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The most rostral portion of the human temporal cortex, the temporal
pole (TP), has been described as “enigmatic” because its functional
neuroanatomy remains unclear. Comparative anatomy studies are
only partially helpful, because the human TP is larger and cytoarchi-
tectonically more complex than in nonhuman primates. Considered
by Brodmann as a single area (BA 38), the human TP has been re-
cently parceled into an array of cytoarchitectonic subfields. In order
to clarify the functional connectivity of subregions of the TP, we
undertook a study of 172 healthy adults using resting-state func-
tional connectivity MRI. Remarkably, a hierarchical cluster analysis
performed to group the seeds into distinct subsystems according to
their large-scale functional connectivity grouped 87.5% of the seeds
according to the recently described cytoarchitectonic subregions of
the TP. Based on large-scale functional connectivity, there appear to
be 4 major subregions of the TP: 1) dorsal, with predominant connec-
tivity to auditory/somatosensory and language networks; 2) ventro-
medial, predominantly connected to visual networks; 3) medial,
connected to paralimbic structures; and 4) anterolateral, connected
to the default-semantic network. The functional connectivity of the
human TP, far more complex than its known anatomic connectivity in
monkey, is concordant with its hypothesized role as a cortical con-
vergence zone.

Keywords: anterior temporal lobe, brain anatomy, cytoarchitecture,
language, resting-state fMRI

Introduction

Since Arnold Pick’s pioneering clinicopathologic studies of
patients with progressive aphasia and behavioral symptoms
(Pick 1905) and Klüver and Bucy’s ablation experiments in
monkeys (Klüver and Bucy 1939), the temporal pole (TP) has
been known to play an important role in language, visual cog-
nition, and socioaffective behavior. In addition to frontotem-
poral dementia, as Pick’s disease is now called, the TP is
affected in Alzheimer’s disease (AD), traumatic brain injury,
herpes encephalitis, and temporal lobe epilepsy (Kapur et al.
1994; Thompson et al. 2003; Chabardes et al. 2005; Bigler
2007; Dickerson et al. 2009, 2011). The TP is not commonly le-
sioned in patients with strokes, and when it is, a large portion
of the left hemisphere is usually involved as well, thus con-
founding the correlation of the anatomy with behavior (Phan
et al. 2009). Contemporary investigations of patients with TP

lesions as a result of one of these disorders have highlighted its
importance in semantic and lexical skills (Damasio et al. 1996;
Mummery et al. 2000; Patterson 2007; Wilson et al. 2010), face
recognition (Damasio et al. 1990; Evans et al. 1995), other
high-level visual and auditory processing as well as semantic
memory (Horel et al. 1975; Fukatsu et al. 1999; Glosser et al.
2003; Lambon Ralph et al. 2011), socioaffective behavior in-
cluding empathy (Damasio et al. 2000; Gorno-Tempini et al.
2004), and the regulation of eating and sexual behavior
(Marlowe et al. 1975; Lilly et al. 1983; Anson and Kuhlman
1993). Despite these compelling clinical observations, the
functional–anatomic organization of the human TP is so
poorly understood that it has been dubbed “the enigmatic TP”
(Olson et al. 2007).

The human TP has recently attracted renewed interest
because functional neuroimaging studies have provided a
more refined understanding of its role in many complex beha-
viors. The TP is involved in semantic (Binder et al. 1999; Sharp
et al. 2004; Visser and Lambon Ralph 2011) and conceptual
processing (Baron and Osherson 2011), the analysis of musical
melody (Griffiths et al. 1998), the identification of speakers by
listening to their voice (Imaizumi et al. 1997), face, and name
association skills (Gorno-Tempini et al. 1998; Tsukiura et al.
2006), and social or theory of mind tasks (Fletcher et al. 1995;
Zahn et al. 2007). Careful examination of these experiments
reveals that these abilities map mainly onto the dorsal aspect
of the TP. In contrast, the ventral aspect of TP seems to play a
role in higher order visual processing (Allison et al. 1999),
such as face familiarity judgments (Nakamura et al. 2000), and
identifying the emotional valence of faces (Blair et al. 1999;
Royet et al. 2000); as well as in integrating visual and auditory
information in semantic tasks (Visser et al. 2012). In addition,
this region is involved in numerous aspects of emotional pro-
cessing, including the subjective perception of affect (Shin
et al. 2000; Mathiak et al. 2011) as well as anxiety and stress
(Kimbrell et al. 1999; Tillfors et al. 2001). In summary, the
ventral TP seems to play a role in integrating visual information
and viscero-autonomic responses, as suggested by its descrip-
tion as a key region of the paralimbic cortex (Mesulam 2000).
The different functions of the dorsal and ventral portions of
the TP indicate that this brain region is likely to contain func-
tional subunits (Skipper et al. 2011).

With respect to its structural anatomy, for many decades, the
TP had been described as a single cortical area, based mostly
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on cyto- and myeloarchitectonic studies. It was initially called
planum polare by Smith (1907), area 38 by Brodmann (1909),
or area TG by von Economo and Koskinas (1925) and von
Economo (1929). Using more sophisticated techniques, includ-
ing immunochemical detection of neurochemical markers,
morphologists have begun to dissect the TP into multiple sub-
regions (Insausti et al. 1998; Blaizot et al. 2010). Ding et al.
(2009) have provided strong cytoarchitectonic evidence that
the human TP contains at least 7 different areas: 1) a dysgranu-
lar area capping the rostral tip of the TP which they name TG)
dorsocaudal to it, on the anterior extent of the superior tem-
poral gyrus, there are areas 2) TAr and 3) TAp; 4) caudolateral
to TG is area TE; on the medial surface are areas 5) anterior
area 36 and 6) anterior area 35, dorsal to which is 7) area TI. As
with all other paralimbic–isocortical zones, the transition
between these areas is gradual. Besides capturing many dis-
tinct cellular and molecular structural features within the TP,
Ding et al. postulate that this more nuanced anatomical de-
scription may better explain the diverse functions of the
human TP.

To clarify these functions, an understanding of the connec-
tivity of the TP is essential. In this regard, tract-tracing studies of
TP connectivity in the macaque have contributed substantially,
but this species has a comparatively smaller and simpler TP than
that found in humans;, for example, the macaque lacks a middle
temporal gyrus (Nakamura and Kubota 1996; Blaizot et al.
2010). As in humans, 3 general types of cortex are recognized in
the TP of the macaque (Moran et al. 1987; Nakamura and
Kubota 1996; Kondo et al. 2003): agranular, dysgranular, and
granular cortices. Macaque TP subregions have distinct anatom-
ical connections with prefrontal cortex, temporal cortex, amyg-
dala, and insula (Mesulam and Mufson 1982; Mufson and
Mesulam 1982; Markowitsch et al. 1985; Moran et al. 1987;
Kondo et al. 2003, 2005; Hoistad and Barbas 2008). Recently,
diffusion-weighted imaging tractography has shown a connec-
tivity pattern of the human TP that suggests its role as a conver-
gence hub, with important implications in language and
multimodal semantic processing (Binney et al. 2012).

In the present study, we used functional MRI (fMRI) resting-
state functional connectivity (RSFC) analysis to map the topo-
graphy of in vivo large-scale functional–anatomic networks
anchored in the human TP. The goal of the present study was
to use a systems neuroanatomic approach to refine our under-
standing of the organization and likely functions of specific
regions within the human TP. We approached this question
by performing a comprehensive mapping of the functional
connectivity of the human TP and identifying clusters of
TP regions with similar or distinct large-scale cortical and
subcortical connectivity patterns. We sought to compare the
connectional topography of human TP subregions with the
anatomical connectivity demonstrated by tract-tracing studies
in the macaque monkey (Moran et al. 1987; Nakamura and
Kubota 1996; Kondo et al. 2003). Furthermore, we hypoth-
esized that the clustering of the large-scale connectivity pat-
terns of seed points within the TP would reflect the recently
described cytoarchitectonic subdivisions of the human TP
(Ding et al. 2009).

Materials and Methods
The present study has 3 components. First, in human healthy volun-
teers, we used resting fMRI to analyze the functional connectivity of

seed regions in the left TP to the entire brain. The seeds were arranged
in a regular geometrical array, without consideration of cytoarchitec-
tonics. Then, we grouped the connectivity patterns obtained from the
different seeds using an unbiased hierarchical cluster analysis; the
location of the groups of seeds with similar connectivity was then com-
pared with the recent cytoarchitectonic parcellation of the TP by Ding
et al. (2009). Finally, we performed a comprehensive review of the
tract-tracing literature describing anatomical connectivity of the TP in
the rhesus macaque.

Participants
Data from 172 healthy adults (98 females; ages 18–35 years, mean age:
22.9 ± 3.4 years) from 3 different samples was first grouped into 2 inde-
pendent datasets, of 89 (Dataset 1) and 83 (Dataset 2) subjects. Once
the reliability analysis was performed, the 2 datasets were pooled into
a single large sample. Demographic data for each sample are listed in
Table 1. All participants had normal or corrected-to-normal vision and
were right-handed, native English speakers. No participant reported a
history of a neurological or psychiatric disorder. Informed consent was
obtained in accordance with guidelines set forth by the institutional
review board of the Massachusetts General Hospital and Partners
Healthcare System Human Research Committee.

fMRI Data Acquisition and Preprocessing Procedures
All participants were scanned at the Athinoula A. Martinos Center for
Biomedical Imaging, Massachusetts General Hospital (Charlestown,
MA), using a 3 Tesla Tim Trio scanner (Siemens Medical Systems,
Erlangen, Germany), equipped with a 32-channel phased-array head
coil. Whole brain resting-state fMRI (rs-fMRI) data were acquired using
a T2*-weighted gradient-echo echo-planar sequence. Structural images
were acquired for registration purposes using a high-resolution
T1-weighted magnetization-prepared gradient-echo sequence. Par-
ameters for the rs-fMRI and structural sequences for the 3 samples are
listed in Supplementary Table 1. During the rs-fMRI runs, acquired for
6 min before task runs, in a standard fashion, participants were in-
structed to keep their eyes open. Cushions and clamps were used to
minimize head movement during scanning, and scanner noise was at-
tenuated with earplugs.

A series of preprocessing steps were used to remove spurious var-
iance and prepare the rs-fMRI data for statistical analysis (Biswal et al.
1995; Vincent et al. 2006; Van Dijk et al. 2010). The first 4 volumes
were removed to allow for T1-equilibration effects. Using SPM2 soft-
ware (Welcome Department of Cognitive Neurology, London, United
Kingdom), data were corrected for differences in acquisition time
between interleaved slices for each whole-brain volume. Head motion
correction was obtained with rigid-body transformation using 3 trans-
lations and 3 rotations within and across runs (FMRIB, Oxford, UK).
Next, affine transforms were generated, which connected the first
volume of the first functional run to the T1-weighted structural images
(FMRIB). Using SPM2, data were then transformed to align with the
Montreal Neurological Institute (MNI) atlas space. Motion correction
and atlas transformations were applied to produce motion-corrected
functional time series volumes with 2 mm cubic voxels. A low-pass
temporal filter was used to remove frequencies above 0.08 Hz. Spatial

Table 1
Demographics of the participants

N Gender (male/female) Age (mean±SD) Age range (years)

Dataset 1
Sample 1 89 44/45 22.2 ± 3.3 18–33

Total 89 44/45 22.2 ± 3.3 18–33
Dataset 2

Sample 2 65 24/41 23.7 ± 3.4 18–35
Sample 3 18 6/12 23.7 ± 2.7 19–31

Total 83 30/53 23.7 ± 3.1 18–35

Dataset 1 includes only sample 1. Dataset 2 includes samples 2 and 3. Bolded are each dataset
characteristics.

Cerebral Cortex March 2015, V 25 N 3 681

http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht260/-/DC1


filtering was obtained with a 6 mm full-width half-maximum Gaussian
filter. Finally, a regression of nuisance covariates and their temporal
derivatives (6 parameters derived from the rigid-body head motion
correction, the signal averaged over the whole brain, the signal aver-
aged over a region within the deep white matter, and the signal aver-
aged from the ventricular CSF) was performed to remove spurious or
regionally nonspecific signal variance.

