PFC) areas are constrained by their anatomical connections. There is little quantitative information
about human PFC connections, and, instead, our knowledge of primate PFC connections is derived from tracing studies in macaques. The
connections of subcortical areas, in which white matter penetration and hence diffusion anisotropy are greatest, can be studied with
diffusion-weighted imaging (DWI) tractography. We therefore used DWI tractography in four macaque and 10 human hemispheres to
compare the connections of PFC regions with nine subcortical regions, including several fascicles and several subcortical nuclei. A
distinct connection pattern was identified for each PFC and each subcortical region. Because some of the fascicles contained connections
with posterior cortical areas, it was also possible to draw inferences about PFC connection patterns with posterior cortical areas. Notably,
it was possible to identify similar circuits centered on comparable PFC regions in both species; PFC regions probably engage in similar
patterns of regionally specific functional interaction with other brain areas in both species. In the case of one area traditionally assigned
to the human PFC, the pars opercularis, the distribution of connections was not reminiscent of any macaque PFC region but, instead,
resembled the pattern for macaque ventral premotor area. Some limitations to the DWI approach were apparent; the high diffusion
anisotropy in the corpus callosum made it difficult to compare connection probability values in the adjacent cingulate region.
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Introduction
Most knowledge about the anatomical connections of the pri-
mate prefrontal cortex (PFC) is derived from tracer studies in the
macaque. Speculations about human PFC connections are based
on such studies because less is known at first hand about the
human PFC. An understanding of the connections of human
PFC is important because the pattern of connections of a brain
area is a principal determinant of its function (Petrides and Pan-
dya, 2002b). Several distinct anatomical circuits, each with dis-
crete PFC components, have been identified in the macaque, but
it is not clear whether the same PFC circuits are present in the
human. It has been claimed that there is a disproportionate in-
crease in white matter volume in the human brain (Schoen-
emann et al., 2005), and so it is possible that the divisions of the

human PFC possess connection patterns distinct from those in
the macaque.

Several proposals have been made regarding correspondences
between areas of macaque and human PFC on the basis of cyto-
architectural similarities (Chiavaras and Petrides, 2000; Petrides
and Pandya, 2002a; Ongur et al., 2003). It is also desirable to
know whether human and macaque PFC areas have similar con-
nectivity patterns in accordance with such proposals, which
would strengthen the case for treating such areas as similar.

In the present study, we used diffusion-weighted imaging
(DWI) and probabilistic tractography to examine patterns of
connectivity in the human brain. DWI provides information on
the orientation of brain fiber pathways (Basser and Jones, 2002;
Beaulieu, 2002). The data are then analyzed with probabilistic
tractography techniques that generate estimates of the likelihood
of a pathway existing between two brain areas (Behrens et al.,
2003b; Hagmann et al., 2003; Parker and Alexander, 2003; Tour-
nier et al., 2003).

The connectivity profiles of PFC regions were characterized in
terms of their probabilities of connection to subcortical areas,
including dorsal and ventral striatum, amygdala, and subcortical
fascicles connecting PFC to regionally specific posterior areas in
temporal and parietal cortex. DWI tractography has previously
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proved robust in investigations of subcortical areas in which
white matter penetration is greatest (Behrens et al., 2003b;
Johansen-Berg et al., 2005).

The main aim of the study was to compare the connections of
human PFC identified by DWI tractography with published re-
ports of macaque PFC connections. Human PFC areas possessed
distinctive connection patterns with subcortical and cortical re-
gions, and the patterns resembled those seen in the macaque. PFC
regions form similar circuits and probably participate in similar
regionally specific functional interactions in both species. One
area traditionally assigned to human PFC, the pars opercularis
(POp), was notable. Its connection probabilities suggested that it
resembled macaque premotor rather than macaque prefrontal
regions.

In a second experiment, we performed DWI tractography in
the macaque. The connectivity patterns for macaque and human
were similar, and, despite the lower resolution in the macaque
brain scans relative to size, the trends in connectivity were essen-
tially comparable; many of the connections previously found in
tracer studies were identified.

Materials and Methods
Data acquisition
We acquired diffusion-weighted data from 10 left hemispheres from
healthy human subjects (six male, four female; aged 24 –35 years). Hu-
man data were acquired on a 1.5 Tesla Siemens (Erlangen, Germany)
Sonata magnetic resonance (MR) scanner with a maximum gradient
strength of 40 mT/m. All subjects gave informed written consent in ac-
cordance with ethical approval from the Oxford Research Ethics
Committee.

We acquired diffusion-weighted data using echo planar imaging (EPI)
[72 � 2 mm thick axial slices; matrix size, 128 � 104; field of view (FOV),
256 � 208 mm 2, giving a voxel size of 2 � 2 � 2 mm]. The diffusion
weighting was isotropically distributed along 60 directions with a b value
of 1000 s/mm 2. Our 60 diffusion directions were optimized using an
electrostatic repulsion model described by Jones et al. (1999). For each set
of diffusion-weighted data, we acquired five volumes with no diffusion-
weighting at points throughout the sequence. We acquired three sets of

diffusion-weighted data in total, for subse-
quent averaging. The total scan time for the
DWI protocol was 45 min.

For each subject, we acquired a T1-weighted
anatomical image for each subject using a fast,
low-angle shot sequence [repetition time (TR),
12 ms; echo time (TE), 5.65 ms; flip angle, 19°,
with elliptical sampling of k-space, giving a
voxel size of 1 � 1 � 1 mm in 5:05 min].

We acquired diffusion-weighted data from
four hemispheres from two adult male ma-
caque monkey brains (Macaca fascicularis). All
procedures were approved by the Princeton
University Animal Care and Use Committee
and conformed to National Institutes of Health
guidelines for the humane care and use of lab-
oratory animals. We performed all surgical
procedures for the monkeys under strictly
aseptic conditions and under general anesthe-
sia with isoflurane (induction, 2– 4%; mainte-
nance, 0.5–2%) after preanesthetic medication
with atropine (0.08 mg/kg, i.m.), ketamine (2–10
mg/kg, i.m.), and acepromazine (1 mg/kg). The
animals had a plastic head bolt for restraining the
head, which we implanted to extend vertically
from the rostral cranium using ceramic screws
and dental acrylic (Pinsk et al., 2005). We treated
the animals postsurgically with antibiotics (e.g.,
Baytril, 2.5 mg/kg, i.m.) and analgesics (e.g.,
Buprenorphine, 0.01 mg/kg, i.m.), cleaning

wound margins of skin surrounding the implant regularly.
During the imaging sessions, we placed the monkeys in the “sphinx”

position in an MR-compatible primate chair (Pinsk et al., 2003). We
attached a polyetherimide head post to the implanted head bolt of each
monkey and secured it to the primate chair to achieve rigid head fixation.
We anesthetized the animals with Telazol (tiletamine/zolazepam, 10 mg/
kg, i.m.) during scanning.

