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The temporal pole (TP) is an association cortex capable of multisen-
sory integration and participates in various high-order cognitive func-
tions. However, an accepted parcellation of the human TP and its
connectivity patterns have not yet been well established. Here, we
sought to present a scheme for the parcellation of human TP based
on anatomical connectivity and to reveal its subregional connectivity
patterns. Three distinct subregions with characteristic fiber path-
ways were identified, including the dorsal (TAr), the medial (TGm),
and lateral (TG/) subregions, which are located ventrally. According
to the connectivity patterns, a dorsal/ventral sensory segregation of
auditory and visual processing and the medial TGm involved in the ol-
factory processing were observed. Combined with the complemen-
tary resting-state functional connectivity analysis, the connections
of the TGm with the orbitofrontal cortex and other emotion-related
areas, the TG/ connections with the MPFC and major default mode
network regions, and the TAr connections with the perisylvian
language areas were observed. To the best of our knowledge, the
present study represents the first attempt to parcel the human TP
based on its anatomical connectivity features, which may help to
improve our understanding of its connectional anatomy and to
extend the available knowledge in TP-related clinical research.

Keywords: connectivity, diffusion tensor imaging, parcellation, resting-state
fMRI, temporal pole

Introduction

Covering the anterior portion of the human temporal lobe (TP),
the TP not only has been regarded as a structural uniform area
in earlier brain atlases (Brodmann 1909; Economo and Koskinas
1925), but also has been proposed as a functional homogeneous
region in previous literatures (Patterson et al. 2007; Simmons
et al. 2010). Because little is known regarding human TP con-
nectivity and function, it has been referred to as “the enigmatic
TP” (Olson et al. 2007). However, anatomical tracer studies in
nonhuman primates have revealed its rich connections in both
cortical and subcortical structures, although such studies were
usually confined to specific areas (Markowitsch et al. 1985;
Moran et al. 1987; Kondo et al. 2003). Furthermore, numerous
animal experiments as well as clinical and neuroimaging studies
have demonstrated that the TP is an association cortex that not
only is involved in multimodal sensory integration (Kondo et al.
2003; Poremba et al. 2003; Olson et al. 2007; Skipper et al. 2011;
Visser et al. 2012), but also has been implicated in various high-
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order cognitive functions, including memory (Schacter and
Wagner 1999; Munoz-Lopez et al. 2010), name and face recog-
nition (Olson et al. 2007), emotion (Royet et al. 2000), empathic
behavior (Rankin et al. 2006), social cognition (Zahn et al. 2007,
2009; Green et al. 2010; Olson et al. 2012), and higher-order
aspects of language, such as sentence processing (Hickok and
Poeppel 2007) and semantic memory (Binney et al. 2010). The
diversity of its functions and connections suggests the presence
of subregions within this area and their participation in different
functional networks.

However, there has been much debate regarding how the
TP should be partitioned on the basis of various criteria from
observer-dependent histological studies. Although it has been
previously described as a uniform area in earlier cytoarchitec-
tonic or myeloarchitectonic atlases (see Supplementary
Fig. 14,B), different views on TP parcellation also exist. Ac-
cording to fiber myelogenesis, Flechsig (1920) differentiated
the anterior polar region with its dorsal part as Feld 13, its
medial part as Feld 13b, and its ventral part as Feld 18b in his
myelogenetic map (see Supplementary Fig. 1C). Moreover,
one myeloarchitectonic parcellation study demonstrated 5 sub-
regions in this area (Hopf 1954). Furthermore, 2 recent post-
mortem studies using different histological criteria found that
the TP could be separated into different cytoarchitectonic sub-
fields (Ding et al. 2009; Blaizot et al. 2010). Although potential
explanations for inconsistent TP parcellation may be the vari-
able extents of the human TP and the different methodologies
used and their inherent limitations, because of the lack of an
accepted description of the TP subregions, further understand-
ing of TP function in vivo has been overlooked and even dis-
puted in relevant studies. Moreover, given that TP dysfunction
has also been associated with multiple neurological disorders,
including schizophrenia (Gur et al. 2000; Crespo-Facorro et al.
2004), semantic dementia (Olson et al. 2007; Patterson et al.
2007), epilepsy (Semah 2002; Chabardes et al. 2005), Alzhei-
mer’s disease, and Pick’s disease (Arnold et al. 1994), an estab-
lished parcellation frame with a systematic connectivity
analysis for the human TP in vivo would be helpful for further
understanding the malfunctions induced by such diseases.

Previous studies have suggested that the functional and/or
structural heterogeneity of a brain region correlates with its
connectivity pattern; thus, the patterns of its anatomical con-
nectivity reflect the segregation of distinct areas (Passingham
et al. 2002; Averbeck et al. 2009; Eickhoff et al. 2010; Caspers
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et al. 2011). Using noninvasive diffusion tensor imaging (DTT)
with fiber tractography, researchers can successfully define
brain regions or subregions based on distinct connectivity pat-
terns in vivo, which have proven to be highly consistent with
traditional cytoarchitectonic findings (Behrens, Johansen-
Berg, et al. 2003; Johansen-Berg et al. 2004; Beckmann et al.
2009; Bach et al. 2010; Mars, Jbabdi, et al. 2011; Cloutman and
Lambon Ralph 2012; Wang, Fan, et al. 2012). Therefore, by
adopting such a parcellation strategy, we could separate the
subdivisions in the human TP. In addition, due to the numer-
ous anatomical connections to and from the TP, its functions
may be connected with a more extensive and complex
network, rather than involving only the TP itself. Currently,
most knowledge regarding TP connectivity in the human brain
has been based on cross-species generalizations, which may
not precisely correspond to that in humans owing to morpho-
logical differences and evolution (Gloor 1997). Thus, it is
necessary to identify human TP connections in vivo, particu-
larly the more comprehensive structural and functional con-
nectivity patterns at the subregional level. Binney et al. (2012)
revealed the connectivity patterns of morphologically defined
subregions in the rostral temporal lobe using diffusion
imaging probabilistic tractography. However, this study mainly
focused on the cortico-cortical connections of the rostral tem-
poral lobe with the intratemporal and extratemporal cortices
that were confined to the frontal and parietal language areas.