To estimate the effects of susceptibility artifacts in the present data,
the signal-to-noise (SNR) of the motion-corrected fMRI time series was
computed for each voxel in the subject’s native volumetric space by
averaging the signal intensity across the whole run and dividing it by
the standard deviation over time. The SNR was averaged across runs
within subject when multiple runs were available. The SNR was then
averaged across the 172 subjects. All areas in the TP exceeded the tem-
poral SNR of 40 (Supplementary Fig. 1), which is considered to be the
minimum to reliably detect effects between conditions in fMRI data
(Murphy et al. 2007).

Seed Placement and Exploratory Functional Connectivity
Analysis
Our first goal was to exhaustively explore the topography of functional
connectivity using seeds that would provide an unbiased systematic
sampling of the TP. For this purpose, we used whole-brain seed-based
RSFC analysis in all participants. Forty seed regions of interest (ROIs)
were manually placed encircling the anterior-to-posterior axis of the
TP in standard MNI-152 stereotaxic space. The seed regions were
spheres (2 mm radius) equidistant from each other and located in
coronal planes separated anteroposteriorly 4 mm from each other,
spanning from the tip of the temporal lobe to the limen insulae (fronto-
temporal junction). The seeds covered the entire surface of the TP as
shown in Figure 1. Table 2 lists the coordinates of each seed.

Correlation maps for each seed in the left TP were generated by
computing the Pearson’s product moment correlation “r” between the
mean time course signal from each seed ROI (averaged over all voxels
within each 2-mm-radius sphere) and every voxel in the brain. Positive
correlation maps were then converted to z-maps using Fisher’s r-to-z
transformation. This transformation generates values for each voxel
that are approximately normally distributed across individuals in a
homogenous population. We chose a liberal threshold (z > 0.04) that is
commonly used in functional connectivity studies because it provides
results using seed-region methodology which are similar to the results
obtained using independent component analysis (Van Dijk et al.
2010).

To test the reproducibility of our results across different samples,
we first obtained separate connectivity maps for Dataset 1 (n = 89) and
Dataset 2 (n = 83). We then calculated an η2 coefficient for every seed
pair between the 2 datasets to compute the similarity between the
whole-brain RSFC map generated from a given seed in Dataset 1 with
respect to the map generated from the same seed in Dataset 2. For
more information on η2 in RSFC, see Cohen et al. (2008). After the
reliability of the connectivity maps was demonstrated using the η2 coef-
ficient and by visual inspection, we pooled all the subjects into a
single-large sample (n = 172) to obtain the best estimate of the connec-
tivity maps, which are reported in the Results section.

Cluster Analysis of Connectional Topography from Each
of the 40 Seeds
Based on nonhuman primate tract-tracing data, several authors have
proposed connectionally based subdivisions of the TP (Moran et al.
1987; Kondo et al. 2003). The goal of our cluster analysis was to try to
establish, using an unbiased data-driven approach, the different
large-scale systems anchored by subregions within the human TP.
Clustering algorithms have been applied to RSFC data to try to parcel-
late brain regions, such as Broca’s area (Kelly et al. 2010) and the pre-
cuneus (Margulies et al. 2009), into subregions based on similarities
and differences in functional connectivity patterns with the rest of the
brain.

To determine the various large-scale systems anchored within the
TP, we performed a hierarchical clustering analysis in which subre-
gions were grouped based on similarity of whole-brain functional

connectivity topography. The degree of similarity was calculated using
η2 (as described in Cohen et al. 2008) across the z-transformed group-
level RSFC maps of each seed region. An average-linkage hierarchical
clustering analysis was performed on the pairwise η2 matrix (40 × 40)
using the Statistics Toolbox in MatLab (The Mathworks, Natick, MA,
USA).

Temporal Pole Parcellation
To determine how the different functional subsystems identified using
RSFC clustering analysis might relate to the cytoarchitectonic areas of
the TP defined by Ding et al. (2009), we independently (blind to the
results of the hierarchical clustering analysis) performed a parcellation
of the TP following their cytoarchitectonic map. We manually traced
regions of interest corresponding to cytoarchitectonic areas on the left
TP of the standard MNI-152 T1-weighted nonlinear 6th generation
brain template brain (McConnell Brain Imaging Center, Montreal
Neurological Institute, McGill University, Montreal; voxel size = 2 × 2 ×
2 mm), to which the T1-weighted images had been previously
co-registered. This procedure was performed after the original seeds
had been placed and their connectivity determined, but before the
hierarchical clustering analysis was performed.

The parcellation protocol was developed using the standard
MNI-152 T1-weighted template brain. We carried out the TP parcella-
tion on the 6 successive rostrocaudal coronal sections used to place the
seeds, spanning from the tip of the TP rostrally to the limen insulae
caudally, reaching caudally the level where the temporal lobe merges
with the frontal lobe (Fig. 1). In our protocol, Ding’s area TG occupies
the entire tip of the TP and extends posteriorly until the superior tem-
poral sulcus (STS) appears on a coronal section (Fig. 1C). When the
STS appears, TG recedes and anterior area TA starts. For the purpose
of this study, anterior area TA includes Ding’s areas TAr and TAp. We
made this decision because the cytoarchitectonic structure of both
areas is similar and because TAp is too small to be reliably localized on
MRI. Anterior area TA occupies the superior temporal gyrus and
extends from a lateral boundary in the fundus of the STS to a medial
boundary formed by a previously undescribed semicircular notch on
the dorsomedial surface of the TP (Supplementary Figs 2 and 3). This
notch is perpendicular to the polar sulcus, which is often duplicated
but is single in the standard MNI-152 T1-weighted template brain. This
notch is not yet present in the coronal section with the most rostral
extent of STS and, therefore, here the medial boundary of TA has to be
projected anteriorly from the coronal section immediately caudal to it.
Moving caudally (Fig. 1D), when the occipitotemporal sulcus begins
on coronal sections, areas 36 and TE appear. Area 36 borders ventro-
medially with area TG, the boundary being the inferior polar sulcus, if
it exists, or, if not, a point located about ∼8 mm medial to the single
polar sulcus. Ventrolaterally area 36 borders with area TE and the
boundary is the occipitotemporal sulcus. Area TE merges ventrome-
dially with area 36 and dorsolaterally with anterior area TA. Proceeding
caudally (Fig. 1E), the next section contains the most rostral portion of
the parahippocampal gyrus; anterior area 35 and TI appear, TG disap-
pears and area 36 recedes. Area TI, on the dorsomedial surface,
extends from the edge of the semicircular temporal notch to the medial
bank of the polar sulcus. Anterior area 35 borders dorsally on area TI
and ventrally on area 36. The limit between area 35 and 36 at this level
is determined by projecting rostrally the location of the rhinal sulcus,
which appears in the coronal section immediately caudal to it
(Fig. 1F). In this section, anterior entorhinal cortex (EC) begins and
area 35 occupies the banks of the rhinal sulcus. Ding et al. (2009) de-
scribe anterior EC as one of the areas adjoining the TP, but do not list it
among the TP areas. We describe the RSFC of anterior EC because it is
included in the last coronal slice (see Fig. 1F) where the TP merges
with the limen insulae. Anterior EC borders dorsally on the limen
insulae and ventrally on area 35 at the dorsal bank of the rhinal sulcus.
Area 35 extends from the border of the dorsal bank to the border of the
ventral bank of the rhinal sulcus, and merges dorsally with rostral EC
and ventrally with area 36. Area PI also appears in the most caudal
coronal slice of our parcellation (seed 31 would correspond to PI);
however, we include PI in TI because of its small size and the cytoarch-
itectonic similarity with TI.
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To test the reliability of this protocol, an investigator (B.P.) traced
manually the areas corresponding to the cytoarchitectonic areas and
repeated the tracing 1 week later (retest). Additionally, we asked the
first author of the cytoarchitectonic paper (Ding et al. 2009), S.L.D., to
perform independently on the same MRI template the parcellation ac-
cording to his previous description of the cytoarchitectonic areas. To
test the similarity of the test–retest and interobserver parcellations, for
each of the 7 areas (TG, anterior area TA, anterior area TE, anterior
area 36, anterior area 35, TI, and anterior EC) and for the entire TP, we

calculated the Dice coefficient, a metric that is defined as the number
of voxels overlapping between 2 tracings divided by the mean number
of voxels in the 2 tracings: Dice (A,B) = 2 |A and B|/(|A|+|B|) where
A and B are 2 segmentations performed by 2 different raters (Dice
1945). This measure determines whether both operators were demar-
cating the same voxels regardless of the size of the structure. This
measure can also be applied to 2 tracings performed by the same oper-
ator to evaluate test–retest reliability. We followed the evaluative cri-
teria set forth by (Landis and Koch 1977), in which agreement

Figure 1. Placement of the 40 seed regions and parcellation of the left human TP on coronal sections of the TP (A–F) at the levels indicated on the lateral brain view at the top, and
on surface views of the TP (G–I). Seed coordinates in MNI152 coordinate space are listed in Table 2. As described in the Materials and Methods section, seed placement was
performed first, independent of a subsequent parcellation into likely cytoarchitectonic areas, listed at the top and color-coded. cs, collateral sulcus; its, inferior temporal sulcus; ps,
polar sulcus; sts, superior temporal sulcus; ots, occipitotemporal sulcus; rs, rhinal sulcus; li, limen insulae.
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measures of correlation of 0.81–1.00 are “almost perfect,” 0.61–0.80
are “substantial,” and 0.41–0.60 are “moderate.”

Once the cytoarchitectonic parcellation of the TP was done, we de-
termined the correspondence between the different subsystems ident-
ified by the RSFC clustering analysis described above and the
cytoarchitectonic regions by calculating the percentage of seeds
located in each cytoarchitectonic region that were assigned to the same
cluster. The networks described in the Results section were defined by
the cluster analysis and its concordance with the cytoarchitectonic
regions of the TP. To describe the connectivity of each network, we se-
lected a representative seed in each cytoarchitectonic region, so long
as the selected seed reflected the connectivity pattern of all the seeds in
that region. If there were differences across seeds, we selected several
seeds. This was only the case with anterior area TA, where anterior and
posterior seeds had different connectivity patterns.

Review of Tract-Tracing Literature in Nonhuman Primates
Finally, to relate our findings in humans with data from tract-tracing
studies in nonhuman primates, we used PubMed to retrieve all the re-
ferences to TP connectivity in monkey and reviewed in addition all the
relevant publications cited in the articles retrieved.

Results

Functional Connectivity of the TP in Humans
TP RSFC was very similar in the 2 independent datasets
studied (Supplementary Fig. 4). Similarity coefficients (η2) ex-
ceeded 0.7 for all 40 seeds and 0.8 for 27 of the 40 seeds. Corti-
cal RSFC correlation maps (for the entire sample, including

both datasets) for each of the 40 seeds are provided in Sup-
plementary Table 2 and Supplementary Fig. 5.

The manual parcellation of the TP on the MRI outlined the 7
subregions shown in Figure 1, corresponding to the cytoarchi-
tectonic subregions described histologically by Ding et al.
(2009). Test–retest and inter-rater reliability (between B.P. and
S.L.D.) for the parcellation of the TP in the standard T1 brain
MRI were high (Table 3). The average Dice coefficient across
all subregions was 93% for test–retest and 90% for inter-rater
reliability.

The cluster analysis of TP RSFC, conducted to explore
potential functional subdivisions of the TP based on its con-
nectivity, yielded the tree shown in Figure 2. The first level
yielded 2 distinct systems. One included the dorsal TP: anterior
area TA and TI. The other included the ventral TP, which could
be subdivided into 2 subsystems: anterolateral, including TG
and anterior area TE, and ventromedial, including anterior area
35, anterior area 36, and anterior EC.

Strikingly, for 87.5% of the seeds, seed grouping by the hier-
archical cluster analysis corresponded to seed location in the
independently performed cytoarchitectonic parcellation of the
TP (Figs 1 and 2). Only 5 seeds were allocated by the cluster
analysis to a discordant cluster. Of these 5, 3 seeds (13, 15, and
38) were appropriately located in terms of the immediately
superior level (Fig. 2).