We acquired images with a 3 Tesla head-dedicated horizontal-bore
MR scanner (Magnetom Allegra; Siemens), with a 12 cm surface coil
(model NMSC-023; Nova Medical, Wakefield, MA) for radio frequency
transmission and reception. We secured the coil to the head restraint
system of the MR-compatible primate chair with two plastic C-clamps
above the animal’s head.

We acquired a high-resolution (1.0 � 0.5 � 0.5 mm) three-
dimensional magnetization-prepared rapid-acquisition gradient echo
structural scan for each animal (FOV, 128 � 128 mm; 256 � 256 matrix;
1.0 mm slice thickness). Diffusion-weighted images were collected using
a double spin-echo EPI readout pulse sequence. For each average, we
collected images with 1.0 � 1.0 � 1.0 mm resolution using 60 different
isotropic diffusion directions (45 slices without any gap; FOV, 128 � 96
mm; 128 � 96 matrix; 1.0 mm slice thickness; TR, 10,000 ms; TE, 145 ms;
interleaved acquisition; two b values of 0 and 1000 s/mm 2; 1056 Hz/pixel
bandwidth). We collected five averages of the data, reversed the phase
encode direction, and collected an additional five averages. This allowed
us to correct for the susceptibility distortions in the 3 Tesla data (see
below, Diffusion-weighted image analysis).

Diffusion-weighted image analysis
Images acquired from macaque monkey at 3 Tesla field strength suffered
more from susceptibility-related distortions than images from human
cases that were acquired at 1.5 Tesla field strength. To correct for this
difference, we submitted the macaque data to a previously described
susceptibility distortion correction method (Munger et al., 2000; Anders-
son et al., 2004) that relies on the acquisition of two separate datasets with
phase encode directions of opposite polarity (see above, Data acquisi-
tion). The comparable lack of distortion in the orbitofrontal cortex re-
gion is shown for both the human and the macaque in Figure 1, which
also shows that similar tracts can be discerned in both species despite the
differing acquisition procedures.

Figure 1. a, Trace images overlaid onto structural space illustrating the diffusion fractional anisotropy adjacent to the orbito-
frontal cortex. Regions in which diffusion is greatest in the anteroposterior direction are shown in green, those in the dorsoventral
axis are shown in blue, and left–right diffusion is shown in red. There is no discernable distortion in either the macaque or the
human brain. b, Example tract for each brain showing that similar tracts can be traced in both the human and macaque brain. The
medial aspect of the corticospinal tract can be seen in both species.
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We corrected the human diffusion data for eddy currents and head
motion using affine registration to a reference volume (Jenkinson and
Smith, 2001). The data from the three acquisitions were subsequently
averaged to improve the signal-to-noise ratio.

We performed tissue-type segmentation, skull stripping, and registra-
tion on the scans, using tools from the Oxford Centre for Functional
Magnetic Resonance Imaging of the Brain’s (FMRIB) Software Library
(www.fmrib.ox.ac.uk/�fsl). We performed probabilistic tissue-type seg-
mentation and partial volume estimation on the T1-weighted image
(Zhang et al., 2001). We thresholded the results to include only voxels
estimated at �35% gray matter and used this to mask the cortical re-
gions. We skull stripped the diffusion-weighted and T1-weighted images
(Smith, 2002) and performed affine coregistration (Jenkinson and
Smith, 2001) between the first nondiffusion-weighted volume and the
T1-weighted image to derive the transformation matrix between the two
spaces. We then calculated probability distributions of fiber direction at
each voxel using previously described methods (Behrens et al., 2003a).

We defined nine regions for analysis (seed areas) in each subject’s left
hemisphere according to anatomical criteria described below. In addi-
tion, we defined eight areas within the PFC (target areas). We trans-
formed the masks into the space of each subject’s diffusion data using
FLIRT (FMRIB’s Linear Image Registration Tool) (Jenkinson and Smith,
2001) when necessary.

For each subject, we ran probabilistic tractography from all voxels in
each seed mask (Behrens et al., 2003a,b). From each voxel in the mask,
samples were drawn from the connectivity distribution, maintaining
knowledge of location in structural and DWI spaces, and we recorded the
proportion of these samples that passed through each of the cortical
target masks as the probability of connection to that zone. We thresh-
olded the results so that only those seed voxels from which 5% of samples
passed through any prefrontal target mask were included in the result.

After thresholding, for each cortical target area, we recorded the num-
ber of projections to a prefrontal target as a proportion of the number
going to all prefrontal target areas. We then took a mean value for all
non-zero voxels in the seed area, giving us the mean proportion of pro-
jections to each target area. Taking the proportion of projections allows
us to compare the projection patterns of different seed regions, regardless
of the overall probability of connections from different areas as assessed
on the basis of diffusion anisotropy. Some seed areas, such as some of the
fascicles, exhibited higher absolute probabilities of projecting to PFC
regions in general than did seed areas in subcortical nuclei such as the
amygdala. The higher absolute number of connections in the former case
may be a simple consequence of the higher diffusion anisotropy in the
white matter compared with the subcortical nuclei.

We visually inspected all generated pathways before intersubject aver-
aging of data. At this stage, we were able to check the anatomical plausi-
bility of the routes of connectivity distributions. In cases in which two
cortical regions or two major white matter fascicles were in close contact,
we occasionally saw a pathway joining the two areas, although such con-
nections are not anatomically plausible. In these cases, we placed exclu-
sion masks between the areas, for example between the frontal and tem-
poral lobes, and reran the analysis. In one case, we excluded the data from
one subject who repeatedly showed such an artifact between two fasci-
cles, in which it was not possible to use an exclusion mask.

To determine whether cortical areas possessed characteristic patterns
of connection probability from the subcortical areas considered, we per-
formed repeated-measures ANOVAs on the data, with factors for seed
area and target area. Huyhn-Feldt adjustment was applied when
necessary.

Definition of seed areas
We investigated the comparative probability of connections between re-
gions within PFC and a broad range of other brain areas (seed areas) in
the human and macaque. By choosing appropriate seed regions, we hy-
pothesized that we would be able to use these patterns of connectivity to
dissociate PFC regions from one another in each species and to compare
PFC regions between species. To achieve this connectivity-based disso-
ciation of PFC target regions, we chose seed areas that have been shown
to have regionally specific connections within macaque PFC and that

connect to PFC via distinct white matter fascicles. For example, we in-
vestigated PFC connections with temporal lobe cortical areas and PFC
connections with the amygdala because the two adjacent temporal lobe
regions connect preferentially to somewhat distinct groups of PFC re-
gions (Amaral and Insausti, 1990; Webster et al., 1994; Lavenex et al.,
2002; Kondo et al., 2003). While anterior temporal cortical regions
project via the uncinate fascicle (UF), amygdala connections travel via a
distinct route in the extreme capsule (EC) and are unaffected by uncinate
fascicle resection (Amaral and Price, 1984; Ungerleider et al., 1989).