In the current study, first we parceled the human TP into 3
subregions based on its anatomical connectivity features.
Then, using subsequent probabilistic fiber tracking and
resting-state functional connectivity (RSFC) analysis, we
sought to clarify the anatomical and functional connectivity
patterns of each subregion. This present study extends upon
the earlier connectivity study in 2 ways: (1) Connectivity to the
nontemporal lobe regions is covered in more detail, including
both the cortical and subcortical structures, and (2) RSFC
analysis was employed to determine the potential functional
systems in which they participate.

Materials and Methods

Participants and Data Acquisition

Two independent groups of healthy subjects were recruited via adver-
tisement for diffusion magnetic resonance imaging (MRI) and resting-
state functional MRI (fMRI) data acquirement. All of the subjects were
right-handed as assessed by the Edinburgh handedness inventory and
were free of any psychiatric or neurological abnormalities. Informed
consent was obtained from all subjects as approved by the local
medical ethics committee. All of the acquired datasets were visually in-
spected by 2 experienced radiologists (W.H. and CS.Y.) for apparent ar-
tifacts and distortions arising from subject motion and instrument
malfunction. Data with an apparent signal loss and distortions in the
TP regions were excluded to ensure adequate signal coverage in the
relevant regions for subsequent analysis.

First, we acquired diffusion-weighted echo-planar images (using the
following parameters: Repetition time (TR)=15000ms, echo time
(TE) =73 ms; 69 contiguous axial slices with an isotropic 2-mm resol-
ution, matrix size = 128 x 128) in 18 healthy, right-handed participants
(9 males; age range = 22-30 years, mean age = 25.9, standard deviation =
2.3) using a GE 3.0-T Signa HDxt scanner (General Electric, Milwaukee,
USA) with an 8-channel phased-array head coil. Diffusion weighting
was distributed along 50 directions using a b-value of 1000. For each set
of diffusion-weighted data, 3 volumes with no diffusion weighting were
acquired at points throughout the acquisition. In addition, for volumetric
and registration purposes, a set of high-resolution 7;-weighted images
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were acquired sagittally using a fast inversion-recovery-prepared
3-dimensional (3D) gradient-echo sequence (without interslice gap,
TR=7.79ms, TE=298ms, flip angle=7° matrix size: 256 x 2506;
field-of-view (FOV): 256 x 256 mmz; slices: 188 in sagittal orientation).

Secondly, the resting-state fMRI data and related 7)-weighted
images were collected from a different group of 18 healthy, right-
handed volunteers (9 males; age range = 21-31 years, mean age = 26.2,
standard deviation = 2.1) using a 3.0-T Siemens MRI scanner. An fMRI
was performed during the resting state, and the subjects were in-
structed to rest with their eyes closed, relax their minds, and remain as
motionless as possible during the echo-planar imaging (EPI) data
acquisition. Echo-planar images (180 volumes) were acquired using a
gradient-echo, single-shot, EPI sequence (TR =2000 ms, TE =30 ms,
flip angle =90°). The slice thickness was set to 3 mm (slice gap=0.9
mm) with a matrix size of 64 x 64 and an FOV of 220 x 220 mm?, which
resulted in a voxel size of 3.4x3.4x3.9 mm’. A structural scan was
also acquired for each participant in the same session, using a 7;.
-weighted 3D magnetization-prepared rapid gradient-echo (MP-RAGE)
sequence (TR/TE=2000/2.2 ms; flip angle=9°) with a voxel size of
1x1x1mm’.

Data Preprocessing

The diffusion and structural MR data were preprocessed using the
FMRIB’s Diffusion Toolbox (FMRIB Software Library, FSL, 4.0; http://
www.fmrib.ox.ac.uk/fsl) and the MINC Toolbox (http:/www.bic.mni.
mcgill.ca/ServicesSoftware/MINC). First, brain extraction was per-
formed on the nondiffusion-weighted images (b=0 s/mm?) using the
brain extraction tool (BET) in FSL (Smith 2002). Secondly, after being
converted into the MINC format, the structural MR images were cor-
rected for nonuniformity artifacts using the nonparametric nonuniform
intensity normalization (N3) algorithm to improve the accuracy of the
following anatomical analysis (Sled et al. 1998). Next, the skull-stripped
T-weighted images of each subject were linearly transformed into the
previously processed nondiffusion b0 images using the registration
program (minctracc) available with MINC tools, which provided a set of
coregistered 7 images in a native DTI space. Subsequently, the coregis-
tered 73-weighted images in the diffusion space were first registered to
the Montreal Neurological Institute (MNI) template using linear (Isq9,
i.e. 3 rotations, 3 translations, and 3 scales) transformations. Next, the
linear transformed 7;-weighted images were nonlinearly warped into
the MNI template (Collins et al. 1994). Finally, the derived transform-
ation parameters were then inverted and used to warp the seed and
target masks from the MNI space to the native DTI space using nearest-
neighbor interpolation.