Table 2
Location in MNI space for each of the 40 seeds used in the functional connectivity analysis

Voxel location Voxel location

x y z x y z

Seed 1 −38 24 −32 Seed 21 −48 8 −12
Seed 2 −46 20 −22 Seed 22 −38 8 −24
Seed 3 −32 20 −38 Seed 23 −26 8 −32
Seed 4 −38 20 −30 Seed 24 −22 8 −42
Seed 5 −44 20 −32 Seed 25 −30 8 −44
Seed 6 −50 16 −14 Seed 26 −38 8 −38
Seed 7 −40 16 −24 Seed 27 −50 8 −40
Seed 8 −28 16 −34 Seed 28 −46 8 −28
Seed 9 −32 16 −42 Seed 29 −52 8 −18
Seed 10 −42 16 −36 Seed 30 −56 8 −6
Seed 11 −50 16 −22 Seed 31 −46 4 −14
Seed 12 −44 12 −20 Seed 32 −36 4 −24
Seed 13 −36 12 −28 Seed 33 −24 4 −30
Seed 14 −26 12 −32 Seed 34 −24 4 −42
Seed 15 −26 12 −42 Seed 35 −34 4 −44
Seed 16 −38 12 −42 Seed 36 −42 4 −40
Seed 17 −46 12 −38 Seed 37 −56 4 −32
Seed 18 −44 12 −30 Seed 38 −58 4 −22
Seed 19 −52 12 −22 Seed 39 −52 4 −18
Seed 20 −52 12 −10 Seed 40 −58 4 −4

Table 3
TP parcellation reliability

TP regions Dice’s overlap coefficient (%)

Test/re-test Interobserver

Anterior area TA 91.93 92.19
Anterior area 36 90.07 84.25
Anterior area 35 94.81 76.44
Anterior EC 94.21 94.11
Area TI 95.30 94.53
Anterior area TE 91.06 92.93
Area TG 91.73 91.94
Entire TP 91.98 90.98

Figure 2. Seed clusters resulting from the functional connectivity hierarchical
clustering analysis (left) and areas defined by the independently performed anatomic
TP parcellation corresponding to the cytoarchitectonic areas described by (Ding et al.
2009) (right). Seed ROI numbers are color-coded to correspond to the anatomic
subregion in which the seed was located. Note the striking correspondence between
the 2 independent classification methods. Only 5 seeds were located in a discordant
cluster. Three of these (seeds 13, 15, 38) were located in the concordant superior
cluster.
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Given the concordance between the anatomical and func-
tional connectivity data, we will summarize the RSFC for the
40 seeds by describing the connectivity of representative seeds
corresponding to each cytoarchitectonic area. The seeds we
describe in detail are also those for which the RSFC was most
concordant between the 2 independent datasets studied (Sup-
plementary Fig. 4). The results of our extensive review of TP
tract-tracing connectivity in the monkey are listed in Sup-
plementary Table 2 and are discussed in the last Results sub-
section. Based on a combination of their functional
connectivity, their locations with respect to cytoarchitectonic
subregions, and the clustering analysis, we grouped the areas
into 4 regions.

Dorsal Region (Somatosensory–Auditory)
Anterior area TA. This is a relatively large area, located in the
dorsal TP, immediately posterior to area TG, which is in the tip
of the TP (Fig. 1). In anterior area TA, functional connectivity
clearly distinguished 2 subregions: one more posterior,
represented by seed 40, and one more anterior, represented by
seed 6 (Figs 3 and 4, somatosensory–auditory network). Seed
40 had bilateral RSFC with peri-Rolandic cortex: both precentral
and postcentral gyri on the lateral aspect of the hemisphere and
to a lesser extent with the paracentral lobule in the medial
aspect of the hemisphere (Figs 3 and 4, seed 40, lateral and
medial views). In addition to primary somatosensory/motor
cortex, primary auditory cortex (Fig. 5, seed 40, Heschl’s gyrus)
and primary olfactory cortex (Fig. 5, seed 40, piriform cortex)
also had strong RSFC with seed 40. In the medial frontal lobe,
the most prominent RSFC was with the supplementary motor
area and the middle portion of the cingulate gyrus (Figs 3 and 4,
seed 40, medial view), generally considered to be the motor
section of the cingulate cortex. Strong bilateral RSFC was
present with the entire insula; this was the only seed with
connectivity to the entire insula, encompassing both its anterior
and posterior portions (Figs 3–5, seed 40, striatum levels).
Within the TP, seed 40 was connected to area TG, but not to
basal areas. Among subcortical structures, seed 40 had
unilateral RSFC with a portion of the caudate tail in the
paracentral region, but bilateral RSFC with the rostrodorsal and
medial amygdala, posterior putamen and claustrum, as well as
with the ventrolateral and centromedian nuclei of the thalamus
(Fig. 5, seed 40). Both of these thalamic nuclei are critical in
sensorimotor integration; the centromedian nucleus projects to
striatum and the ventrolateral nucleus projects to BA 4 in the
precentral gyrus. There was no connectivity with the brain stem
(Fig. 6) but, in the cerebellum, there was bilateral RSFC with
the paravermian portion of hemispheric lobes VI and VIIB
(Schmahmann et al. 1999), both involved in the coordination of
sensorimotor activity (Stoodley and Schmahmann 2010) (Fig. 7,
seed 40). In summary, the connectivity of seed 40 suggests
an important role for this posterior portion of anterior area TA
in the integration of auditory and somatosensory information,
at the level of primary sensorimotor cortical areas and
anatomically related subcortical regions.

Rather than with primary auditory and somatosensory cor-
tices, seed 6 exhibited RSFC with adjacent secondary unimodal
cortices for the same modalities (Figs 3 and 4). In contrast to
seed 40, there was no RSFC with Heschl’s gyrus but rather with
adjacent auditory cortex on the superior temporal gyrus
surrounding Heschl’s gyrus (Fig. 5, seed 6, Heschl’s gyrus).
Likewise, seed 6 had RSFC with association cortex caudal

(parietal) and rostral (frontal) to peri-Rolandic primary cortex,
and predominantly with its ventral portion, which largely sub-
serves mouth and tongue movement (Figs 3 and 4, seed 6,
lateral view). Most notably, seed 6 exhibited RSFC with all
major nodes of the large-scale language network (inferior and
middle frontal gyri, supramarginal gyrus, superior, and
mid-to-caudal middle temporal gyri (Hickok and Poeppel
2007) with a prominently left-lateralized pattern (compare
Figs 3 and 4, seed 6). The caudal area within the temporal lobe
extending from superior temporal gyrus down into STS and
middle temporal gyrus includes a key region implicated in
lexical retrieval (Damasio et al. 1996). Connectivity with the
right hemisphere included a homologous region within the
STS implicated in the ability to selectively identify a sound of
interest from a background of competing sounds (Teki et al.
2011; Fig. 4, seed 6). Seed 6 exhibited also RSFC with the
central and lateral parts of the orbitofrontal cortex (Figs 3 and
4, seed 6, ventral view). In the medial aspect of the hemisphere
(Figs 3 and 4, seed 6, medial view), RSFC was present with
SMA as with seed 40, but more so with preSMA and neighbor-
ing frontal and cingulate cortex, in regions more rostral than
those connected to seed 40. Rather than the entire insula, as
for seed 40, only the anterior insula had bilateral RSFC with
seed 6 (Fig. 5, dorsal striatal level). RSFC with the TP had a
similar topography as for seed 40, including mainly area TG,
but was more extensive than for seed 40. As with seed 40, seed
6 connected to the rostro-dorsal and medial amygdala but not
to hippocampus (Figs 3 and 4, seed 6, medial view, and Fig. 5,
seed 6, amygdala). RSFC with other subcortical structures
showed a network functionally related to association cortex:
the dorsal portion of the head and anterior portion of the body
of the caudate nucleus, a rostrodorsal portion of the putamen
and ventral-anterior and centromedian nuclei of the thalamus:
all with ipsilateral predominance (Fig. 5, seed 6). However,
there was also RSFC with subcortical limbic structures, such as
the ventromedial portion of the caudate heads, medial globus
pallidus, and premammillary hypothalamus, all of them with
much more symmetrical connectivity, as well as more ipsilater-
ally with dorsomedial and anterior nuclei of the thalamus
(Fig. 5, seed 6). In the cerebellum, seed 6 had contralateral RSFC
with the posterior aspect of Crus I and II (lobule VII), a region
mediating language and other cognitive abilities (Stoodley and
Schmahmann 2010; Stoodley et al. 2010) (Fig. 7, seed 6).

In summary, the cortex on the most rostral portion of the
dorsal TP tapped by seed 6 had preferentially ipsilateral
(left-hemispheric) connectivity with association cortex typi-
cally considered to compose the large-scale language network
and association auditory cortices, in stark contrast with seed
40, which was connected bilaterally to primary cortex of the
same modalities. Seed 6 was also connected with subcortical
structures related to higher order sensorimotor processing and
limbic integration, such as the ventral-anterior, dorsomedial,
and anterior thalamic nuclei.

Ventromedial Region (Visual)
Anterior area 36. Anterior area 36, represented by seed 25,
was identified as the anterior extent of Brodmann area 36,
located on the medial bank of the collateral sulcus (Fig. 1).
Anterior area 36, together with anterior area 35, belongs to
perirhinal cortex. Anterior area 36 showed strong bilateral
RSFC with the most rostral areas of the occipitotemporal visual
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system, including the anterior portion of the fusiform gyrus,
inferior and middle temporal gyri, anterior hippocampal
formation, and EC (Figs 3 and 4, seed 25, lateral, medial, and
ventral views). Prominent connectivity was present with other
areas in the ventral and rostral TP, including TE and TG. There
was also extensive RSFC with orbitofrontal cortex, extending
to medial prefrontal cortex and anterior insula (Figs 3–5).

While there was connectivity with the olfactory tubercle, there
was none with piriform cortex, a primary olfactory area.
Among subcortical structures, seed 25 was connected
bilaterally with the basolateral amygdala, medial and lateral
basal forebrain, the nucleus accumbens, the globus pallidus
medialis (mostly ipsilateral), and with the hypothalamus
(Fig. 5, seed 25). Finally, area 36 showed strong connectivity

Figure 3. Left hemisphere cortical RSFC for 8 representative seeds, listed and illustrated in the left column of images. They are grouped into 4 large-scale networks by both
anatomical and functional criteria, as discussed in the text.
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with the brainstem, mainly with the ventral tegmental area of
the midbrain, pons, basis pontis, and tegmentum (vestibular
nuclei), and medullary tegmentum (Fig. 6, seed 25), as well as
with the most anterior portion of the cerebellar vermis and
Schmahmann’s lobule V bilaterally, but more extensive
ipsilaterally (Fig. 7, seed 25).

Anterior area 35. Anterior area 35, represented by seed 34, is
a small area localized rostral to the most rostral portion of the
EC, in the fundus and the lateral bank of the rhinal sulcus
(Fig. 1). The pattern of RSFC of this region resembled that of
anterior area 36, showing strong connectivity with rostral
visual association areas (Figs 3 and 4, seed 34, lateral, medial,

Figure 4. Right hemisphere cortical RSFC for 8 representative seeds, listed in the left column. Left and right RSFC patterns were generally quite symmetrical, with the notable
exception of seed 6 on anterior area TA, which had preferentially ipsilateral (left-hemispheric) connectivity with perisylvian association cortex, typically considered to encompass the
large-scale language network and association auditory cortices.
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and ventral views) and greater connectivity than area 36 with
the posterior hippocampus and parahippocampal cortex
(Supplementary Fig. 5). Connectivity with the amygdala was
even more extensive than for area 36, involving bilaterally
most of the amygdala (Fig. 5, seed 34, amygdala). Area 35 was
less extensively connected than 36 with orbitofrontal cortex,
mostly medial, extending minimally to medial prefrontal
cortex (Figs 3 and 4, seed 34, medial and ventral views). It was
also bilaterally connected to 2 small portions of the insula, one
rostroventral and another dorsal. It had no connectivity with
the piriform cortex. Unlike area 36, area 35 showed no
connectivity with the forebrain or ventral tegmental area. It
connected with the anterior hypothalamus, but not with the

mammillary bodies (Fig. 5, seed 34, hypothalamus). In the
brainstem, anterior area 35 showed RSFC with a large bilateral
cluster in ponto-mesencephalic tegmentum, including the
region of the locus coeruleus bilaterally (Fig. 6, seed 34). It had
RSFC with the basis pontis, extending into the medullary
tegmentum (Fig. 6, seed 34). Like area 36, area 35 connected
bilaterally to vestibular nuclei, but to lateral, rather than
superior, vestibular nucleus. In the cerebellum, it had bilateral
RSFC with Schmahmann’s lobule V bilaterally, reaching, but
not including, the most anterior vermis (Fig. 7, seed 34).