By choosing only subcortical seed areas, we ensured that diffusion
tractography could be run robustly from each seed. A series of recent
studies have shown that it is possible to use DWI tractography to examine
the connections of subcortical white matter tracts and subcortical nuclei
(Stieltjes et al., 2001; Behrens et al., 2003b; Lehericy et al., 2004;
Johansen-Berg et al., 2005). In general, it may be more difficult to trace
connections directly between one cortical seed area and another cortical
region, because the relatively low white matter penetration of cortical
areas and the high fiber complexity or spreading as fibers reach gray
matter can mean that the diffusion anisotropy is too low to initiate reli-
able probabilistic tractography from the cortex. For this reason, we de-
fined some seed areas in subcortical nuclei, and, to study the PFC con-
nections of remote cortical regions, we did not use seed regions placed
directly in the cortex but instead used seed regions in the white matter
fascicles associated with particular cortical regions.

The seed areas were chosen to allow us to consider PFC connections
with (1) posterior temporal cortex via the EC, (2) anterior temporal
cortex via the UF, (3) parietal cortex projections via two divisions of the
superior longitudinal fascicle (SLF), SLFII and SLFIII, (4) amygdala, (5)
hippocampal connections via the fornix, (6) hippocampal and other
medial temporal connections via the cingulum bundle (CB), (7) dorso-
lateral striatum (STRd), and (8) ventromedial striatum (STRv).

All of the subcortical nuclei masks were defined in a very similar man-
ner in both humans and macaques. In all cases, we selected anatomical
points that exist in both species, for consistent definition of the masks.
For the fascicle masks, in addition to a priori information from the ani-
mal literature, we referred to the fractional anisotropy (FA) map for each
individual to identify the likely path and characteristic points of each
fascicle. Nine seed masks were identified in the human hemispheres and
eight in each of the macaque hemispheres.

Lateral seed areas
The five lateral seed areas were all relatively close to one another (Fig. 2)
but were expected to interconnect with distinct PFC areas.

Uncinate fascicle. Gross dissection of the human brain reveals two
major bundles running between the temporal and frontal lobes. Ven-
trally, the hook-like uncinate fascicle curves anteriorly into the anterior
temporal lobe, and, dorsally, it curves into the frontal lobe (Crosby et al.,
1962; Smith, 1971). In the macaque, it is known to carry the connections
of the more anterior temporal lobe and orbital and ventral PFC (Unger-
leider et al., 1989; Petrides and Pandya, 2002a). To examine the connec-
tions of the PFC with the more anterior parts of the temporal lobe, we
examined the connectivity profile of a seed area in the UF (Figs. 2, 3). The
UF was identified, using the FA map, as the point at which the dorsoven-
trally coursing white matter of the frontal lobe joins to the temporal lobe,
as in previous DWI tracking studies (Catani et al., 2002; Mori et al., 2002;
Powell et al., 2004). Each mask was 0.6 – 0.7 cm long in the anteroposte-
rior plane in the humans and 0.3– 0.4 cm in the macaques.

Extreme capsule. The EC is a distinct fiber bundle dorsal to the UF. It
also runs between the temporal and frontal lobes, but its ascent from
more posterior temporal lobe regions is shallower than that of the UF. It
has also been referred to as the inferior frontoccipital fascicle (Catani et
al., 2002; Mori et al., 2002). Because it is not clear that the fiber bundle
connects with the occipital lobe, we follow Petrides and Pandya (2002b)
and refer to it as the EC pathway. In addition to being distinguishable
from the UF, it is also distinct from a separate fiber bundle called the
superior occipitofrontal fascicle that is dorsal to the striatum and that
may interconnect frontal and parietal regions. In the macaque, the EC
interconnects more posterior and superior temporal lobe regions via a
pathway through the external capsule (Goldman-Rakic et al., 1984; Pet-
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rides and Pandya, 1988, 2002b). We defined the EC by using the FA map
to find the anteroposterior fiber bundle, which runs between the superior
temporal lobe and the frontal lobe, lateral to the claustrum (Figs. 2, 3).
The EC was defined at a point between the gray matter and the claustrum,
in which it was distinct from the UF (Petrides and Pandya, 1988; Catani
et al., 2002; Mori et al., 2002; Powell et al., 2004). Each mask was 0.6 – 0.9
cm long in the anteroposterior plane in the humans and 0.3– 0.4 cm in
the macaques.

Superior longitudinal fascicle. The inferior parietal cortex also has ex-
tensive connections with the PFC. The connections are conveyed via
more than one branch of the SLF, which is a very large fiber bundle with
at least three divisions (Petrides and Pandya, 1984, 1988; Makris et al.,

2005). In the human brains, we were able to
reliably and consistently identify two distinct
divisions that are likely to correspond to SLFII
and SLFIII (Petrides and Pandya, 2002b;
Makris et al., 2005). In both cases, we used the
FA map to conservatively identify anteroposte-
riorly projecting fibers dorsolateral to the puta-
men and posterior to the point at which EC
fibers from the temporal lobe arrived in the ex-
treme capsule (Fig. 2). The SLFII mask was
more dorsal and medial than the SLFIII. In the
macaque, the separation between tracts from
the two SLF regions was less clear and reliable
because of the small size of the brain. Therefore,
for the macaques, we defined a single SLF mask
comprising both the SLFII and SLFIII compo-
nents (Fig. 3).

Amygdala. The amygdala is known to have
extensive connections with the PFC especially
with the orbitofrontal cortex (Porrino et al.,
1981; Amaral and Price, 1984). The amygdala
interconnections with the PFC remain even af-
ter the transection of the more lateral pathways
such as the UF that conveys connections from
the temporal lobe cortex (Ungerleider et al.,
1989), and so it is possible to distinguish the
connections of the amygdala with the PFC from
other temporal lobe connections. The amyg-
dala was identified in both coronal and sagittal
section, ensuring that separation was kept from
the hippocampus to avoid confounding results
(Weniger et al., 2004) (Figs. 2, 3).

Medial seed areas
There are several routes by which medial corti-
cal areas, and notably the hippocampus, are
connected with the PFC. We examined two dis-
tinct routes that could be reliably discerned be-
cause of the large and discrete nature of the
tracts. The first route is via the fornix (Cavada
et al., 2000), and the second route is the CB
(Morris et al., 1999).

Fornix. The fornix provides a connection be-
tween the hippocampal formation and orbital
areas (Cavada et al., 2000). It lies close to the
midline and is distinctive in sagittal and coro-
nal sections running between the lateral and
third ventricles (Fig. 2). We defined our mask
in the descending part of the fornix in which it
is distinct from other midline structures such as
the anterior commissure (Figs. 2, 3).