Definition of TP Boundary

In general, the TP is anteriorly bordered by the hemispheric margin
and posteriorly bordered by a coronal plane before the limen insulae
(or frontal-temporal continuity). Within the MNI152 brain template,
we defined the TP boundary as following a rostrocaudal sequence (see
Supplementary Fig. 2) and considered the description of the segmenta-
tion criteria previously reported by Insausti et al. (1998). First, the ap-
pearance of the collateral sulcus confirmed the end of the TP
ventral-medially, which also marked the beginning of the entorhinal
and perirhinal cortices. Secondly, the rostral-most extension of the
superior temporal and inferior temporal sulci provided an approxi-
mation for the dorsal and lateral limits of the TP. Moreover, according
to the description provided by Insausti et al., the polar sulci were the
major anatomical landmarks between the TP and superior temporal
gyrus (STG). However, there are usually mismatches between the sulci
anatomy and the cytoarchitecturic results, particularly for the dorsolat-
eral boundary of the TP. Thus, the dorsal boundary between the TP
and STG (Brodmann area 22, BA22) was not defined, and parts of the
STG may be included in the TP seed mask. In addition, according to
the rostral-most extension of the superior temporal and inferior tem-
poral sulci, the middle temporal gyrus (MTG; BA21) was removed from
the TP seed mask. Finally, compared with Brodmann’s atlas, which
was available on the Caret5 software (Van Essen et al. 2012), a macro-
scopically defined TP seed mask in our study approximately resembled
BA38 (Fig. 1). Next, the bilateral TP seed masks were warped back to
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Figure 1. Views of the frontal, ventral, medial, and lateral aspects of the human brain
show the location of the TP The TP is defined on the MNI152 brain template with a
black line indicating the boundary of BA38 from the Brodmann surface atlas in the
Caretb software. The left TP was shown as an example for boundary definition and
superimposed on the surface template.

the individual native DTI space using the inverse of the linear trans-
formation and nonlinear deformations. Subsequently, the final TP seed
masks were confirmed on the coronal planes, slice-by-slice, to include
all tissue commonly assigned to the TP cortex.

Connectivity-Based Parcellation of TP

Analysis of the diffusion-weighted images was performed using the
FSL software package. First, the diffusion-weighted images were rea-
ligned to the nondiffusion b0 images using an affine transformation for
the correction of head motion and eddy current-induced image distor-
tion. Next, the probability distribution was estimated on multiple fiber
directions at each voxel in the diffusion data. The vectors in the
anterior temporal regions were displayed using lines to represent the
principle diffusion direction at each voxel using red, green and blue
coding in 4 example subjects (see Supplementary Fig. 3). These vector
maps showed that there were sufficient signals with little distortion in
the TP region. Signal dropout and stacking in the ventral region
behind the pole were observed, although mainly located in the gray
matter, which would still affect white matter (WM) and place limit-
ations on the observed connectivity results in this area (Embleton et al.
2010). Next, to estimate the connectivity probability, probabilistic trac-
tography was applied by sampling 5000 streamline fibers per voxel.
The connectivity probability from the seed voxel i to another voxel j
was defined by the number of fibers passing through voxel j divided
by the total number of fibers sampled from voxel i (Behrens, Woolrich,
et al. 2003; Behrens et al. 2007). Finally, the connections were esti-
mated between voxels in the TP and all of the remaining voxels in the
brain and stored at a lower resolution with a voxel size of 5 x5 x5 mm
(Johansen-Berg et al. 2004). Based on the native connectivity matrix, a
cross-correlation matrix was calculated to quantify the similarity/dis-
similarity between the connectivity profiles of the TP seed voxels. The
cross-correlation matrix was also processed using spectral clustering
(Ng et al. 2002), which is a method that groups data on the basis of its
similarity to other data; the more similar their connectivity profiles, the
more likely the voxels will be grouped together.

For clustering, no spatial constraint was applied when identifying
the clusters. In addition, the grouping of voxels was entirely dependent
on the anatomical connectivity information. Based on the following 2
considerations, the spatial constraint was not employed in the cluster-
ing step. First, the spectral clustering algorithm makes use of the eigen-
vectors of the similarity matrix as a feature for clustering, which was

less sensitive to the spatial distance effects compared with other
general clustering methods, such as the k-means algorithm. Secondly,
how to balance the connectivity information and spatial distance infor-
mation in the clustering when the spatial constraint was included is
still an unresolved issue. According to previous studies (Tomassini
et al. 2007; Mars, Sallet, et al. 2011), we also applied the spatial dis-
tance to correct the parcellation results for 2 example subjects. We
found that when the distance effects were included (for the adjustor
factor: from 0.1 to 1.0 with 0.1 as the interval), the parcellation results
had clearly not improved, and the spatial constraint had changed
boundaries between each pair of TP subregions (see Supplementary
Fig. 4). In addition, the subregions in the TP cortex were observed to
be spatially contiguous, although a few discontinuous voxels were
shown in the individual parcellation results, which may be caused by
noise or preprocessing steps. Finally, to visualize the TP parcellation
results, we created maximum probability maps (MPMs) for each TP
subregion, which were effective in decreasing the relatively discontinu-
ous voxels with low probabilities.

In addition, to avoid an arbitrary choice in the number of clusters,
we used cross-validations to determine the number of clusters, which
yielded optimal consistency across subjects and thus, an optimal
number of clusters. Specifically, we employed the leave-one-out
method where the data from each subject were excluded from aver-
aging. For each subject, we verified the consistency between the clus-
tering results of the single subject and the average across the remaining
subjects using Cramer’s V. Cramer’s V has values in the interval [0, 1],
where high values indicate good consistency. A value of “1” indicated a
perfect match. The intersubject consistency check was also performed
for k=2, 3, 4, 5 clusters.

Moreover, the population probability maps of the resulting clusters
were derived from the overlapping of these clusters (in standard brain
space) across subjects and divided by the number of subjects, so that
the voxel values in the population probability maps represented the
proportion of the population in which a cluster was present. In
addition, we created the MPMs in the standard (MNI) space for each TP
subregion, which retained quantitative information regarding the inter-
subject variability. We adopted the Ding et al. (2009) nomenclature to
label the observed TP subregions.