In summary, the perirhinal region of the TP, rostral areas
36 and 35, exhibited preferential RSFC with the most rostral
unimodal visual areas of the ventral or occipitotemporal

Figure 5. Bilateral RSFC with Heschl’s gyrus and multiple subcortical structures for 8 representative TP seeds, listed in the left column. Images follow the radiological orientation
(left side of the brain is on the right side of the image). GP, globus pallidus.
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pathway, and also strong connectivity with paralimbic cortical
and limbic subcortical regions as well as the brainstem and
cerebellum.

Medial Region (Paralimbic)
Anterior EC. This region, represented by seed 33, is the most
rostral part of the EC, medial to Brodmann’s area 35 (Fig. 1). As
with other areas in the ventromedial aspect of the TP, anterior
EC showed remarkably symmetrical bilateral connectivity,
mostly with structures in the anterior temporal region,
including the entire amygdala, orbitofrontal cortex, nucleus
accumbens, and hypothalamus (Figs 3–5, seed 33). It had
strong RSFC with the rest of the EC and with the anterior
hippocampal formation, including the anterior fourth of the
dentate gyrus, as well as with perirhinal and parahippocampal
cortices (Fig. 2, seed 33, medial view). The area of connectivity
extended slightly more caudally on the ipsilateral side. It also
extended caudally along the fusiform gyrus, tapering caudally
to include the lips of the inferior temporal sulcus (Figs 3 and 4,
seed 33, ventral view). Rostral EC had RSFC with olfactory
cortex in the olfactory tubercle, located at the caudal extent of
the gyrus rectus, and with the piriform cortex, but the
connectivity was not as extensive as for area TI, described

immediately below. Rostral EC was connected with all other
areas of the temporal tip, except a lateral portion of TE. On the
superior temporal cortex, this area of connectivity extended
as far back as the anterior margin of Heschl’s gyrus, but did
not include primary auditory cortex (Figs 3 and 4, seed 33,
lateral view and Fig. 5). The area of superior temporal gyrus
connectivity extended ventromedially into the bed of the
Sylvian fissure, ascending on the opposite bank to include
the ventral half of the insular cortex. In addition to the
orbitofrontal connectivity, in frontal lobe EC showed RSFC
with the frontal pole and with a small area of paracentral
cingulate cortex (Figs 3 and 4, seed 33, medial view). Among
subcortical regions, rostral EC showed bilateral RSFC with
nucleus accumbens, the medial and lateral forebrain, and with
the entire hypothalamus (Fig. 5, seed 33), as well as with the
arcuate nucleus on the ventral surface of the medulla (Fig. 6,
seed 33). No RSFC was observed with the cerebellum.

Area TI. The temporal insular cortex (TI) is a small area,
located in the posterior portion of the TP, which merges
posteriorly with the limen insulae, and was represented by
seed 22 (Fig. 1). In its connectivity it resembled EC but with
some important differences. TI exhibited extensive bilateral

Figure 6. RSFC with brainstem for 8 representative TP seeds, listed in the left column. The headings refer to brainstem regions or to representative structures at the level of the
section. Images follow the radiological orientation (left side of the brain is on the right side of the image). VTA, ventral tegmental area.
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RSFC with primary olfactory cortex on olfactory tubercle and
piriform and periamygdaloid cortex (Fig. 5, seed 22, Heschl’s
gyrus and piriform), as well as with amygdala, EC, hippocampal
head, rostral parahippocampal gyrus, orbitofrontal cortex, and
anterior cingulate gyrus (Figs 3 and 4, seed 22, medial view). As
regards the TP, RSFC was remarkably absent with most of areas
TG and TE, on the tip and lateral aspect of the TP, respectively.
Like EC, it had RSFC with the superior temporal gyrus, but
including Heschl’s gyrus for TI (Fig. 5), and with the inferior
portion of insular cortex, in continuity with the superior aspect
of the superior temporal gyrus (Figs 3 and 4, seed 22, lateral
view). RSFC was also present with nucleus accumbens and
lateral portions of the basal forebrain (Fig. 6, seed 22). Unlike
EC, it had no RSFC with medial hypothalamus, but instead, it
had bilateral RSFC with the bed nucleus of the stria terminalis
(Supplementary Fig. 6), VTA, and symmetrical regions of the
pontine tegmentum, including the medial raphe and the region
of the locus coeruleus (Fig. 6, seed 22).

In summary, rostral EC and TI exhibited strong connectivity
to olfactory cortex, sharing extensive bilateral connections to

anterior temporal structures and orbitofrontal cortex. Both
regions showed extensive connectivity with the amygdala and
the hypothalamus. EC was connected to the arcuate nucleus of
the medulla and TI, by contrast, to the bed nucleus of the stria
terminalis, VTA, medial raphe nucleus, and the region of the
locus coeruleus.

Anterolateral Region (Default-Semantic Network)
Anterior area TE. Temporal area TE extends along the middle
and inferior temporal gyri, ventral to anterior area TA and
caudal to area TG. Anterior area TE was represented by
seed 27 (Fig. 1). It had strong bilateral RSFC with default
network areas, including the medial prefrontal cortex (both
ventromedial and dorsomedial), precuneus and posterior
cingulate cortex, heteromodal posterior inferior parietal lobe
(especially temporoparietal junction and the angular gyrus),
dorsolateral prefrontal cortex, middle temporal gyrus, and the
parahippocampal gyrus (Figs 3 and 4, seed 27, lateral and
medial view). But, in addition to the default network
connectivity, this seed also showed strong connectivity with

Figure 7. RSFC with cerebellum for 6 representative TP seeds, listed in the left column. Images follow the radiological orientation (left side of the brain is on the right side of the
image).
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other cortical areas not typically thought of as part of the
default network, including orbitofrontal and ventrolateral
prefrontal cortex, as well as anterior inferior temporal gyrus.
In fact, its connectivity is probably more similar to the
so-called semantic network, which to a great extent overlaps
with the default network but is not identical to it (Binder et al.
2009). TE was connected with lateral, ventral, and anterior
regions on the TP, including area TG, but not with the most
posterior dorsal portion of the TP. It was connected to the
caudoventral amygdala (Fig. 5, seed 27) and the hippocampal
formation (Figs 3 and 4, seed 27, medial and ventral view).
Similar to area 35, area TE exhibited no connectivity with
deep gray nuclei, other than a small, medial portion of the
pulvinar (Fig. 5, seed 27). However, it was connected to the
hypothalamus (Fig. 5, seed 27). In the brain stem, there was
connectivity with the pontine nuclei, more pronounced
ipsilaterally, and with a region in the contralateral pontine
tegmentum (Fig. 6, seed 27). In the cerebellum, there was
bilateral RSFC with Crus I and II, in the posterior portion of the
cerebellar hemispheres, and with the medial aspect of the
cerebellar tonsils. In both cases the region connected was
slightly larger on the contralateral hemisphere (Fig. 7, seed 27).

Area TG. Area TG, represented by seed 4, occupies the tip of the
TP and the anterior portion of its dorsomedial aspect (Fig. 1).
Similar to seed 27, seed 4 exhibited strong RSFC with default-
semantic network areas, including the medial prefrontal cortex,
precuneus and posterior cingulate cortex, temporoparietal
junction, dorsolateral prefrontal cortex, middle temporal gyrus,
and parahippocampal gyrus (Figs 3 and 4, seed 4, lateral and
medial view). Seed 4 also showed strong connectivity with areas
along the medial edge and caudolateral orbitofrontal cortex, and
with regions in the ventrolateral prefrontal cortex. In general, the
connectivity of this region was more lateralized to the ipsilateral
side than for areas in the ventral and ventromedial aspect of the
TP, or even TE. This was true not only for the dorsolateral
prefrontal cortex, with only unilateral connectivity, but also for
the orbitofrontal, medial temporal, and inferior parietal clusters
as well (Figs 3 and 4, seed 4, lateral and medial view). TG
showed RSFC with all other areas of the TP, except with area TI.
Among other temporal lobe structures, TG was connected
bilaterally to medial amygdala (Fig. 5, seed 4) and to the
hippocampal formation (Figs 3 and 4, seed 4, medial and ventral
view). Here, connectivity extended anteroposteriorly including
the head of the hippocampus and neighboring entorhinal and
perirhinal cortex, and with the midportion of the fusiform gyrus
(Figs 3 and 4, seed 4, ventral view). TG showed RSFC with the
cortex in the STS, extending from the TP to the angular gyrus,
but was not connected to olfactory cortex. Subcortical
connectivity was bilateral and included nucleus accumbens, the
septal nuclei, and the anterior hypothalamus, excluding the
mammillary bodies (Fig. 5, seed 4). In the cerebellum, there was
RSFC with TG on the posterior aspect of Crus I of the cerebellar
hemispheres and in the cerebellar tonsil (Fig. 7, seed 4). In both
cases, the contralateral component was larger than the ipsilateral
one, in agreement with the supratentorial finding of ipsilateral
connectivity to the dorsolateral prefrontal cortex.

In summary, the RSFC of this region, anterior area TE and
TG, is characterized by its strong connectivity to all regions of
the default-semantic network and the limbic medial temporal
regions, including the amygdala, hippocampus, and

parahippocampal gyrus. TG in particular is connected to all
other regions of the TP.

Review of Anatomic Connectivity Studies in Monkey
Using the macaque cytoarchitectonic nomenclature employed
by Kondo et al. (2003) and Moran et al. (1987), we have listed
in Table 4 all the extant publications containing descriptions of
tract-tracing connectivity to and from the macaque TP. Accord-
ing to Ding et al. (2009)—although a detailed comparative
study may be needed to compare the small TP of monkeys
with the large TP of the humans—currently available cytoarch-
itectonic data suggest that the dysgranular and granular dorsal
areas of the monkey TP (TGdd and TGdg) may correspond to
area TG and anterior area TAr of the human TP, respectively.
The medial agranular area of the monkey TP (TGa) appears to
correspond to area TI in humans. In the ventral area of the
monkey TP, the dysgranular area (TGvd) may correspond to
anterior areas 35 and 36 of the human TP, and the granular area
plus the lower portion of the STS (TGvg and lower TGsts) would
correspond roughly to anterior area TE. Finally, the upper
portion of the STS in the monkey TP (upper TGsts) appears to
correspond to the small anterior area TAp in humans.