Cingulum bundle. The hippocampus and
other regions on the medial surface also con-
nect to the PFC via the CB (Goldman-Rakic et
al., 1984; Morris et al., 1999). The CB courses
dorsally from the vicinity of the hippocampus
and curves round the most caudal point of the
corpus callosum, then runs anteriorly, above

the corpus callosum toward medial frontal cortex. We identified it using
the FA map at a point above the corpus callosum at which the curvature
of the fascicle was not too severe (Figs. 2, 3).

Striatal seed areas
The striatum was separated into the two major areas (Voorn et al., 2004):
STRd and STRv. In the macaque, these regions are known to have distinct
functions and are known to have different connection patterns with the
PFC (Selemon and Goldman-Rakic, 1985, 1988; Kunishio and Haber,
1994; Eblen and Graybiel, 1995; Haber et al., 1995; Ferry et al., 2000). We
defined the STRv as the area ventromedial to the internal capsule, with its
outer boundary limited by the visible edge of the internal capsule (Fig. 2).

Figure 2. Seed areas were defined according to similar criteria in both species. Examples are shown in the human brain. Lateral
seeds are as follows (blue): amygdala; UF, which connects anterior temporal areas to PFC; EC, which connects posterior temporal
areas with PFC; and divisions of the superior longitudinal fascicle, SLFII and SLFIII, which carry fibers from parietal cortex to PFC.
Medial seeds are as follows (red): CB and fornix, which connect medial temporal lobe structures, including the hippocampal
formation to PFC. Striatal areas are as follows (green): STRd and STRv.

Figure 3. Seed areas were defined according to similar criteria in both species. Examples are shown here in the macaque brain.
Lateral seeds are as follows (blue): amygdala; UF, which connects anterior temporal areas to PFC; EC, which connects posterior and
superior temporal areas with PFC; and divisions of the superior longitudinal fascicle, SLFII and SLFIII, which carry fibers from
parietal cortex to PFC (combined into a single mask). Medial seeds are as follows (red): CB and fornix, which connect medial
temporal lobe structures, including the hippocampal formation to PFC. Striatal areas are as follows (green): STRd and STRv.
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It included much of the region thought to be
the nucleus accumbens in both macaque and
human species (Meredith et al., 1996). The re-
maining area was split in half, and the most
dorsolateral part was defined as the STRd (Fig.
2). Following the procedure used by Lehericy et
al. (2004) in a diffusion imaging study of the
human striatum, the central region between the
STRd and STRv, which is difficult to unambig-
uously attribute to either STRd or STRv, was
not included in the analysis. The same striatal
areas were defined in the macaques (Fig. 3).

Human cortical masks
We defined PFC cortical masks using reliable
anatomical features visible on magnetic reso-
nance imaging (MRI) scans to define regional
boundaries. A number of proposals have been
made regarding the possible correspondences
between areas of the human and macaque fron-
tal lobes (Rajkowska and Goldman-Rakic,
1995; Pandya and Yeterian, 1996; Paus, 1996,
2001; Paus et al., 1996, 2001; Chiavaras and Pet-
rides, 2000; Petrides and Pandya, 2002a; Ongur
et al., 2003). Our anatomical boundaries were
drawn in such a way as to facilitate the compar-
ison of possibly similar areas in the two species.

We defined eight PFC zones on the basis of reliable anatomical land-
marks. Initially, we defined the PFC region as the area anterior to the
superior and inferior precentral sulci on the lateral surface. A vertical
plane 6 mm posterior to the one passing through the anterior commis-
sure ( y � �6 plane) on each brain when transformed into standard
space (Talairach and Tournoux, 1988; Collins et al., 1994) defined the
posterior limit of the region investigated on the medial surface. The
posterior limit of the investigation on the orbital surface was a line drawn
between the posterior extent of the lateral and medial orbital sulci, which
was then extended to meet the posterior boundaries on the lateral and
medial surfaces. The rostral extent was the frontal poles, which were
defined as the point at which the three lateral sulci could no longer be
clearly distinguished. The frontal eye fields were also not considered in
the analysis. A region that included much of the frontal eye field (Paus,
1996), extending 10 mm immediately anterior to the meeting of the
inferior branch of the superior precentral sulcus and the superior frontal
sulcus, was therefore excluded from this area. We defined three large
regions that were subsequently divided into smaller PFC subregions (Fig.
4). The areas were defined according to the following criteria.

Medial PFC
This region included the cingulate gyrus (CG) and both banks of the
cingulate sulcus (CS) (Vogt et al., 2003). In those subjects possessing a
second cingulate sulcus or paracingulate sulcus (common in the left
hemisphere), the lower bank of this sulcus was also included (Vogt et al.,
1995; Paus, 1996; Paus et al., 1996). Subcallosally, the region extended
ventrally to include the cingulate sulcus and, following Ongur et al.
(2003), the subcallosal region in which areas 32 pl and 25 are found. The
region is indicated by the red areas in Figure 4.

The medial prefrontal cortex region was further split into CG and CS
regions (Fig. 4). The CG was defined first and included tissue ventral and
posterior to the lower bank of the CS, including the rostral cingulate
motor zone and the tissue immediately anterior with which it is anatom-
ically interconnected and functionally inter-related (Van Hoesen et al.,
1993; Paus, 2001; Picard and Strick, 2001; Procyk and Joseph, 2001;
Matsumoto et al., 2003; Walton et al., 2004). The remaining tissue in the
medial frontal region was designated as CS. In some subjects, the CS
region therefore just included both banks of the cingulate sulcus, but, in
subjects with a paracingulate sulcus, it extended to include the superior
cingulate gyrus and the lower bank of the paracingulate sulcus.

Lateral and dorsomedial PFC
This region extended from the upper bank of the paracingulate sulcus (or
from dorsal to the cingulate sulcus in those subjects not possessing a
paracingulate sulcus) to the horizontal ramus of the lateral fissure (Fig. 4,
blue).

Two areas were defined within the lateral PFC region: ventrolateral
PFC (PFvl) and a combined dorsolateral and dorsomedial area
(PFdl�dm). PFvl extended from the horizontal ramus of the lateral fis-
sure to the inferior frontal sulcus. PFdl�dm included the middle frontal
gyrus and superior frontal gyrus, extending from the inferior frontal
gyrus to the cingulate or paracingulate sulcus. The frontal eye fields were
not included in this study because it is not clear whether this region
should be considered prefrontal. Von Bonin and Bailey (1947) argued for
it being a transitional area between prefrontal and premotor cortex.
More recently, other anatomists, such as Pandya and Yeterian (1996),
used the term premotor to refer to both area 8 and area 6. Functionally,
there are a number of similarities between areas 6 and 8; lesions in these
areas have quite distinct effects to more anterior dorsolateral prefrontal
lesions, and, in both cases, the lesions particularly disrupt aspects of
response selection (Passingham, 1995; Petrides, 2005). A full detailed
comparison of the various subregions of the premotor and motor corti-
ces is beyond the remit of the current study.