Mapping Anatomical Connectivity Patterns

First, to determine the major differences in connection patterns that
drive this connectivity-based parcellation, we used the TGm, TG/, and
TAr regions (thresholded at 50% probability) as seeds for probabilistic
tractography using estimates of the (multiple) fiber orientations in each
voxel (Behrens et al. 2007). The connection probability between a
seed and another voxel in the brain is given by the number of traces ar-
riving at the target site. Furthermore, an individual-level threshold for
the probabilistic fiber tracking combined with a group-level threshold
for the fiber tracking success rate across all subjects was used (Kucyi
et al. 2012). At the individual level, we used a conservative threshold of
the connectivity probability value P>2.0 (i.e. >0.04% of the 5000
samples from the seed reaching target) to remove voxels with a very
low connectivity probability. Next, at the group level, we maintained
the consistently identified fibers and target brain areas across subjects
with a success rate of >50%.

To reduce the number of false positives in fiber tracking, the raw
tracts of each subject were first thresholded with a connectivity prob-
ability value P> 2.0, that is, >0.04% of the 5000 samples generated
from each seed voxel. The fiber tracts were then binarized and warped
into the standard MNI space according to the corresponding estimated
transformations. We subsequently averaged the warped fiber tracts
across subjects to obtain population maps, which were then thre-
sholded to display only those voxels that were present in at least 50%
of the subjects. In addition, we used the Johns Hopkins University
(JHU) WM tractography atlas to label the fiber pathways (Wakana et al.
2004).

Secondly, we employed the automated anatomical labeling (AAL)
atlas (Tzourio-Mazoyer et al. 2002) to subdivide the cerebral cortex
and subcortical nuclei of each subject into different target areas (43
areas for each hemisphere with the TP and cerebellum excluded). In
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addition, we further replaced the thalamus in the AAL atlas with a finer-
grained thalamic atlas (Behrens, Johansen-Berg, et al. 2003), so that 49
target brain areas were completely acquired for each hemisphere.
Next, for each subject, we drew 5000 samples from the connectivity
distribution (starting from the seed voxels in the TP subregions) and
computed the average probability of connection for each seed-target
combination. A connection probability value was then normalized and
averaged for each seed-target combination across all the subjects.
Finally, we selected those target brain areas that met both the
individual- and group-level criteria in both hemispheres simul-
taneously to estimate the anatomical connectivity fingerprints.

Finally, to test for the effect of within-subject factors on the “TP sub-
regions” (TGm, TGI, and TAr), “target areas” and “hemispheres” (left
and right), as well as on the interactions of the TP subregions with the
selected 17 target brain areas in each hemisphere, we performed
repeated-measures analysis of variance (ANOVA) on these connection
probability values. The Huyhn-Feldt adjustment was used when
necessary. Next, multivariate analysis of variance with subsequent uni-
variate ANOVAs and Bonferroni pair-wise comparisons were per-
formed to identify the specific differences between each pair of TP
subregional connection probabilities with ipsilateral target areas.
These statistical analyses were performed using SPSS 18.0 (IBM,
Armonk, NY, USA).

Resting-State fMRI Connectivity Analysis of the TP Subregions
Preprocessing of the resting-state fMRI data was performed using the
scripts provided by the 1000 Functional Connectomes Project (www.
nitrc.org/projects/fcon_1000) (Biswal et al. 2010) with both the FSL
(http://www.fmrib.ox.ac.uk/fsl/) and AFNI (Automated Functional
Neurolmaging) (http://afni.nimh.nih.gov/afni) software. The prepro-
cessing steps consisted of (1) discarding the first 10 volumes in each
scan series to allow for signal equilibration, (2) performing slice-timing
correction, (3) performing motion correction, (4) time series despik-
ing, (5) spatial smoothing with a 6-mm full-width at half-maximum
Gaussian kernel, (6) normalizing the mean-based intensity, (7) band-
pass temporal filtering (0.01 Hz < f<0.10 Hz), (8) removing linear and
quadratic trends, (9) performing linear and nonlinear spatial normali-
zation of the structural MR images to the MNI152 brain template
(MNI152, and conducting other anatomical data preprocessing steps;
including brain masking and tissue classification), (10) coregistering
the anatomical volume with the mean functional volume, (11) perform-
ing nuisance signal regression (WM, cerebrospinal fluid, the global
signal, and 6 motion parameters), and (12) resampling the functional
data into the MNI space with the concatenated transformations. Finally,
4-dimensional (4D) residual time series data in the standard MNI space
for each subject were acquired after the preprocessing. No participant
had a head motion of >1.5 mm maximum translations in the x, y, and z
directions or 1.5° in any angular rotation.

In addition to visual inspection of the original data, to provide evi-
dence for sufficient signal coverage in the TP, a leave-one-subject-out
strategy, in which a single subject is iteratively excluded, was performed
to analyze the intersubject stability of the connectivity patterns. To
achieve this, we first averaged the connectivity matrices for the N—1 sub-
jects and then computed the correlation between the averaged connec-
tivity pattern and the connectivity pattern of the left-out subject for each
TP voxel. Finally, the correlation matrices were then averaged across all
steps to obtain the average stability map (Kahnt et al. 2012). Moreover,
the temporal signal-to-noise ratio (TSNR, the ratio of the average signal
intensity to the signal standard deviation) maps were calculated for each
subject. Then, the individual TSNR maps were normalized into the stan-
dard MNI space and averaged. The averaged TSNR map showing signal
coverage over the anterior temporal lobes could be found in Supplemen-
tary data (see Supplementary Fig. 5). As demonstrated by measurements
of the TSNR, signal quality in the anterior temporal lobe was acceptable
for RSFC analysis (Murphy et al. 2007).

Using the 4D residual time series data acquired in the processing
step, we extracted the time course and averaged across all voxels for
each functional region of interest (ROID) in the TP subregions. These
ROIs consisted of spheres with a radius of 6 mm constructed around
the center of each TP subregion by MRICron (http://www.sph.sc.edu/
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comd/rorden/MRicron/). For each individual dataset, the functional
connectivity between the ROI time series and that of each voxel in the
rest of the brain was represented by Pearson’s correlation coefficient.
To reduce the computational complexity, correlations were computed
only between the gray matter voxels. Correlation coefficients were then
normalized using Fisher’s z-transform.