TGdg and Upper TGsts (Corresponding to Anterior Area TA)
Similar to human area TA, TGdg and upper TGsts in the
macaque exhibits anatomical connectivity with primary audi-
tory and olfactory cortices and with the association cortex of
the same modalities: pyriform and anterior insular regions
(Mesulam and Mufson 1982; Mufson and Mesulam 1982), and
with the entire superior temporal gyrus (Galaburda and
Pandya 1983; Seltzer and Pandya 1989, 1994). Nevertheless,
there is no macaque anatomical tracing literature indicating
connectivity between TGdg and primary motor or somatosen-
sory cortex. Within the prefrontal cortex, clear interspecies
differences are also noted for the medial and orbital regions. In
humans, while anterior area TAwas connected with the medial
and lateral orbital surfaces, there was no RSFC with ventro-
medial prefrontal cortex (Figs 3 and 4, seed 6, lateral and
ventral views). In monkeys, both ventromedial and orbital pre-
frontal regions are strongly connected with TGdg (Fig. 4 in
Kondo et al. (2003)). However, anterior area TA in humans
showed a connectivity pattern very similar to the tracer injec-
tion in the most rostral area of the STS in the macaque, which
is strongly connected with the medial and lateral orbitofrontal
cortex, not including areas along the medial edge of the orbital
cortex or medial prefrontal regions (Fig. 5 in Kondo et al.
(2003)). But tracing studies in macaque have not identified
connectivity of TGdg with other portions of the medial frontal
lobe, such as the supplementary motor area and the central
portion of the cingulate gyrus, which in the human brain ex-
hibited RSFC with anterior area TA. As in humans, connectivity
with the ventrolateral prefrontal cortex has been described by
anatomical tracing in the macaque (Petrides and Pandya 2002,
Cases 1–3). Finally, the anatomical tracing literature shows
connectivity of the dorsal TP with the thalamus, like in
humans, but with different nuclei. In macaque, there is evi-
dence for connectivity with geniculate bodies, pulvinar, and
mediodorsal nuclei (Yeterian and Pandya 1989, 1991; Pandya
et al. 1994), whereas, in humans, RSFC linked TA to thalamic
regions likely representing nuclei related to primary and
associative motor-somatosensory processing.
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Table 4
Anatomical connectivity of the TP in macaque monkey

Connecting area TGdda TGdg TGsts TGvg TGvd TGa

Frontal lobe
Frontal pole Kondo et al. (2003)

(Fig. 10)
Barbas et al. (1999)
(Fig. 7)

Petrides and Pandya (2007)
(Case 1)
Kondo et al. (2003) (Fig. 4)
Romanski et al. (1999)
(Fig. 3)
Barbas et al. (1999)
(Fig. 7)
Moran et al. (1987) (Fig. 3)

Petrides and Pandya (2007)
(Case 1)

Moran et al. (1987) (Fig. 5) Barbas et al. (1999)
(Fig. 7)

Ventromedial
prefrontal cortex

Saleem et al. (2008)
(Figs 3 and 11)
Kondo et al. (2003)
(Figs 7 and 10)
Barbas et al. (1999)
(Figs 3, 4, and 8)
Romanski et al. (1999)
(Fig. 6)
Barbas (1988) (Fig. 6)
Moran et al. (1987)
(Fig. 4)

Saleem et al. (2008)
(Figs 3, 8, and 11)
Schmahmann and Pandya
(2006) (Case 11)
Kondo et al. (2003) (Figs 4
and 7)
Barbas et al. (1999)
(Figs 3, 4, and 8)
Romanski et al. (1999)
(Fig. 6)
Barbas (1988) (Fig. 6)
Moran et al. (1987) (Cases
3 and 11)

Saleem et al. (2008) (Fig. 3)
Kondo et al. (2003) (Fig. 8)

Saleem et al. (2008)
(Fig. 3)

Saleem et al. (2008)
(Fig. 3)
Barbas et al. (1999)
(Fig. 4)
Barbas (1988) (Fig. 6)
Moran et al. (1987) (Fig. 5)

Saleem et al. (2008)
(Figs 3 and 11)
Kondo et al. (2003)
(Fig. 8)
Romanski et al. (1999)
(Fig. 6)

Orbitofrontal cortex Saleem et al. (2008)
(Fig. 3)
Muñoz and Insausti
(2005) (Fig. 5)
Kondo et al. (2003)
(Figs 7 and 10)
Romanski et al. (1999)
(Fig. 5)
Barbas (1993) (Figs 5, 6,
and 9)
Barbas (1988) (Fig. 2)
Moran et al. (1987)
(Figs 4 and 9)

Saleem et al. (2008)
(Fig. 9)
Schmahmann and Pandya
(2006) (Case 11)
Muñoz and Insausti (2005)
(Fig. 5)
Kondo et al. (2003) (Figs 4
and 7)
Barbas (1993) (Figs 5, 6,
and 9)
Romanski et al. (1999)
(Fig. 5)
Moran et al. (1987) (Figs 3
and 9)
Barbas (1988) (Fig. 2)

Saleem et al. (2008) (Figs 3
and 9)
Petrides and Pandya (2007)
(Case 7)
Muñoz and Insausti (2005)
(Fig. 5)
Kondo et al. (2003) (Figs 5
and 11)
Barbas (1993) (Figs 6, 7,
and 9)
Barbas (1988) (Fig. 2)
Moran et al. (1987) (Fig. 9)

Saleem et al. (2008)
(Fig. 3)
Petrides and Pandya (2007)
(Case 7)
Kondo et al. (2003) (Fig. 7)
Barbas (1993) (Figs 6, 7,
and 9)
Barbas (1988) (Fig. 2)
Moran et al. (1987) (Fig. 9)

Saleem et al. (2008)
(Fig. 3)
Muñoz and Insausti (2005)
(Fig. 5)
Kondo et al. (2003) (Fig. 7)
Barbas (1993) (Figs 6, 7,
and 9)
Barbas (1988) (Fig. 2)
Moran et al. (1987) (Figs 5
and 9)

Saleem et al. (2008)
(Figs 3 and 9)
Schmahmann and
Pandya (2006) (Case
33)
Muñoz and Insausti
(2005) (Fig. 5)
Romanski et al. (1999)
(Figs 5 and 6)
Barbas (1993) (Figs 6,
7, and 9)
Barbas (1988) (Fig. 2)
Moran et al. (1987)
(Fig. 9)

Ventrolateral
prefrontal cortex

Romanski et al. (1999)
(Fig. 9)
Barbas (1988) (Fig. 4)

Petrides and Pandya (2002)
(Cases 1 and 2)
Romanski et al. (1999)
(Fig. 9)
Barbas (1988) (Fig. 4)

Saleem et al. (2008)
(Fig. 13)
Kondo et al. (2003)
(Figs 5and 11)
Petrides and Pandya (2002)
(Cases 2-4)
Romanski et al. (1999)
(Fig. 9)
Barbas (1988) (Figs 3 and 4)

Saleem et al. (2008)
(Fig. 13)
Petrides and Pandya (2002)
(Cases 2–5)
Barbas (1988) (Figs 3 and
4)

Petrides and Pandya
(2002) (Cases 3–5)
Barbas (1988) (Fig. 4)

Romanski et al. (1999)
(Fig. 9)
Barbas (1988) (Fig. 4)

Dorsolateral
prefrontal cortex

Barbas et al. (1999)
(Fig. 6)

Petrides and Pandya (2007)
(Case 4)
Petrides and Pandya (1999)
(Cases 4, 7, and 8)
Romanski et al. (1999)
(Figs 4 and 8)
Barbas et al. (1999)
(Fig. 6)

Petrides and Pandya (2002)
(Case 4)
Romanski et al. (1999)
(Figs 4 and 8)
Petrides and Pandya (1999)
(Cases 4, 7, and 8)

Schmahmann and Pandya
(2006) (Case 32)

Petrides and Pandya
(1999) (Cases 4, 7, and 8)
Moran et al. (1987) (Fig. 5)

Cingulate
Anterior cingulate Muñoz and Insausti

(2005) (Figs 3 and 4)
Kondo et al. (2003)
(Figs 7 and 10)
Barbas et al. (1999)
(Fig. 2)
Barbas (1988) (Fig. 7)
Moran et al. (1987)
(Fig. 4)
Morecraft and Van
Hoesen (1998) (Cases 3,
18)

Petrides and Pandya (2007)
(Case 6)
Schmahmann and Pandya
(2006) (Cases 11 and 23)
Muñoz and Insausti (2005)
(Figs 3 and 4)
Kondo et al. (2003) (Figs 4
and 7)
Barbas et al. (1999)
(Fig. 2)
Barbas (1988) (Fig. 7)
Moran et al. (1987) (Figs 3
and 9)

Petrides and Pandya (2007)
(Case 6)
Kondo et al. (2003) (Fig. 5)

Moran et al. (1987) (Fig. 5)

Insula
Anterior insula Saleem et al. (2008)

(Fig. 9)
Kondo et al. (2003)
(Figs 7 and 10)
Moran et al. (1987)
(Fig. 4)
Mesulan and Mufson
(1982) (Fig. 1)

Saleem et al. (2008)
(Fig. 9)
Kondo et al. (2003) (Figs 4
and 7)
Mesulan and Mufson
(1982) (Fig. 1)
Mufson and Mesulan
(1982) (Fig. 5)

Saleem et al. (2008) (Fig. 9)
Kondo et al. (2003) (Figs 5
and 11)
Mesulan and Mufson (1982)
(Fig. 1)

Saleem et al. (2008)
(Fig. 9)
Kondo et al. (2003) (Fig. 7)
Mesulan and Mufson
(1982) (Fig. 1)
Mufson and Mesulan
(1982) (Fig. 1)

Saleem et al. (2008)
(Fig. 9)
Kondo et al. (2003) (Fig. 7)
Moran et al. (1987) (Fig. 5)
Mesulan and Mufson
(1982) (Fig. 1)
Mufson and Mesulan
(1982) (Fig. 1)

Saleem et al. (2008)
(Fig. 9)
Kondo et al. (2003)
(Fig. 13)
Mesulan and Mufson
(1982) (Fig. 1)
Mufson and Mesulan
(1982) (Fig. 1)

(continued )
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Table 4 Continued

Connecting area TGdda TGdg TGsts TGvg TGvd TGa

Mufson and Mesulan
(1982) (Fig. 1)

Middle insula Moran et al. (1987)
(Figs 4 and 8)
Mufson and Mesulan
(1982) (Fig. 3)

Moran et al. (1987) (Fig. 8)
Mesulan and Mufson
(1982) (Fig. 4)
Mufson and Mesulan
(1982) (Fig. 5)

Mesulan and Mufson (1982)
(Fig. 5)
Mufson and Mesulan (1982)
(Fig. 3)

Mesulan and Mufson
(1982) (Fig. 5)
Mufson and Mesulan
(1982) (Fig. 3)

Mufson and Mesulan
(1982) (Fig. 3)

Mesulan and Mufson
(1982) (Fig. 4)
Mufson and Mesulan
(1982) (Fig. 3)

Posterior insula Mufson and Mesulan
(1982) (Fig. 4)

Mesulan and Mufson (1982)
(Fig. 3)
Mufson and Mesulan (1982)
(Fig. 4)

Mesulan and Mufson
(1982) (Fig. 3)
Moran et al. (1987) (Fig. 5)
Mufson and Mesulan
(1982) (Fig. 4)

Mesulan and Mufson
(1982) (Fig. 3)
Mufson and Mesulan
(1982) (Fig. 4)

Temporal lobe
Superior temporal
gyrus

Saleem et al. (2008)
(Fig. 6)
Schmahmann and Pandya
(2006) (Case 10)
Muñoz and Insausti
(2005) (Fig. 8)
Kondo et al. (2003)
(Figs 14 and 15)
Moran et al. (1987)
(Figs 4 and 8)

Saleem et al. (2008)
(Fig. 6)
Schmahmann and Pandya
(2006) (Cases 10 and 11)
Muñoz and Insausti (2005)
(Fig. 8)
Kondo et al. (2003)
(Fig. 14)
Seltzer and Pandya (1994)
(Case 2)
Moran et al. (1987) (Figs 3
and 8)
Galaburda and Pandya
(1983) (Figs 6 and 7)

Muñoz and Insausti (2005)
(Fig. 8)
Kondo et al. (2003) (Fig. 14)
Galaburda and Pandya
(1983) (Figs 6 and 7)

Muñoz and Insausti (2005)
(Fig. 8)

Muñoz and Insausti (2005)
(Fig. 8)
Moran et al. (1987) (Fig. 5)

Saleem et al. (2008)
(Fig. 6)
Muñoz and Insausti
(2005) (Fig. 8)

Superior temporal
sulcus

Schmahmann and Pandya
(2006) (Cases 10 and 11)
Seltzer and Pandya (1994)
(Cases 2–12 and 14)
Seltzer and Pandya (1989)
(Case 3)
Moran et al. (1987) (Fig. 3)
Galaburda and Pandya
(1983) (Figs 6 and 7)

Kondo et al. (2003) (Fig. 14)
Seltzer and Pandya (1994)
(Cases 2–12, 14, 16, and
18)
Seltzer and Pandya (1989)
(Case 3)
Galaburda and Pandya
(1983) (Figs 6 and 7)

Saleem et al. (2008)
(Fig. 6)
Schmahmann and Pandya
(2006) (Case 14)
Kondo et al. (2003)
(Fig. 15)
Seltzer and Pandya (1994)
(Cases 16 and 18)
Seltzer and Pandya (1989)
(Case 14)