An additional analysis was also performed to compare the most pos-
terior PFvl area with its more anterior parts of PFvl because the initial
results suggested that posterior PFvl had a distinct pattern of connectivity
with several fascicles. The posterior PFvl area was referred to as the pars
opercularis. We used a conservative estimate of the extent of the POp that
was based on the description of area 44 in the POp by Amunts et al.
(1999), who reported that the border between areas 44 and 45 was located
either near the vertical branch of the lateral fissure or the diagonal sulcus,
when present, although there was much intersubject variation in exact
location of the boundary. Moreover, there is variability between individ-
uals in the prominence of the diagonal sulcus. We therefore took the first
sulcus anterior to the inferior precentral sulcus to be the anterior border
of the POp and the inferior precentral sulcus to be the posterior border of
POp. All of the tissue in the POp mask was therefore likely to consist of
tissue that would be described as belonging to area 44.

Orbitofrontal cortex
This region extended from the horizontal ramus of the lateral fissure,
across the orbital surface and onto the medial surface to include the gyrus
ventral to the cingulate sulcus and the subcallosal cingulate areas (Chia-
varas and Petrides, 2000; Ongur et al., 2003). On the medial surface,

Figure 4. Eight areas were defined within the PFC of 10 human left hemispheres: PFd, PFdl�dm, PFvl, PFol, PFoc, PFom, CS,
and CG.
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anterior to the cingulate sulcus, the boundary was from the rostral sulcus
to the horizontal ramus of the lateral fissure. The region is indicated by
the green areas in Figure 4.

Three areas were defined within the orbitofrontal region: medial or-
bital (PFom), central orbital (PFoc) and lateral orbital (PFol). PFom
included the area from the cingulate sulcus/rostral sulcus to the medial
orbital sulcus (thus comprising the gyrus rectus and medial orbital gy-
rus). PFoc was the central orbital gyrus between the medial orbital sulcus
and the lateral orbital sulcus. PFol extended from the lateral orbital sul-
cus to the horizontal ramus of the lateral fissure and included the lateral
orbital gyrus and the pars orbitalis of the inferior frontal gyrus (Chiavaras
and Petrides, 2000).

Macaque cortical masks
As had been the case with the human brains, we selected sulci that were
easily and reliably identified on MRI scans to be the boundaries of the
macaque PFC areas. In addition, we chose boundaries that would facili-
tate comparison with the human data; however, a simple one to one
correspondence between human and macaque PFC areas was not always
possible, particularly in the case of the ventral prefrontal region. In the
macaque, this area of PFC included both ventrolateral and lateral orbital
tissue. In total, eight PFC areas were distinguished in the macaque brains.

The PFC was defined as the area rostral to the arcuate sulcus. As in the
human brains, the frontal eye fields and the frontal poles were not in-
cluded in the analysis. The frontal poles served as the rostral boundary to
the masks, defined as the tissue anterior to the position at which the two
orbital sulci could no longer be clearly defined. We defined the frontal eye
fields as the area within the bounds of, and forward of, the arcuate sulcus,
(not including the principal sulcus itself). Three large PFC masks were
first defined and then subdivided into smaller areas (Fig. 5).

Medial PFC
This region extended from the rostral sulcus to the dorsal bank of the
cingulate sulcus on the medial surface. This was then divided into a CS
region that included both banks of the cingulate sulcus and a CG region
that included the more ventral tissue between the cingulate sulcus and
the corpus callosum.

Orbitofrontal cortex
This region included the tissue between the rostral sulcus and the lateral
orbital sulcus. This was then divided into two areas: PFom and PFoc.
PFom extended from the rostral sulcus to the medial orbital sulcus, com-

prising the gyrus rectus and medial orbital gy-
rus. PFoc was the gray matter between the me-
dial orbital sulcus to the lateral orbital sulcus.

Lateral and dorsomedial PFC
This region included the remaining tissue ex-
tending from the cingulate sulcus to the lateral
orbital sulcus. This was then further subdivided
into two areas. First, a combined ventrolateral
PFC and lateral orbital area (PFol�vl) area in-
cluded the inferior convexity of the ventrolat-
eral prefrontal cortex and extended around to
include the tissue lateral to the lateral orbital
sulcus. The dorsal boundary of the PFol�vl
was on the convexity directly ventral to the sul-
cus principalis. The second area included all of
the tissue of the dorsal convexity and was des-
ignated dorsolateral and dorsomedial PFC
(PFdl�dm), beginning just below the principal
suclus and extending to just dorsal of the cin-
gulate sulcus on the medial surface.

We defined one additional area in the ma-
caque because our preliminary analyses
showed that its connections were similar to
those of the posterior part of the human ven-
trolateral area POp area. We defined a ventral
premotor cortex (PMv) region, which included
the area anterior to the central sulcus, posterior

to the arcuate sulcus, and below the spur of the arcuate sulcus (Rizzolatti
et al., 2002).

Results
Human PFC connections with lateral seed areas
Example tracts and connection distributions for each lateral seed
area (UF, EC, SLFII, SLFIII, and amygdala) are summarized in
Figure 6. Comparison of all five lateral areas by repeated-
measures ANOVA revealed a significant interaction of the five
seed area and eight target areas (F(8.142, 48.850) � 28.269; p �
0.001), suggesting that the different seed areas had distinct pat-
terns of connection probability with the various PFC regions. The
connection probabilities of each seed region were therefore ex-
amined separately.

The highest probability connections of the human UF were
with the orbitofrontal cortex, and, within this region, the most
prominent connection was with the PFoc (Fig. 6a). Analysis by
repeated-measures ANOVA revealed that the difference between
the probability of connection between UF and each of the PFC
target regions was significant (F(2.844, 22.749) � 31.963; p � 0.001).

The human EC also had connections with orbitofrontal cortex
areas, particularly PFoc and PFol. Within the orbitofrontal cor-
tex, the connections had a more lateral bias, toward area PFol,
than was the case for the UF. The most probable connections,
however, were with the more ventrolateral area PFvl (Fig. 6b).
The differences in the probabilities of the EC connections with
the various PFC areas were significant (F(2.651, 21.209) � 7.762; p �
0.005).

The human SLFII (Fig. 6c) had the highest probability of con-
nection with PFdl�dm and also was connected with high prob-
ability, albeit to a lesser extent, with PFd. Again, there were sig-
nificant differences in the probabilities of seed area connections
with each PFC area (F(1.008, 6.050) � 266.343; p � 0.001). The
human SLFIII (Fig. 6d) showed a very high probability of con-
nection with the PFvl (F(1.176, 9.412) � 272.426; p � 0.001).