A 1-sample #-test (z = 18 subjects) on these maps was performed to
test for areas where the averaged normalized correlation was signifi-
cantly different from 0. Moreover, paired #-tests were used to identify
the precise regions between each pair of TP subregions ipsilaterally
that differed in their RSFC strengths. For the above voxel-wise compari-
sons, the false discovery rate (FDR) method was used for multiple com-
parison correction (P<0.01), and only clusters containing a minimum
of 50 voxels were reported here.

Results

Connectivity-Based Parcellation of the TP into 3
Subregions

Using probabilistic tractography of in vivo DTI data and clus-
tering algorithms, 3 distinct subregions with various connec-
tivity patterns were identified in an individual space for each
subject. These results were transformed and combined in a
standard MNI brain space to create a probabilistic, population-
based parcellation of the TP including the dorsal TP (TA7),
medial TP (TGm), and lateral TP (TG/), and the last 2 subre-
gions located in the ventral part of the TP. The maximum prob-
abilistic maps (Fig. 24) and probabilistic maps of the TP
subregions were calculated across 18 subjects and are shown
in the lower row of Figure 2B. In addition, to determine the
reliability of the spectral clustering method in selecting the
optimal number of subregions, a consistent method was em-
ployed to verify the number with K =2-5. With K=2 and 3, the
stability of the clustering was higher (Fig. 3).

Anatomical Connectivity Patterns of the TP Subregions

Statistical Analysis of the Connection Probabilities
Repeated-measures ANOVA demonstrated a significant main
effect of the factor TP subregions (F=72.14; P<0.0005), indi-
cating that the mean connection probabilities of the connec-
tions to all targets differed significantly among the 3 TP
subregions. In addition, we also revealed a significant inter-
action (F=166.86; P<0.0005) between the TP subregions and
target areas, revealing that the distribution of the connection
probabilities to an individual target area was different among
the TP subregions. Using MANOVAs, there were also statisti-
cally significant differences among the TP subregions in their
anatomical connections in both hemispheres (left: F=67.56,
P <0.0005 and right: F=75.87, P<0.0005). The detailed com-
monalities and differences in the TP subregional connectivity
patterns acquired by the subsequent univariate ANOVAs and
Bonferroni pair-wise comparisons are presented in Table 1. In
addition, no significant main effect of the factor target areas
was observed (F=0.00; P=1.00), and a significant interaction
between TP subregions with hemisphere (F=5.20; P=0.007)
was observed, indicating the asymmetric anatomical connec-
tivity of the TP subregions.

Differences in Anatomical Connectivity Among the TP
Subregions

First, using the JHU WM atlas, several major fibers were distin-
guished, including the uncinate fasciculus (UF), inferior
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Figure 2. Connectivity-based parcellation of the TP into 3 subregions. The maximum probabilistic maps of the TP subregions [TGm refers to the medial TP (yellow); TG/ refers to the
lateral TP (green), and TAr refers to the dorsal TP (red)] were presented in Figure 1A. Figure 1B showed the probabilities for each voxel in each TP cortex to be classified into 1 of the 3
clusters. The color scheme represented the probability of the overlapping brains in each voxel across all the subjects. The maps are projected onto a 3D brain surface using the Caretb

software.
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Figure 3. Average Cramer’s V as an indication of clustering consistency. Cramer’s V
has values in the interval [0, 1] in which high values indicate good consistency. A value
of “1" indicates a perfect match. Cramer’s V was significantly higher for the 2 and 3
cluster solutions.

longitudinal fasciculus (ILF), middle longitudinal fascicle
(MdLPF), inferior fronto-occipital fasciculus IFOF), and inferior
thalamic peduncle (ITP; see Fig. 4 and Supplementary Fig. 7).
Furthermore, the underlying fibers between the TP subregions
with the thalamus could also be categorized into 2 main paths
as previously described in the previous study (Behrens,
Johansen-Berg, et al. 2003). One path traveled around the pos-
terior edge of the thalamus and extended through the hippo-
campus (HIP), and the other path extended along the medial
wall of the thalamus and turned laterally to the amygdala
(AMG). Secondly, the anatomical connectivity fingerprints
between each TP subregion with the predefined target brain
areas in the ipsilateral hemisphere were acquired (Fig. 54,C)
and showed obvious differences.

There were a total of 17 target brain areas (Fig. 5) meeting
the criteria in each hemisphere, including the superior frontal
gyrus-orbital cortex (ORBsup), inferior frontal gyrus-orbital
cortex (ORBIinf), olfactory cortex (OLF), gyrus rectus (REC),
insular (INS), parahippocampal gyrus (PHG), lingual gyrus
(LING), fusiform gyrus (FFG), STG, MTG, inferior temporal
gyrus (ITG), AMG, HIP, and putamen (PUT). Moreover, 3 thal-
amic subregions from the connectivity-based thalamic atlas
also met the criteria for estimating the anatomical connectivity
fingerprints, including (1) the prefrontal-connected thalamus
(THA.P), which corresponded to the anterior nuclear group,
medial nuclear group, and ventral anterior nuclei; (2) the
temporal-connected thalamus (THA.T), which corresponded
to the pulvinar; and (3) the occipital-connected thalamus
(THA.O), which corresponded to the lateral geniculate body
and pulvinar. Furthermore, most of the target brain areas have
been previously reported in nonhuman primate tract tracing
studies (Pandya and Kuypers 1969; Aggleton et al. 1980; Mar-
kowitsch et al. 1985; Moran et al. 1987; Morecraft et al. 1992;
Stefanacci et al. 1996; Lavenex and Amaral 2000; Saleem et al.
2000; Kondo et al. 2003; Munoz and Insausti 2005).