Saleem et al. (2008)
(Fig. 6)
Kondo et al. (2003)
(Fig. 14)
Seltzer and Pandya (1994)
(Cases 3, 4, and 6)
Moran et al. (1987) (Fig. 5)

Inferior temporal
gyrus

Schmahmann and Pandya
(2006) (Case 11)
Webster et al. (1991)
(Fig. 14)
Moran et al. (1987) (Figs 3
and 9)

Schmahmann and Pandya
(2006) (Case 15)
Kondo et al. (2003) (Fig. 14)
Webster et al. (1991)
(Fig. 14)
Moran et al. (1987) (Fig. 9)

Schmahmann and Pandya
(2006) (Cases 15 and 16)
Kondo et al. (2003)
(Fig. 15)
Webster et al. (1991)
(Figs 9, 11, and 14)
Moran et al. (1987) (Fig. 9)

Schmahmann and Pandya
(2006) (Case 15)
Kondo et al. (2003)
(Fig. 14)
Moran et al. (1987) (Figs 5
and 9)

Schmahmann and
Pandya (2006) (Case
15)
Moran et al. (1987)
(Fig. 9)

Entorhinal cortex Muñoz and Insausti
(2005) (Figs 7 and 8)
Kondo et al. (2003)
(Fig. 14)
Moran et al. (1987)
(Figs 4 and 8)

Muñoz and Insausti (2005)
(Fig. 8)
Kondo et al. (2003)
(Fig. 14)
Moran et al. (1987) (Figs 3
and 8)

Kondo et al. (2003) (Fig. 14) Insausti and Amaral (2008)
(Fig. 15)
Muñoz and Insausti (2005)
(Fig. 8)
Moran et al. (1987) (Fig. 8)

Insausti and Amaral (2008)
(Fig. 15)
Kondo et al. (2003)
(Fig. 14)
Moran et al. (1987) (Figs 5
and 8)

Moran et al. (1987)
(Fig. 8)

Perirhinal cortex Muñoz and Insausti
(2005) (Figs 7 and 8)
Lavenex et al. (2004)
(Fig. 3)
Kondo et al. (2003)
(Figs 14 and 15)
Moran et al. (1987)
(Fig. 4)

Schmahmann and Pandya
(2006) (Case 11)
Muñoz and Insausti (2005)
(Fig. 8)
Kondo et al. (2003)
(Fig. 14)

Kondo et al. (2003) (Fig. 14)
Kondo et al. (2005) (Fig. 16)

Kondo et al. (2005)
(Fig. 16)
Muñoz and Insausti (2005)
(Fig. 8)
Lavenex et al. (2004)
(Fig. 3)
Kondo et al. (2003)
(Fig. 15)

Kondo et al. (2005)
(Fig. 16)
Lavenex et al. (2004)
(Fig. 3)
Kondo et al. (2003)
(Fig. 14)
Moran et al. (1987) (Fig. 5)

Kondo et al. (2005)
(Fig. 16)
Lavenex et al. (2004)
(Fig. 3)

Parahippocampal
cortex

Muñoz and Insausti
(2005) (Figs 7 and 8)
Kondo et al. (2005)
(Fig. 16)
Kondo et al. (2003)
(Figs 14 and 15)
Moran et al. (1987)
(Fig. 4)

Schmahmann and Pandya
(2006) (Case 13)
Muñoz and Insausti (2005)
(Fig. 8)
Kondo et al. (2005)
(Fig. 16)
Kondo et al. (2003)
(Fig. 14)
Moran et al. (1987) (Figs 3
and 9)

Lavenex et al. (2004)
(Fig. 3)
Moran et al. (1987) (Case
9)

Lavenex et al. (2004)
(Fig. 3)
Moran et al. (1987) (Fig. 5)

Kondo et al. (2005)
(Fig. 16)
Lavenex et al. (2004)
(Fig. 3)
Moran et al. (1987)
(Fig. 9)

Hippocampus Moran et al. (1987)
(Fig. 4)

Insausti and Muñoz (2001)
(Fig. 8)
Moran et al. (1987) (Fig. 3)

Insausti and Muñoz (2001)
(Fig. 8)

Insausti and Muñoz (2001)
(Fig. 8)

Moran et al. (1987) (Fig. 5)

Amygdala Hoistad and Barbas
(2008) (Fig. 2)
Kondo et al. (2003)
(Figs 14 and 15)
Stefanacci et al. (1996)
(Figs 17 and 18)

Hoistad and Barbas (2008)
(Fig. 2)
Schmahmann and Pandya
(2006) (Case 11)
Kondo et al. (2003)
(Fig. 14)

Hoistad and Barbas (2008)
(Fig. 2)
Kondo et al. (2003) (Fig. 14)
Amaral and Price (1984)
(Figs 4 and 6)

Hoistad and Barbas (2008)
(Fig. 2)
Kondo et al. (2003)
(Fig. 15)
Stefanacci et al. (1996)
(Fig. 17)

Hoistad and Barbas (2008)
(Fig. 2)
Kondo et al. (2003)
(Fig. 14)

Hoistad and Barbas
(2008) (Fig. 2)
Stefanacci et al. (1996)
(Figs 17 and 18)
Amaral and Price (1984)
(Figs 4 and 6)

(continued )
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TGvd (Corresponding to Anterior Areas 35 and 36)
Although in the macaque tract-tracing literature there are no
tracer injections in the most rostral perirhinal cortex, there was a

strong similarity between the perirhinal cortex RSFC in humans
and the anatomical connectivity corresponding to tracer injec-
tions in TGvd of the macaque, located at diverse mediolateral and

Table 4 Continued

Connecting area TGdda TGdg TGsts TGvg TGvd TGa

Moran et al. (1987)
(Fig. 4)
Amaral and Price (1984)
(Figs 4 and 6)
Herzog and Van Hoesen
(1976) (Figs 1 and 6)

Moran et al. (1987) (Fig. 3)
Amaral and Price (1984)
(Figs 4 and 6)
Herzog and Van Hoesen
(1976) (Figs 2 and 6)

Herzog and Van Hoesen
(1976) (Fig. 6)

Amaral and Price (1984)
(Figs 4 and 6)
Herzog and Van Hoesen
(1976) (Fig. 6)

Stefanacci et al. (1996)
(Figs 4, 11–14, 17, and
18)
Moran et al. (1987) (Fig. 5)
Amaral and Price (1984)
(Figs 4 and 6)
Herzog and Van Hoesen
(1976) (Fig. 6)

Herzog and Van Hoesen
(1976) (Fig. 6)

Basal ganglia
Caudate Kondo et al. (2003)

(Fig. 10)
Van Hoesen et al. (1981)
(Cases 1 and 2)

Schmahmann and Pandya
(2006) (Case 11)
Yeterian and Pandya (1998)
(Case 5)
Van Hoesen et al. (1981)
(Case 4)

Kondo et al. (2003) (Fig. 11) Van Hoesen et al. (1981)
(Case 6)

Putamen Kondo et al. (2003)
(Fig. 10)
Van Hoesen et al. (1981)
(Cases 1 and 2)

Schmahmann and Pandya
(2006) (Case 11)
Yeterian and Pandya (1998)
(Case 5)
Van Hoesen et al. (1981)
(Case 4)

Kondo et al. (2003) (Fig. 11) Van Hoesen et al. (1981)
(Case 6)

Nucleus
accumbens

Kondo et al. (2003)
(Fig. 10)
Van Hoesen et al. (1981)
(Cases 1 and 2)

Van Hoesen et al. (1981)
(Case 4)

Kondo et al. (2003) (Fig. 11)

Claustrum Moran et al. (1987)
(Fig. 4)

Schmahmann and Pandya
(2006) (Case 11)
Moran et al. (1987) (Fig. 3)

Moran et al. (1987) (Fig. 5)

Basal forebrain Moran et al. (1987)
(Fig. 4)

Schmahmann and Pandya
(2006) (Case 11)
Moran et al. (1987) (Fig. 3)

Moran et al. (1987) (Fig. 5)

Thalamus
Medial geniculate
nucleus

Moran et al. (1987)
(Fig. 4)

Schmahmann and Pandya
(2006) (Case 11)
Pandya et al. (1994) (Case
1)
Moran et al. (1987) (Fig. 3)

Pandya et al. (1994) (Case
1)

Lateral geniculate
nucleus

Schmahmann and Pandya
(2006) (Case 11)
Pandya et al. (1994) (Case
1)

Pandya et al. (1994) (Case
1)

Suprageniculate
nucleus

Schmahmann and Pandya
(2006) (Case 11)
Pandya et al. (1994) (Case
1)
Yeterian and Pandya (1991)
(Case 1)

Pandya et al. (1994) (Case
1)
Yeterian and Pandya (1991)
(Case 1)

Medial dorsal
nucleus

Gower (1989) (Fig. 8) Pandya et al. (1994) (Case
1)
Yeterian and Pandya (1991)
(Case 1)
Moran et al. (1987) (Fig. 3)

Pandya et al. (1994) (Case
1)
Yeterian and Pandya (1991)
(Case 1)

Gower (1989) (Fig. 8)

Nucleus limitans Moran et al. (1987)
(Fig. 4)

Yeterian and Pandya (1991)
(Case 1)
Moran et al. (1987) (Fig. 3)

Yeterian and Pandya (1991)
(Case 1 and 12)

Yeterian and Pandya (1991)
(Case 12)

Moran et al. (1987) (Fig. 5)

Medial pulvinar Yeterian and Pandya
(1989) (Case 1)
Moran et al. (1987)
(Fig. 4)

Schmahmann and Pandya,
(2006) (Case 11)
Pandya et al. (1994) (Case
1)
Yeterian and Pandya (1991)
(Case 1)
Yeterian and Pandya (1989)
(Case 1)
Moran et al. (1987) (Fig. 3)

Pandya et al. (1994) (Case
1)
Yeterian and Pandya (1991)
(Case 1 and 12)
Yeterian and Pandya (1989)
(Cases 1 and 9)

Yeterian and Pandya (1991)
(Case 12)

Moran et al. (1987) (Fig. 5)

Hypothalamus Moran et al. (1987)
(Fig. 4)

Moran et al. (1987) (Fig. 3) Moran et al. (1987) (Fig. 5)

Brainstem Schmahmann and Pandya
(1991) (Case 1)

Schmahmann and Pandya
(1991) (Case 1)

aThe macaque cytoarchitectonic nomenclature corresponds to that used by Kondo et al. (2003) and by Moran et al. (1987). TGdd and TGdg may correspond to TG and TAr in humans, respectively. TGa
appears to correspond to area TI in humans. TGvd may correspond to anterior areas 35 and 36 of the human TP. TGvg and lower TGsts would correspond roughly to anterior area TE. Upper TGsts appears to
correspond to the small anterior area TAp in humans. Within the table, in parenthesis after the citations, are the cases or figures relevant to TP connectivity.
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rostrocaudal positions (Moran et al. 1987; Lavenex et al. 2002,
2004; Kondo et al. 2005): TGvd exhibited anatomical connectivity
preferentially with the inferior temporal gyrus, as well as the
rostral superior temporal gyrus, parahippocampal cortices, and
with the orbitofrontal cortex. As in humans, Moran et al. (1987)
(Case C) observed anatomical connectivity of the perirhinal
cortex in the macaque monkey with areas that are intermediate
between the orbital and medial prefrontal cortex. Perirhinal con-
nections with the hippocampus, amygdala, and EC were also
present in the macaque (Amaral and Price 1984; Stefanacci et al.
1996; Kondo et al. 2005; Hoistad and Barbas 2008). No studies
about connectivity of the perirhinal region with the brainstem
were found in the anatomical tracing literature.