The final lateral area, the amygdala, had its highest probability
PFC connectivity with the orbitofrontal cortex. The connection pat-
tern within the orbitofrontal cortex, however, was quite distinct

Figure 5. Eight areas were defined within the macaque PFC: PFd, PFdl�dm, PFol�vl, PFoc, PFom, CS, CG. We also examined
the connections of the PMv.
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from that seen for either the UF or the EC
because it was biased to the more medial
area, PFom, in addition to PFoc (Fig. 6e). As
with the other seed areas, there were signifi-
cant differences in the probability of seed ar-
eas connections with each PFC area (F(4.781,

43.033) � 7.382; p � 0.001).

Human lateral connections within
the PFvl
For both the SLFIII and EC, the highest
probabilities of connections were with the
PFvl. To more clearly define the connec-
tions of the posterior and superior tempo-
ral lobe and the parietal lobe with the PFC,
it was of interest to determine whether
these two regions terminated in the same
part of the PFvl. To do this, we examined
the peak projection point of both the
SLFIII and the EC fascicles in the PFvl
mask of each human subject. To normal-
ize the results, we transformed the result-
ing coordinates into Talairach space using
a registration matrix for each subject ob-
tained by performing registration between
each subject’s T1-weighted scan and a
standardized template (Passingham et al.,
2002). The resulting coordinates were
plotted (Fig. 7a) and analyzed statistically.
A repeated-measures ANOVA with fasci-
cle (two levels) and coordinate of peak
tract position [three levels: mediolateral
(X), anteroposterior (Y), and dorsoven-
tral (Z)] revealed that the distributions
were separate in the dorsoventral, antero-
posterior, and mediolateral axes. There
was a significant interaction between fas-
cicle and coordinate position (F(2,16) �
28.14; p � 0.001), and paired-samples t
tests confirmed the differences along each
axis ( p � 0.05). As can be seen in Figure
7a, the SLFIII terminates in a more poste-
rior, dorsal, and lateral part of the PFvl
than does the EC.

To further analyze the connections of
PFvl in the human brain, we also com-
pared the connections of the posterior
part of the PFvl region, POp, and the rest
of the PFvl anterior to this region. There
was a two-way interaction between the
tract origin and PFC area, indicating that
POp had a distinct pattern of connectivity
from anterior PFvl (Fig. 7b). A relatively
high proportion of pathways seeded in
SLFIII terminated in POp compared with
those from EC and SLFII. In contrast, the
highest proportion of pathways terminat-
ing in anterior PFvl were seeded in EC as
opposed to the other two areas. There was
a low probability of SLFII connections to
either POp or anterior PFvl; the SLFII
connections tended to terminate in more
dorsal PFdl�dm areas (Fig. 6).

Figure 6. Quantitative results of probabilistic tractography from lateral seed masks in the human brain, and examples of a
corresponding tract for each, run from a single seed point. a, The majority of connections from anterior temporal lobe via the UF are
to orbital PFC, with a greater bias to central orbital areas. b, Connections from posterior and superior temporal lobe areas via the
EC are mainly to the central/lateral orbital and ventrolateral PFC areas, whereas connections via the SLF, connecting with parietal
areas, are most likely to be with the PFvl (for SLFII) and PFdl�dm (in the case of SLFIII), with very low probabilities to orbital areas
(c, d). e, The amygdala connections are most likely to be with PFom.
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Human PFC connections with medial
seed areas
The connections of two medial seed areas,
the fornix and the CB, with the eight PFC
regions were compared (Fig. 8a). The sig-
nificant interaction between seed area and
target mask (F(2.388, 16.714) � 11.426; p �
0.001) demonstrated that the two medial
seed regions possessed distinct patterns of
connections with the PFC.

Subsequent one-way ANOVAs dem-
onstrated significant differences in the
probability of connections between the
fornix and the various PFC areas (F(2.431,

21.879) � 46.606; p � 0.001). The human
fornix had its greatest probability of con-
nection with the PFom. A one-way
ANOVA also demonstrated significant
variation in the probability of PFC con-
nections with the CB. The highest connec-
tion probabilities for CB were with dorso-
medial areas as opposed to ventromedial
orbital areas, as was the case with the for-
nix. The highest probability of connection
for CB was with the CS and to a lesser
extent with CG (F(1.744, 12.205) � 5.548; p �
0.05). Connections with the PFdl�dm
were also apparent.

Human PFC connections with striatal
seed areas
Comparison of the PFC connections of
the STRd and STRv seed areas (Fig. 8b)
revealed a significant interaction between
the connections of these two seed areas
with the eight PFC areas in human sub-
jects (F(4.338, 18.364) � 18.726; p � 0.001).
Analysis of the human STRd results indi-
cated significant variation in the probabil-
ity of its connections with the PFC; con-
nections were most probable with the
dorsal and lateral areas such as PFvl and
PFdl�dm, and the highest probability
connection was with the PFdl�dm
(F

(2.882, 23.054)
� 8.929; p � 0.001).

The STRv had a much higher probabil-
ity of connection with medial and orbital
regions such as CS, CG, and most particu-
larly PFom. Again, the variation in con-
nection probabilities across the PFC areas
was significant (F(3.500, 28.002) � 30.032;
p � 0.001).

Macaque PFC connections with lateral
seed areas
As was the case for the human PFC, there
were significant differences in which ma-
caque PFC areas showed the highest prob-
ability of connection to the lateral seed areas,
with a significant interaction between the
lateral seed area and PFC target area (F(18.000,

54.000) � 6.736; p � 0.001). The results are
summarized in Figure 9.

Figure 8. Quantitative results of probabilistic tractography from medial seed masks (a) and striatal seed masks (b) in the
human brain. a, The majority of connections of the CB are with CS and CG. The fornix has a high proportion of projections to PFom.
Example tracts are shown for a single human subject. b, STRd has relatively high connections in the PFd, PFdl�dm, and PFvl. The
STRv has a stronger proportion of connections with PFom and also CG.

Figure 7. PFvl connections in the human in more detail. a, Termination point of tracts seeded in EC and SLFIII in the PFvl in
Talairach space in an axial slice and a sagittal slice. Boxes represent SEM for each dataset. Connections from the SLF target a
significantly more posterior, dorsal, and lateral part of PFvl than connections from the EC. b, Proportion of projections from EC,
SLFIII, and SLFII to human POp and the more anterior remainder of PFvl.
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In the macaque, there was significant variation in the connec-
tion probability of the UF with the various PFC areas (F(3.574,

10.722) � 3.807; p � 0.005). The most probable UF connection was
with PFoc and PFol�vl (Fig. 9a). The UF connection pattern
with the PFC is similar in macaque and human species. The
between-species comparison is hampered by the difficulty of de-
fining corresponding areas in the macaque and human brain; for
example, the macaque PFol�vl area may resemble both the PFvl
and PFol areas of the human brain. There was nevertheless a
suggestion that, as in the human brain, the UF connections are
biased toward more medial areas of the orbital cortex.