The diversities of the TP subregions within each target brain
area are also shown in Figure 5B,D. Although several vari-
ations existed, similar anatomical connectivity patterns were
observed in both hemispheres (Fig. 5 and Table 1). Among the
3 TP subregions in the left hemisphere, the ventrolateral TG/
showed high connection probabilities with the superior frontal
gyrus (orbital part), OLF, REC, INS, PUT (lenticular nucleus),
THA.P, and THA.O. The ventromedial TGm showed strong
connections with the PHG, ITG, FFG, HIP, AMG, and all the 3
thalamic subregions. For the dorsal TAr, stronger connections
with the inferior frontal gyrus (orbital part), insular cortex,
STG, and MTG were observed. Meanwhile, there were some
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Table 1

Differences in the anatomical connections between each 2 TP subregions with target areas

TP subregion\target areas ORBsup ORBinf OLF REC INS HIP PHG AMYG
Left
F tests (F/P-value) 53.03/0.00* 51.74/0.00% 29.16/0.00* 27.24/0.00* 25.10/0.00* 83.97/0.00* 122.73/0.00* 54.43/0.00*
TG-TGm (P) (+)0.00* (+)0.00* (+)0.00* (+)0.00* (+)0.00* (—)0.00* (—)0.00% (—)0.00*
TGI-TAr (P) (+)0.00* (—)0.00* (+)0.00* (+)0.00* (+)0.00* (+)0.01* 1.00 (+)0.00*
TGm-TAr (P) (+)0.04* (—)0.00% (+)0.00* (+)0.00* (—)0.00* (+)0.00* (+)0.00* (+)0.00
Right
F tests (F/P-value) 47.37/0.00* 12.91/0.00* 65.23/0.00* 54.63/0.00* 218.34/0.00* 271.71/0.00* 265.89/0.00* 572.08/0.00*
TGm-TGI (P) (+)0.01* (+)0.05* (+)0.00* (+)0.00* (+)0.00* (—)0.00% (—)0.00* (—)0.00*
TGI-TAr (P) (+)0.00* (—)0.04% (+)0.00* (+)0.00* (—)0.00* (+)0.00* 0.78 (+)0.00*
TGm-TAr (P) (+)0.00* (—)0.00% (+)0.00* (+)0.00* (—)0.01* (+)0.00* (+)0.00* (+)0.00*
TP subregion\targets areas LING FFG PUT THA(0) THA(P) THA(T) STG MTG ITG
Left
F tests (F/P-value) 1.00/0.37 71.48/0.00% 9.14/0.00% 3.08/0.06 3.43/0.04* 36.94/0.00* 4452.65/0.00% 22.65/0.00* 69.09/0.00%
TG-TGm (P) 1.00 (—)0.00* (+)0.00* 1.00 0.61 (—)0.00% 0.33 0.16 (—)0.00*
TGI-TAr (P) 1.00 0.49 0.23 0.10 0.58 0.09 (—)0.00* (—)0.00* (+)0.00*
TGm-TAr (P) 0.50 (+)0.00* (—)0.05% 0.13 (+)0.04* (+)0.00* (—)0.00* (—)0.00* (+)0.00*
Right
F tests (F/P-value) 25.38/0.00* 180.94/0.00* 19.06/0.00% 125.76/0.00% 51.38/0.00* 649.89/0.00% 5343.09/0.00* 48.62/0.00* 22.43/0.00%
TGm-TGlI (P) (+)0.00* (—)0.00* (+)0.00* (—)0.00* 0.23 (—)0.00* (+)0.00* (+)0.00* (—)0.00*
TGI-TAr (P) (+)0.00* 1.00 (+)0.00* (+)0.00* (+)0.00* (+)0.00* (—)0.00* (—)0.04* 0.95
TGm-TAr (P) 0.51 (+)0.00* 0.35 (+)0.00* (+)0.00* (+)0.00* (—)0.00* (—)0.00* (+)0.00*

Note: Using the univariate ANOVAs and pair-wise comparisons, differences in the TP subregions with each ipsilateral target brain areas, as well as the anatomical connections toward the different targets
among the TP subregions, were reported here. The results were all adjusted for multiple comparisons with Bonferroni.
The "*" indicates that the mean difference was significant at the 0.05 level. The “+"and “—" indicate directions for the pair-wise comparison.

Figure 4. Population maps of the probabilistic tractography results from the left TGm, TG/, and TAr regions. Population maps of the probabilistic tractography results from the
bilateral TP subregions are shown on the ICBM152 template in the MNI space with MRicron. The color scales represent the population probability of a voxel belonging to a pathway
for the TP subregions: TGm (warm), TG/ (gray-green), and TAr (red-yellow). The main fiber tracts, including the UF, IFOF, MdLF, ILF, and ITPs were illustrated and marked.

3370 Tractography-Based Parcellation of the Temporal Pole -

Fan et al.

220z 1snBny 0z uo 1s9nb AQ 69008Z/SIEE/Z |/¥2/3I01NE/100180/W00"dNO"DIWSPED.//:SANY WO} PAPEO|UMOQ



0.5
0.is

=TGLL “TGm.L s TAr.L

VoY D
& Qﬁo @& & &

G . . N
TR & \'50
F &L <

075+

sTGLR "TGm.R mTAr.R

oRBsupl
1TGL 095 OB
MTGL 075 OLFL
STGL RECL
TRACD — NS
AHACH RIS
THAOM: PHGL
pUTL AWYGL
FEGL LINGL
B 1
0.8
0.6
0.4
0.2 I
0+ . . -
» ; PO 0%’ 0\—’
K L&
& & q‘z* R
oq' o ?35 b
MTG
STGR RECR
THAMR INSR
THACMR | neR
THAOWR PHGR
PUTR [ MYGR
FFGR ‘,\N(‘..ﬁ
D1
0.8