EC and TGa (Corresponding to Anterior EC and Area TI)
The RSFC observations were consistent with those of anatom-
ical tracing studies of areas EC and TGa in the macaque
monkey, in that the anatomical connectivity also includes the
hippocampus, amygdala, perirhinal, and parahippocampal
cortices, medial frontal and orbitofrontal cortices, and the
rostral part of the multimodal area of the STS (Munoz and In-
sausti 2005; Hoistad and Barbas 2008; Insausti and Amaral
2008). As in humans, in the macaque more moderate EC ana-
tomical connectivity is directed to the caudal superior temporal
gyrus, inferior temporal gyrus, parietal cortex, and little to the
lateral frontal cortex, cingulate and anterior dysgranular insula
(Munoz and Insausti 2005; Insausti and Amaral 2008). As with
the perirhinal cortex, no studies about the connectivity
between brainstem and EC or TGa were found in the anatom-
ical tracing literature.

TGdd and TGvg Plus the Lower TGsts
(Corrresponding to TG and Anterior Area TE)
The RSFC observations on TE and TG were remarkably consist-
ent with the macaque tracing literature (Kondo et al. 2003;
Saleem et al. 2008). As in humans, TGdd and TGvg in the
macaque monkey are anatomically connected with well-
defined cortical and subcortical circuits related to the medial
prefrontal cortex and amygdala (Price and Drevets 2010). This
network consists of areas on the ventromedial surface of the
frontal cortex, areas along the medial edge of the orbital
cortex, and a small caudolateral orbital region at the rostral end
of the insula (Figs 4 and 10 in Kondo et al. (2003)). In addition,
as in the case of anterior TE and TG in humans, the medial
network is connected to a very specific set of other cortical
regions, particularly the rostral part of the superior temporal
gyrus and dorsal bank of the STS, the anterior and posterior
cingulate gyrus (including some regions of the precuneus), the
amygdala, the hippocampus, and the perirhinal and parahip-
pocampal gyrus (Figs 4 and 5 in Saleem et al. (2008) and
Webster et al. (1991)). As in human RSFC, macaque dorsolat-
eral prefrontal cortex is interconnected with the medial pre-
frontal network (Case 4 in Petrides and Pandya (1999)). This
network in the macaque is also characterized by its anatomical
connectivity with other subcortical regions which demon-
strated RSFC with the rostrolateral region of the TP in humans,
such as the nucleus accumbens, the pulvinar, and the hypo-
thalamus (Moran et al. 1987; Yeterian and Pandya 1991).

Discussion

Based on connectional studies in nonhuman primates and a
recent tractography study in humans, the TP is hypothesized to
be a convergence zone in which information from sensory,
association, and limbic systems is integrated (Moran et al. 1987;
Binney et al. 2012). Here, we support this hypothesis with data
from functional connectivity MRI which demonstrates that the
human TP is composed of multiple subregions with distinct
connectional profiles, anchoring a set of 4 large-scale sensory,
association, and paralimbic brain networks. The localization of
the connectionally defined subregions of the TP was remarkably
congruent with cytoarchitectural subdivisions r ecently de-
scribed by (Ding et al. 2009). We will first discuss our results in
more detail and consider their functional implications. Finally,
we will comment on how the present data compare with ana-
tomical connectivity studies.

Functional Implications of TP Connectivity
Although in this analysis the seeds were placed in the left TP,
connectivity was most often bilateral and remarkably sym-
metrical, with the most notable exception of anterior area TA,
represented by seed 6, which had stronger connectivity with
the left fronto-parieto-temporal perisylvian association cortex,
related to language. Connectivity of area TG with the default-
semantic network was bilaterally symmetrical, but this area, at
the tip of the TP and a hub to which all other seeds connected,
had preferential ipsilateral connectivity to the dorsolateral pre-
frontal cortex and contralateral “cognitive” cerebellum. The
mostly bilaterally symmetrical connectivity pattern of the TP is
reflected in the cognitive and behavioral correlates of lesions
in the TP. Despite some debate in the literature and a smatter-
ing of case report exceptions, where bilateral involvement by
seizures cannot be discounted (Anson and Kuhlman 1993;
Ghika-Schmid et al. 1995; Glosser et al. 2000), both, in
monkeys and in humans, bilateral lesions are usually thought
to be required for prominent clinical manifestations to be ob-
served (Klüver and Bucy 1939; Lilly et al. 1983). An exception
is language: in keeping with the more lateralized connectivity
pattern we describe for area TA, heavily connected to perisyl-
vian cortex, the semantic aspects of language are more likely
to be affected by left-sided lesions (Damasio et al. 2004;
Schwartz et al. 2009; Lambon Ralph et al. 2010). In addition,
verbal semantic processing is impaired by predominantly left-
sided TP disorders, while nonverbal semantic processing
tends to be affected when the right TP is more involved (Butler
et al. 2009). Likewise, semantic tasks involving auditory
stimuli tend to more robustly activate the left TP (Visser and
Lambon Ralph 2011). However, in most lesion cases, there is
either damage of regions of the left hemisphere outside the TP
or bilateral TP damage; purely unilateral left-sided TP lesions
are unlikely to cause clinical semantic impairment, even
during the acute stage (Tsapkini et al. 2011).

Anterior Area TA, on the Dorsal Aspect of the TP
Anterior area TA is represented by 2 seeds, one more poster-
iorly, seed 40, which given the inclination of the coronal sec-
tions on MRI (Fig. 1) could actually be located in area TA, and
one more anteriorly, seed 6. The connectivity of anterior area
TA suggests an important role in the integration of auditory infor-
mation (Griffiths et al. 1998; Glosser et al. 2000) with somatosen-
sory function corresponding to the mouth and hand. Although
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some of this somatosensory–auditory integration—critical for the
formation of “auditory objects”—seems to occur independently
of TP function (Griffiths and Warren 2004; Rauschecker and
Scott 2009), the TP may modulate sensorimotor–auditory inte-
gration or may further process this integrated information to cat-
egorize “auditory objects” or a combination of objects to form
concepts (Pobric et al. 2010; Baron and Osherson 2011). The
most posterior portion (seed 40) of anterior TA was linked to
primary cortex, whereas its most anterior portion (seed 6) con-
nected to association cortex surrounding the primary cortex
linked to seed 40. This postero-anterior gradient represents yet
another example in the brain of the hierarchical arrangement
described for the frontal lobe, where more caudal structures
support more concrete tasks, while more rostral regions support
higher order processes underlying more abstract tasks (Badre
et al. 2009). The higher order regions tend to receive greater
input from “motivational” or limbic regions, as is the case with
the anterior portion of TA, and still more with TG, to which TA is
richly connected. Our data demonstrating connectivity of TAwith
multiple other areas of the large-scale language network are con-
sistent with functional neuroimaging studies showing activation
of the dorsal aspect of the left TP during tasks such as the identi-
fication of proper famous names (Gorno-Tempini et al. 1998)
and other paradigms of auditory semantic processing (Binder
et al. 1999) (Visser and Lambon Ralph 2011). Furthermore,
although semantic dementia exerts its earliest effects in the basal
portion of the TP (Butler et al. 2009), dorsal TP damage corre-
lates best with semantic and lexical impairment (Wilson et al.
2010). Clinical findings with TP pathology are striking, for in-
stance: “patients with damage to the anterior sector of the left
temporal lobe, involving the TP, in spite of [having] fluent and
non-aphasic language, were impaired in the retrieval of names
for specific persons. The patients knew who the person was and
provided verbal descriptions that allowed an independent exami-
ner, who did not know what stimulus the patient was looking at,
to guess which person the patient was trying to name” (Damasio
et al. 2004). This description indicates that visual processing
per se was not affected by the TP lesion. Our data indicate that
visual pathways are not functionally related to region TA, which
however could be the key node of a network linking auditory
cortex, critical for the processing of semantic verbal information,
with the perisylvian regions of the left frontal and parietal lobes,
critical for speech production. Patients with lesions in the left TP,
or with dysfunction produced here by transcranial magnetic
stimulation, tend to be most impaired in recognizing and, par-
ticularly, naming unique entities, for instance, a specific person
or the make of a car, but they are also impaired at more general
levels of naming categories (Damasio et al. 2004; Patterson et al.
2007). In cognitive neuroscience, the TP has been proposed
as the hub linking multiple streams of modality-specific
sensory information into multimodal conceptual representations
(Patterson et al. 2007; Baron and Osherson 2011; Lambon Ralph
et al. 2011). It is possible that area TA, in the dorsal aspect of the
TP, plays a major role in semantic auditory information proces-
sing, while areas TE and TG, in the basolateral aspect and tip of
the TP, are more critical in binding multimodal information and
thus providing modality-invariant representations (Baron and
Osherson 2011; Visser and Lambon Ralph 2011; Visser et al.
2012). The importance of anterior area TA for language may
explain its greater development in the human brain when com-
pared with nonhuman primates. Among other features, in the
human dorsomedial aspect of the TP, there is a steep change in

thickness between the thicker cortex of this area and the neigh-
boring cortex, giving rise to the shallow semicircular notch we
describe (Supplementary Figs 1 and 2). This notch does not
seem to be present even in highly evolved nonhuman primates,
such as the baboon (Blaizot et al. 2004).

Other than EC, anterior TA was the only TP region con-
nected to the insula. The pattern of functional connectivity par-
allels structural connectivity findings, with its most posterior
portion connecting to the entire insula and its most anterior
portion only to the anterior insula (Cloutman et al. 2012).

Anterior Areas 35 and 36
The connectivity of seeds 34 and 25, in anterior perirhinal
cortex, confirms findings in nonhuman primates suggesting
that this area plays an important role in visual processing, in-
cluding complex pattern recognition and form analysis necess-
ary for object identification (Murray and Richmond 2001). The
connectivity of area 35, linked not only to anterior hippo-
campus, as other TP regions, but also to posterior hippocampus
and parahippocampal cortex, is compatible with the view that
this portion of the TP may be a higher order representational
component of the ventral visual cortical-perirhinal-hippocampal
stream (Cowell et al. 2010). However, it is remarkable that for
areas deemed to be critical in visual processing, no RSFC with
the classical visual areas, such as BA 18 and 19, was detected in
either area 35 or 36. This finding suggests that intermediate
regions, such as BA 37, forward visual information rostrally to
BA 20, which has RSFC with both anterior areas 35 and 36. This
possibility is supported by tractography studies in semantic de-
mentia, with prominent damage of the basal TP and yet sparing
of the inferior longitudinal fasciculus caudal to the anterior tem-
poral region (Acosta-Cabronero et al. 2011). The strong connec-
tivity of area 36 with subcortical structures involved in salience
mechanisms, such as ventral tegmental area, nucleus accum-
bens, amygdala, and medial globus pallidus, suggests that it
may play a role in the assessment of the value or relevance of
visual and other information. This is particularly likely in the
case of area 35, with RSFC to the periaqueductal gray, of critical
importance for eye-movement control. Suggesting further a role
in eye-movement control was the exclusive connectivity among
TP areas of areas 35 and 36 to the vestibular nuclei; areas
35 and 36 were also connected to the anterior hippocampus,
known to mediate vestibular processing in humans (Hufner
et al. 2011). One possible hypothesis would be that these TP
areas modulate the vestibular system to reduce or enhance the
level of vestibular control over eye movements, depending on
prior knowledge about requirements for interaction with
specific objects identified visually. Finally, areas 35 and 36 are
also strongly connected with areas TE and TG, both firmly inte-
grated in the semantic network. Thus, these areas could provide
a gateway for the semantic network to access higher order
visual information and integrate it with information from other
modalities, as suggested by convergent evidence from neurop-
sychological, fMRI and depth electrode studies that these
anterior ventral areas are not exclusive to visual processing but
seem to be implicated in core multimodal semantic represen-
tation (see, e.g., Thesen et al. 2012; Visser et al. 2012; Binney
et al. 2010, 2012; Peelen and Caramazza 2012). While debate
continues on this topic (Murray et al. 2007), areas 35 and 36
appear to be involved in higher order visual processing, seman-
tic memory, and episodic memory especially for items (Allison
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et al. 1999), as in the identification of visually presented unique
(famous) faces or buildings (Grabowski et al. 2001).

Anterior EC and TI
Corresponding to their connectivity to olfactory cortex, EC and
TI are the only cortical areas in the TP with thick myelinated ol-
factory fibers in layer Ia, somewhat more abundant in TI (Ding
et al. 2009). Anterior EC shares with TI extensive bilateral con-
nections to anterior temporal structures and orbitofrontal
cortex, but the connectivity of EC suggests that it is more
tightly linked to mnemonic and autonomic processes, whereas
TI participates in a network involved in motivational pro-
cesses. EC shows more robust connectivity than TI to the hip-
pocampus and perirhinal cortex, consistent with its role in
memory, while TI shows more robust connectivity than EC to
olfactory and piriform cortex.