There was significant variation in the probability of the con-
nections that the EC seed area made with the various PFC regions
(F(6.000, 18.000) � 1.982; NS). The foremost connection was with
the PFvl, as was the case in the human brains (Fig. 9b). For both
the UF and the EC, there was a suggestion that the human EC
connections were more biased toward the medial and orbital
surface than was the case in the macaque.

In the macaque brain, we were unable to reliably distinguish
between the projections of the SLFII and SLFIII; the two parts of
the SLF fascicle were therefore considered together. The SLF con-
nections with the PFC regions varied significantly (F(1.037, 3.110) �
15.168; p � 0.05) and were most prominent with the PFol�vl,
and PMv (Fig. 9c). We noted however that there was also a large
projection to the dorsal PFC region, but it was with a region just
posterior to the PFdl�dm mask that we had drawn. Thus, in both
species, the SLF also projects to the PFdl�dm region, but many of
the projections that were traceable with DWI tractography ar-
rived near the posterior boundary of PFdl�dm and close to the
FEF region. If this boundary had been drawn slightly more pos-
teriorly in the macaques, then there would have been a clearer
quantitative correspondence between the SLF projections to the
PFdl�dm in the two species.

As was the case in the human brain, the probability of amyg-
dala connections with various PFC areas varied significantly

(F(6.000, 18.000) � 3.406; p � 0.05). In the macaque, the main and
most consistent connection was with the medial orbital PFom
region (Fig. 9d), as was the case in the human subjects. In the
macaque, however, connections with the more medial cingulate
areas, CG and CS, also had high probability.

Macaque PFC connections with medial seed areas
The macaque PFC connections with the medial areas, fornix and
CB, were similar in pattern to that observed in the human brain
(compare Figs. 8a, 10a). Tracts seeded in the macaque fornix
terminated mainly in the orbitofrontal cortex, CS and CG, with
the highest probability of connection being with the PFom, as in
the human. The majority of seeds from the macaque CB termi-
nated in the CS and the CG to a lesser extent, again the same trend
as in the human subjects. However, problems with the registra-
tion of one macaque brain to DWI space, and the added compli-
cation that the structural scan did not include all of the gray
matter in the region of the fornix, made it necessary to discard the
medial results for one animal, and the low sample size was not
amenable to statistical analysis across the full set of eight PFC
areas.

Macaque PFC connections with striatal seed areas
There were significant differences in the connections of the two
striatal areas, STRv and STRd, with the different PFC regions
(F

(6.000, 18.000)
� 6.293; p � 0.005). When STRd was considered in iso-

lation, there was significant variation (F(2.616, 7.849) �4.262; p�0.05)
in the probabilities of its connections with each PFC region (Fig.
10a). Like the human equivalent, there was a high probability of
connection with PFdl�dm. There was also a high probability of
connection to CG and CS, which was not seen in the human brains.

The connection probabilities of the macaque STRv to the PFC
regions varied significantly (F(2.601, 7.804) � 9.572; p � 0.05). The

Figure 9. Quantitative results of probabilistic tractography from lateral seed masks in the
macaque brain. a, The majority of connections from anterior temporal lobe via the UF are to
orbital PFC. b, Connections from posterior temporal lobe areas via the EC are mainly to the
lateral orbital and ventrolateral PFC areas. c, Connections via the SLF, connecting with parietal
areas, are most likely to be with the PFvl and PMv. d, The amygdala connections are most likely
to be with medial PFC areas.

Figure 10. Quantitative results of probabilistic tractography from medial seed masks (a)
and striatal seed masks (b) in the macaque brain. a, The majority of connections of the CB are
with CS and CG, as in the human brains. The fornix has a high probability of connection with
PFom, also similar to the human. b, There is a relatively high probability connection between
STRd and the PFdl�dm, as in the human, although this result is not so clear in the macaque
brain, and high probability of cingulate projections is also indicated. The STRv has a higher
probability of connections with PFom and also CG, and, again, this is clear in both species.
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results are summarized in Figure 10b. As was the case in the
human brains, the most probable connections were with the me-
dial orbital region PFom, and the connections with the cingulate
areas CG and CS were also strong.

Discussion
In the human, each subcortical region had a distinct pattern of
connectivity with PFC areas, and each PFC area had a character-
istic pattern of connectivity with subcortical areas and, by impli-
cation, with posterior cortical areas (Figs. 6 –9). Although there
may be a relative increase in white matter volume in human PFC
(Schoenemann et al., 2005), patterns of human PFC connectivity
resembled those found in macaque, in both the present DWI
study and previous tracer studies. In the case of one human re-
gion, the POp, the connection pattern, however, was reminiscent
of macaque PMv rather than PFC.

A meta-analysis of tracer investigations showed that, although
macaque PFC areas share some connections, each has a unique
connectivity profile or “fingerprint” (Passingham et al., 2002).
The connectivity of each area determines its functional role in a
network (Stephan et al., 2000; Kotter et al., 2001), and our results
suggest that this is also true for human PFC.

Temporal-frontal connections are organized in a similar way
in both species. The most probable connections of human UF
were with areas PFoc and PFol, whereas the EC had a more lateral
range centered on PFol and PFvl (Fig. 6). Although correspon-
dences between PFC boundaries in the two species may not have
been exact, a similar trend was discerned in the macaque; the
most probable UF connections were with PFoc and PFol�vl, and
those of EC were with PFol�vl. Such patterns can be interpreted
as follows. First, more anterior or inferior areas on the one hand
and more posterior or superior temporal lobe areas on the other
hand are, respectively, more likely to be interconnected with the
PFC via the UF and EC (Goldman-Rakic et al., 1984; Petrides and
Pandya, 1988, 2002b; Ungerleider et al., 1989). Second, moving
anterior within the macaque temporal lobe, there is a decreasing
tendency for PFvl connections and an increasing tendency for
connections with more anterior and orbital PFC (Goldman-
Rakic et al., 1984; Petrides and Pandya, 1988; Webster et al., 1994;
Carmichael and Price, 1995; Lavenex et al., 2002; Kondo et al.,
2003) For example, posterior temporal-occipital area TEO con-
nects with PFvl areas 8, 45, and 12, but anterior temporal pole has
strong connections with orbital PFC. Inferotemporal cortex area
TE, with an intermediate temporal lobe position, has connections
with PFvl centered on 12l but which extend into orbital PFC. The
mid-portion of superior temporal auditory association areas are
more likely to project to PFvl via the EC (Petrides and Pandya,
2002b).