0.6

F & &

TLHllﬂL"LhuhLLLLHu

F ST ETFSS

& &

S M F FFFHLELEE @3 q""; & &o &o
S A @ K
& & & ] _;.\ &8 2\" &«-23' '@?' °F N N

Figure 5. The anatomical connectivity fingerprints and quantitative differences of the bilateral TP subregional connections with target areas. Using the 17 brain target regions in the
same hemisphere, the anatomical connectivity fingerprints were expressed via radar graphs in 6 individual maps (A for the left TP and C for the right TP). The quantitative results of
the differences of the bilateral TP subregional connections with target areas are shown on the bar graphs (8 and D).

differences in the right hemisphere. The right TG/ showed
stronger connections with the LING compared with the other 2
subregions, while no significant differences were observed in
the left hemisphere. In addition, the right TA» showed weak
connections with all the 3 thalamic subregions.

Functional Connectivity Patterns of TP Subregions

The average connectivity stability map is shown in Supplemen-
tary Figure 6 along with the distribution of the correlation coef-
ficients. As shown in this stability map, the significant stability
and the presence of similar connectivity profiles across differ-
ent subjects demonstrated adequate signal coverage in the TP.
In addition, the TSNR maps also showed sufficient signals in
the anterior TP region (see Supplementary Fig. 5). Next, the
RSFC patterns of each TP subregion were obtained. In
addition, the bilateral TP subregions showed similar functional
connectivity patterns for both the correlated and anticorrelated
brain regions, as shown in Figure 6 and see Supplementary

Figure 8. Disparate functional connectivity networks were sys-
tematically classified within the TP using RSFC with each sub-
division, which suggested a discrete functional role. The RSFC
results in the cerebellum are not shown in the figures.

Positively Correlated Networks

(1) The cortex in the TG/ was positively correlated with the
MTG, insular cortex, posterior temporoparietal junction (TPJ),
and areas of the default mode network (DMN), including the
medial prefrontal cortex (MPFC) and posterior cingulate gyrus.
(2) The TGm was positively correlated with areas in the ventral
MPFC, subcallosal gyrus, orbitofrontal cortex, and FFG. It was
also correlated with areas in the medial temporal cortex, in-
cluding the PHG, HIP, and AMG. (3) The dorsal TA7 cortex was
positively correlated with the STG, middle cingulate gyrus,
supplement motor areas (SMA), anterior TPJ area, and perisyl-
vian cortex, including the inferior frontal language areas and
insular cortex.

Cerebral Cortex December 2014, V24N 12 3371
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TAr>TGI
Left TP subregional RSFC patterns

TAr>TGm

Figure 6. Spatial distribution of the RSFC patterns for the left TP subregions and the medial, lateral, and dorsal TP subregional RSFC variations. Statistical parametric maps are
displayed using a voxel-level statistical threshold of P < 0.05 corrected for the FDR, with a cluster extent threshold of 50 voxels. The RSFC and relevancy connection differences

maps are projected onto a 3D brain surface with intensity scales representing the T-values.

Anticorrelated Networks

(1) The TG/ was negatively correlated with the bilateral dorsal
prefrontal cortex, posterior parietal cortex, and dorsal precu-
neus. (2) The TGm was negatively correlated with the dorsal
precuneus, part of the anterior cingulate gyrus, lateral middle
frontal gyrus, and bilateral cerebellar Crus I/Crus II lobules
and vermis regions. (3) The dorsal TAr was negatively corre-
lated with the DMN areas, including the lateral inferior parietal
lobule, posterior cingulate gyrus and precuneus, as well as the
bilateral cerebellar Crus I and Crus II lobules. Thus, distinct an-
ticorrelation patterns were observed between each of the TP
subregions and different brain functional networks, which
may reflect the competition between neuronal activities (Fox
et al. 2005). Interestingly, reversed functional connections
between the TP subregions and DMN areas were found.
Specifically, the TG/ showed positive correlations with the
MPFC and precuneus, whereas the TAr showed negative con-
nections with the precuneus.

The TP Subregional RSFC Variations

In addition, paired f-tests revealed significant connectivity
differences between each pair of TP subregions. Compared
with the TG/, the TGm showed a higher RSFC strength with
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the bilateral lateral orbital frontal cortex, posterior parietal
cortex, and dorsal precuneus. In contrast, the TG/ was ident-
ified with a stronger RSFC to the frontopolar, dorso-MPFC, and
posterior cingulate cortex. When compared with the TA7, both
the TGm and TG/ showed higher connectivity with the classic
DMN areas, including the posterior cingulate gyrus and precu-
neus, TPJ area, and MPFC. Moreover, the TG/ showed higher
connectivity in the dorso-MPFC, while the TGm showed more
connectivity with the orbital cortex. In addition, the TAr
showed higher connectivity with the SMA and perisylvian
cortex compared with both the TGm and TGI.

Discussion

In the current study, we employed a data-driven approach to
obtain a reliable subregional description of the human TP
using connectivity-based parcellation with DTI. Three distinct
subregions with characteristic connections were identified, in-
cluding the dorsal (TA7), the medial (TGm), and lateral (TG/)
subregions located in the ventral TP (Fig. 2). To confirm the
suitability of our TP parcellation, we compared our results
with existing histological parcellation findings and the multi-
sensory organization of this area. Furthermore, the TP

220z 1snBny 0z uo 1senb Aq 690082/SIEE/Z |/7Z/9101E/100180/W00" N0 DlWSPEIE//:SARY WO} POPEOJUMOQ



subregional connections and their potential functional systems
were also summarized. By mapping the fiber pathways (Fig. 4
and see Supplementary Fig. 7) and functional connectivity pat-
terns (Fig. 6 and see Supplementary Fig. 8) in vivo, we ob-
served a dorsal/ventral sensory segregation of the auditory and
visual information processing in the TP and the medial TP
associated with olfactory information processing. Moreover,
combined with the complementary RSFC analysis, connections
of the TGm with the orbitofrontal cortex and brain areas
linked to emotion, the TG/ connections with the MPFC and
major regions of the DMN, and the TAr connections with the
perisylvian language areas were observed.