EC is connected to the entire hypothalamus and, probably
through it, to the arcuate nucleus of the medulla, thought to be
a chemodetector of hypoxia–hypercapnia in the CSF; neuronal
loss here has been associated with sudden death (Zec et al.
1997; Benarroch 2003; Machaalani and Waters 2008; Tada
et al. 2009). By contrast, TI connectivity to the bed nucleus of
the stria terminalis, VTA, medial raphe nucleus and the region
of the nucleus coeruleus, suggests that TI participates in moti-
vational processes. The bed nucleus of the stria terminalis,
functionally akin to the amygdala, is needed for the production
of chronic anxiety in animal models (Davis et al. 2010). Well
known are the roles of the dopaminergic VTA, serotoninergic
medial raphe, and noradrenergic nucleus locus coeruleus in
the mediation of reward and in influencing mood and generat-
ing anxiety (Cools et al. 2011). The shared connectivity may
provide the opportunity for interaction between these 2 net-
works.

Anterior Area TE
Areas TE and TG shared connectivity within a large and dis-
tinct network (Fig. 3) that has been found to be related to se-
mantic tasks (Binder et al. 2009) and some areas of which, not
surprisingly, are also activated by social interactions (Simmons
et al. 2010; Gotts et al. 2012; Regenbogen et al. 2012). Both TE
and TG had RSFC with the amygdala, not emphasized as a
component of the semantic network (Binder et al. 2009) but a
prominent component of one of the key networks involved in
social behavior (Adolphs 2009; Gotts et al. 2012). Many of the
regions included in these networks are also part of the default
mode network (Buckner et al. 2008). Among the temporal tip
areas, TE was the only one connected to all other areas con-
sidered by Binder et al. (2009) to be part of the distributed
network for semantic processing. Located at the rostral extent
of the ventral visual and auditory pathways, TP cortex in a
region consistent with area TE is activated by multimodal se-
mantic tasks; thus, this region has been postulated to underpin
the modality-invariant hub within the hub-and-spoke semantic
framework (Visser and Lambon Ralph 2011; Visser et al. 2012).
It is also critical for the categorization of semantically closely
related items (e.g., “apple” vs. “pear”) (Baron and Osherson
2011; Schwartz et al. 2011; Peelen and Caramazza 2012). In
addition, area TE provides a bridge between the semantic
network and some of the subcortical structures involved in
emotional processes, including lateral amygdala and anterior
hypothalamus. It has been activated by tasks that bridge the
cognitive and emotional domains, such as the identification of

various degrees of sadness in faces (Blair et al. 1999). The con-
nectivity of area TE to the thalamic pulvinar suggests its role in
the integration of visual information. Earlier neuroanatomical
studies already showed in human strong connections between
this region of the TP and the pulvinar through the temporo-
pulvinar bundle of Arnold (Klingler and Gloor 1960), which
can be demonstrated by gross dissection of the temporal white
matter and which is also present in the macaque (Yeterian and
Pandya 1991). The areas of the pons and cerebellum con-
nected to area TE correspond to the neocerebellum, known to
participate in cognitive functions (Stoodley and Schmahmann
2010). The most caudal portion of Crus I and II, connected to
TE and TG with a contralateral predominance, as expected for
cerebello-hemispheric connectivity, has been specifically acti-
vated by semantic tasks (Devlin et al. 2000), including interper-
sonal speech content (Regenbogen et al. 2012), and found to
be functionally connected to TP clusters activated by person-
selective tasks (Simmons et al. 2010).

Area TG
The convergent role of area TG, at the anterior tip of the TP, is
suggested by its rich connectivity to all the subregions of the
TP. In fact, it was the only TP region with connectivity to all
others. As in the frontal lobe (Badre et al. 2009), the conver-
gence hub of the temporal lobe is placed in its most anterior
tip. While both TE and TG demonstrated connectivity with part
of the amygdala, the spatial patterns were disparate, with TE
preferentially connected to lateral amygdala and TG to medial
amygdala. Along with lateral orbitofrontal cortex, the lateral
amygdala is critical for integrative sensory processing and
these structures are probably involved with assigning value or
relevance to highly processed visual information in TE; the
medial amygdala shares connectivity with reward-related struc-
tures including the nucleus accumbens (to which TG also con-
nects), suggesting a key role for TG in the integration of
multimodal information with reward and approach-related be-
havior (Bickart et al. 2012). The importance of area TG for the
coordination of personal and emotional information is
suggested by studies showing activation of this area with theory
of mind tasks (Baron-Cohen et al. 1999). Most subregions of the
TP had RSFC to TG, in the very anterior tip of the TP, a likely
coordinating hub, with strong RSFC to the semantic network.
TG was the only subregion of the TP—for that matter, the only
region of the entire brain—which demonstrated RSFC to most of
the other subregions we mapped in the TP.

Comparison of Anatomical Connectivity in Monkey and
Humans with Functional Connectivity in Humans
The TP is a brain structure exclusively present in human and
nonhuman primates. Among primates, the increasing develop-
ment of the TPs correlates with the development of the cortical
mantle, increasing in size and complexity in more evolved non-
human primate species (Markowitsch et al. 1985; Blaizot et al.
2004) to reach maximal size and complexity in humans (Ding
et al. 2009; Blaizot et al. 2010). Given the anatomical and func-
tional differences between species, caution is necessary when
considering possible homologous connectional patterns
(Gloor 1997).

Although many studies have traced the anatomical connec-
tivity of the TP in monkey (see the Results section and Sup-
plementary Table 2), only 2 have addressed the anatomical
connectivity of specific cytoarchitectonic regions (Moran et al.
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1987; Kondo et al. 2003). Both studies demonstrated that the
dorsolateral part of the TP, particularly involved in auditory
processing, is mainly interconnected with the auditory areas of
the superior temporal cortex and with the medial prefrontal
cortex, while the ventromedial part, preferentially involved in
visual processing, is interconnected with the visual areas of the
inferior temporal cortex and with the orbitofrontal cortex.
These general principles are largely maintained in the human
TP, but there are some differences as well. As in primates, the
dorsal TP in humans showed RSFC mainly with the auditory
areas of the superior temporal cortex and also with the medial
prefrontal cortex, but in this case not with the ventromedial
but rather the dorsomedial surface of prefrontal cortex. Areas
TG and anterior TE did show strong RSFC with the ventromedial
prefrontal cortex, as well as with the rest of the areas included in
the semantic network. These 2 areas, TG and anterior area TE,
are difficult to identify in the macaque monkey. TG, in particu-
lar, is very poorly represented in the macaque (Von Bonin and
Bailey 1947), and is sometimes identified as area TGdd, located
in the dorsomedial TP (Kondo et al. 2003). Anterior area TE is
more ventral and smaller in monkeys than in humans because in
the macaque there are only 2 gyri, superior and inferior, in the
lateral aspect of the temporal lobe, rather than the 3 gyri present
in humans. Similar to the macaque monkey, the ventromedial
TP in humans showed RSFC mainly with visual and paralimbic
areas. As in the monkey, the entire TP showed strong RSFC with
the amygdala and the entorhinal and perirhinal cortices. A fuller
comparative analysis of TP connectivity across the 2 species is
beyond the scope of this article.

Our findings strongly agree with a recent study using diffu-
sion tensor tractography to investigate the connectivity of the
human TP (Binney et al. 2012). The pattern of intratemporal
connectivity in this study suggested that multimodal sensory
information encoded in the caudal temporal cortex gradually
converges moving rostrally to reach the temporal polar cortex,
where information becomes maximally mixed (Binney et al.
2012). In our study, the polar area, TG, is characterized by
being connected to all the other areas of the TP. Areas TG and
TA, in the rostral superior temporal gyrus, had extensive con-
nectivity with frontoparietal areas, which were not connected
to seeds located in the inferior portion of the TP. Similarly, in
their midtemporal section (near our most caudal seed
locations), Binney et al. (2012) detected pathways to the fron-
toparietal regions only from the superior temporal gyrus.
Finally, they report a tract connecting the temporopolar areas
to the orbital portion of the inferior frontal gyrus (Binney et al.
2012); this tract (considered part of the uncinate fasciculus)
likely underlies the functional connectivity we observed
between areas TG and TA and a similar region of the frontal
lobe. Even though the findings in this diffusion tensor tracto-
graphy study are very similar to those of the present functional
connectivity investigation, it is worth noting that the 2 tech-
niques may provide distinct and potentially complementary
information since functional connectivity findings may traverse
multiple synapses or may show correspondence between 2
regions not directly connected but rather connected to a
common third region.

Limitations
This study has several limitations. Unlike tract-tracing studies
in monkeys, functional connectivity, similarly to diffusion

tensor imaging, does not allow for the determination of the di-
rection in which 2 regions are connected. However, unless per-
formed with tracers such as the rabies virus, animal tracing
studies are limited to one synaptic link, while functional con-
nectivity depicts an array of regions potentially connected by a
series of synaptic links. Thus, functional connectivity provides
a fuller picture of the network relationships of any given
region. Another potential limitation is that we do not display
connectivity patterns at a range of correlation strengths, as
done in studies involving regions such as the striatum (Choi
et al. 2012), with much better known connectivity than the TP.
Given the novelty and anatomical complexity of the networks
depicted at the z value we chose, commonly employed in func-
tional connectivity studies (Van Dijk et al. 2010; Buckner et al.
2011), we elected to display the data at a single threshold
value. However, as in other functional connectivity studies
(Yeo et al. 2011), we obtained similar network findings (not
shown) at a range of z values around the chosen threshold.
Another important limitation relates to the fact that we did not
employ an advanced nonlinear registration algorithm, such as
DARTEL or ANTS, to register each individual subject’s data to
the MNI template. It is possible that this resulted in the blur-
ring of some boundaries in the TP, a notoriously anatomically
heterogeneous cortical region across individuals. This would
have reduced the specificity of our large-scale network find-
ings and presumably would have biased against finding corre-
spondence between the clustering of TP seeds in the present
data and the cytoarchitectural findings reported previously by
Ding et al. (2009). In the same direction would lead another
potential limitation of our method: although the SNR reached a
level adequate for fMRI (Murphy et al. 2007), newer techniques
that optimize SNR for the TP may be applied in future studies
(Binney et al. 2012). Finally, the detail of the connectivity pat-
terns we describe is limited by the voxel resolution of the opti-
mized EPI sequences we used in a 3T scanner. It is possible
that a more detailed and accurate rendition of the connectivity
of the TP may be obtained with a higher field strength scanner,
once the difficulties posed by susceptibility artifacts in the TP
region are properly addressed.

Conclusions

In summary, the parcellation of the human TP using large-scale
functional connectivity yielded a complex set of subregions,
strikingly coincident with the cytoarchitectonic subregions re-
cently mapped in postmortem human tissue. Despite the com-
plexity, the patterns that emerged from these data indicated
the presence of 4 large-scale brain networks anchored within
the human TP: 1) a dorsal network, with predominant connec-
tivity to auditory and somato-sensorimotor regions, particu-
larly those involved with language; 2) a ventromedial network,
predominantly connected to higher level visual regions; 3) a
medial network, connected to paralimbic structures; and 4) an
anterolateral network, connected to the default-semantic
network. Although 4 distinct networks were detected, the tran-
sitions between large-scale connectional patterns with TP seeds
were gradual, in keeping with the gradual changes in cytoarchitec-
ture in the TP. All subregions of the TP were connected to the
small area at the very rostral tip of the TP, likely an important con-
vergence hub. Most of the connectivity maps were quite symmetri-
cal, except for the map anchored in the dorsal, language-related,
subregion. The highly specific connectivity of different subregions
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with subcortical structures, such as the hypothalamus or the
ventral tegmental area of the midbrain, are only some of the newly
discovered relationships provided by this study which should be
further explored in futurework.

Supplementary Material
Supplementary material can be found at: http://www.cercor.oxford-
journals.org/.
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