Neuroimaging has implicated human PFvl in the selection of
task-relevant information and memory retrieval for guiding de-
cision and action selection (Buckner et al., 1995; Petrides et al.,
1995). Lesion and single-cell data (Lebedev et al., 2004; Rush-
worth et al., 2004) suggest the same is true in the macaque, in
which the UF has been shown to mediate these functions (Gut-
nikov et al., 1997).

The connections of the PFC with parietal cortex were assessed
by analyzing two branches of the SLF. The human dorsomedial
SLF (SLFII) was highly likely connected to PFdl�dm, and these
connections resemble the connections of parietal regions with
dorsolateral prefrontal cortex in the macaque SLFII pathway
(Petrides and Pandya, 2002b). The SLFII may, in both species,
mediate similar interactions between posterior parietal cortex

and PFdl�dm that occur with increasing working memory de-
mands (Chafee and Goldman-Rakic, 2000; Sakai et al., 2002).

In the human brain, the other division of the SLF, SLFIII, was
prominently linked with PFvl. In the macaque, SLFIII had some
connections with PFvl�ol, but its strongest connections are with
premotor area PMv posterior to the PFC proper as reported pre-
viously (Petrides and Pandya, 1984). It contains fibers that con-
nect PMv with anterior parietal regions (Matelli et al., 1986; Ca-
vada and Goldman-Rakic, 1989). The results suggest that a
human region considered part of PFC has connections like ma-
caque PMv or adjacent area 44.

To better identify which part of human PFvl had this unusual
connectivity, we first compared the terminations of EC and SLF
(Fig. 7a). Within PFvl, the SLFIII connection was more posterior,
superior, and lateral than the EC connection. We then compared
the POp subregion of PFvl (Amunts et al., 1999) with the remain-
ing anterior PFvl. Most SLFIII connections were with POp, and
most EC connections were with more anterior PFvl (Fig. 7b). In
summary, the connections of human POp are reminiscent of
macaque PMv and area 44. This is consistent with cytoarchitec-
tonic and neuroimaging evidence for homology and functional
similarities (Pandya and Yeterian, 1996; Iacoboni et al., 1999;
Petrides and Pandya, 2002a; Rizzolatti et al., 2002; Binkofski and
Buccino, 2004).

In both species, we found that the connections of the amyg-
dala with the PFC had a greater medial bias toward the PFom
than the connections of the EC and UF (Figs. 6e, 9d). Strong
interconnections have been reported between medial orbitofron-
tal cortex and amygdala in macaque (Porrino et al., 1981; Car-
michael and Price, 1995). The macaque orbitofrontal cortex and
amygdala interact in reward-guided behavior and emotion (Bax-
ter et al., 2000; Bechara et al., 2003; Holland and Gallagher, 2004;
Izquierdo and Murray, 2004). Our results suggest that similar
connections mediate the interaction of human amygdala and or-
bitofrontal cortex during reward-guided learning (Gottfried et
al., 2003). There was also a high probability of connection be-
tween STRv and the same orbitofrontal regions. Again, this was
consistent with tracer studies (Haber et al., 1995). The human
amygdala, orbitofrontal cortex, and STRv are sometimes coactive
during reinforcement learning (O’Doherty, 2004).

Consistent with previous studies (Kunishio and Haber, 1994),
we found strong connection probabilities between macaque
STRv and cingulate areas. The same trend was present in the
human data, although human connection probabilities with the
cingulate were uniformly lower. STRv and anterior cingulate re-
gions may mediate persistent responding and effort-based cost/
benefit decisions in humans and other mammals (Walton et al.,
2002; Gusnard et al., 2003). Aside from anomalous connections
with cingulate regions (high in macaque and low in humans),
STRd connections were mainly with lateral PFC in both ma-
caques and humans as described previously (Lehericy et al.,
2004).

There was a high probability of fornix connections with PFom
in both species. The distribution of human fornix connections
had an even more medial bias than those of the amygdala. In
macaques, the connections of the hippocampal subiculum,
which are partly carried by the fornix (Cavada et al., 2000), have
such a medial bias (Carmichael and Price, 1995). Transection of
human or macaque fornix results in memory impairment (Gaf-
fan and Gaffan, 1991; Charles et al., 2004), but the extent to which
impairments are attributable to disruption of hippocampus and
PFom interactions has not been tested by a crossed lesion. There

Croxson et al. • Prefrontal Connections in Human and Macaque J. Neurosci., September 28, 2005 • 25(39):8854 – 8866 • 8863



is human neuroimaging evidence for the two regions coactivating
during memory encoding (Frey and Petrides, 2002).

The CB was interconnected with more dorsomedial PFC re-
gions than the fornix in both species. In the macaque, the CB
provides a route between hippocampus and dorsomedial PFC
(Goldman-Rakic et al., 1984; Morris et al., 1999). The functional
contribution of the CB is not established in primates, but CB
damage in the rodent leads to milder memory impairments
(Aggleton et al., 1995). Our results suggest that similar CB-
mediated networks operate in both human and macaques.

There were two discrepancies between the results for the two
species. First, there was a trend for connections to the orbital
regions to be stronger in the human; this may have been attrib-
utable to positioning the head coil at some distance from orbito-
frontal cortex in the macaque. More noticeably, there was a
dearth of cingulate connections in the human and an overabun-
dance in the macaque data. This may be attributable to a slight
repositioning of the anterior cingulate cortex in humans, which
may be more anterior and ventral relative to the genu of the
corpus callosum than the macaque anterior cingulate cortex. Al-
ternatively, it may be a consequence of the distorting influence of
the high FA of the corpus callosum, which can decrease the prob-
ability of tracts connecting to the adjacent cingulate cortex in
human subjects. Although absolute voxel sizes were smaller in the
macaque, voxels were larger relative to brain size and thus more
prone to partial volume effects (Parker et al., 2002). Voxels on the
edges of cingulate gray matter might also contain callosal white
matter leading to possible overestimation of macaque cingulate
cortex connections. Such problems may be reduced by higher
spatial resolution data and modeling of complex fiber architec-
ture (Parker and Alexander, 2003; Tuch et al., 2003), but even
still, diffusion tractography is unlikely to reveal connection direc-
tionality or the spatial detail obtained in tracer studies. Further-
more, the true relationship between diffusion characteristics and
features of fiber pathways, such as packing density or myelina-
tion, remains incompletely understood (Beaulieu, 2002).

The results nevertheless demonstrate similar PFC circuits in-
teracting via regionally specific connections with subcortical and
cortical areas in both human and macaques and aid efforts to
establish anatomical correspondences between species. The study
also helps validate diffusion tractography approaches and con-
firms the utility of anatomical studies in nonhuman primates for
understanding human brain function.
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