Comparison with the Cytoarchitectonic/
Myeloarchitectonic Parcellations of the Human TP
Current connectivity-based parcellation of the human TP in
vivo may be compared with those reported in cytoarchitec-
tonic/myeloarchitectonic studies. First, the sum total of the 3
TP subregions corresponded approximately to BA38 (Fig. 1)
and to area TG (Economo and Koskinas 1925), which indi-
cated that the TP defined in these classic maps was not a hom-
ogenous cortical region, but contained several distinct areas.
Secondly, compared with the Hopf temporopolar subregions
(including the tp.], tp.v, tp.d, tp.m, and tp/mt) based on the
myeloarchitecture, it was shown that the TGm corresponded to
Hopf area tp.m and TG/ corresponded to the anterior part of
area tp.d (Sewards 2011). Finally, consistent with 2 recently
published histological works, the TGm and TG/ in our study
corresponded approximately to the temporopolar area TG in
the description by Ding et al. (2009) and the area TPC (with
medial and lateral subdivisions TPCm and TPC/) described in
the study conducted by Blaizot et al. (2010). The dorsal TAr in
our study also corresponded to part of the TAr area in the de-
scription by Ding et al., and an anterior part of area 22 de-
scribed by Blaizot et al. However, care should be taken with
these comparisons. Although the macroscopic defined TP seed
in our study approximately resembles BA38, the defined
extent of the TP was always variable in these studies. Secondly,
the cytoarchitecture and connectivity architecture are 2 comp-
lementary anatomical properties of the brain and can influence
each other. Although the cytoarchitecture may reflect the de-
tailed inner organization of the cortical areas, the connectivity
information is what actually determines the functions of the
area (Passingham et al. 2002). However, the relationship
between the 2 anatomical properties has not been well
defined. A direct comparison of the in vivo parcellation results
with the observer-dependent cytoarchitectonic or myeloarchi-
tectonic findings should nevertheless be performed with
caution.

Comparison with Sensory Segregation in the TP

The TP parcellation described in this study may be supported
by studies reporting that the TP is a part of the association
cortex involved in multimodal sensory integration. Both ana-
tomical studies in the macaque and humans have suggested
that there are sensory subdivisions in the TP. In the macaque, a
sensory modality-specific organization was observed in the TP
cortex with the dorsolateral parts of the TP receiving projec-
tions from the auditory association cortex, the ventral parts re-
ceiving projections from the extrastriate visual cortex, and the
medial parts receiving projections from the prepiriform OLF

(Kondo et al. 2003). Furthermore, cells in the dorsolateral and
ventral TP were found to be sensitive to complex auditory and
visual stimuli, respectively (Nakamura et al. 1994; Nakamura
and Kubota 1996; Poremba et al. 2003). In terms of connec-
tivity organization, the sensory parcellation in the macaque TP
could provide supporting evidence for current human TP par-
cellation and subregional connectivity patterns. Furthermore,
such sensory segregation was also presented in the human TP.
Visser and Lambon Ralph (2011) found that the anterior
superior temporal sulcus was activated in response to verbal
and nonverbal sounds (but not pictures), whereas the basal
region behind the TP was activated for all modalities and did
not represent a purely visual area. Visser et al. (2012) show
that the posterior ITG was preferentially responsive to pictures
(over words), but that the anterior ITG was multimodal. The
fusiform, however, remains preferentially sensitive to pictures.
These functional data are consistent with the tracking data ob-
tained from Binney et al. (2012) and in our study (details in the
following Discussion section), which showed that the fusiform
and PHG have the strongest connectivity to the TGm and ex-
plained the visual tendency of this region. In other fMRI
studies, Skipper et al. (2011) found that the retrieval of seman-
tic knowledge in the TP showed topographical differentiation
based on the stimulus modality, that is, the human TP contains
sensory subdivisions that fall along superior (auditory),
inferior (visual), and polar (audiovisual) subdivisions. Consist-
ent with this, the dorsal TA» and ventral TGm in our parcella-
tion results may resemble the “superior” and “inferior”
subdivisions described in the previous study. In addition, by
reviewing neuroimaging studies that report the responses of
human TP activations to a wide variety of tasks and stimuli, re-
searchers found that the activations tended to follow a dorsal/
ventral segregation based on whether the stimuli used were
auditory or visual (Olson et al. 2007; Visser et al. 2010).

Human TP Subregional Connectivity Patterns
and Putative Functions

Dorsal TAr

First, the TA» might participate in auditory processing via its con-
nections to the association auditory cortex in the STG. Using
probabilistic tractography with TAr as a seed, the main anterior
part of the MdLF was observed. The MdLF courses within the
WM of the STG rostrally to the primary auditory cortex, which
could contribute to the auditory-verbal “what” pathway (Scott
et al. 2000; Rauschecker and Scott 2009; Ueno et al. 2011;
Binney et al. 2012). Moreover, it was reported that the most
anterior part of the MdLF could terminate at BA38 (Makris et al.
2009; Wang, Fernandez-Miranda, et al. 2013). Secondly, com-
pared with the other 2 TP subregions, stronger anatomical con-
nections between the TAr with the orbital part of the inferior
frontal gyrus (resembling BA47) were observed. This was con-
sistent with the findings of Binney et al. (2012), which also
found that the superior rostral temporal lobe showed the highest
connection probability with BA47. Previous monkey studies in-
dicated that there were association fibers via the UF that con-
nected the most anterior part of the STG, that is, the anterior
temporal lobes and dorsal part of the temporal polar proisocor-
tex, with the lateral orbital frontal cortex (Petrides and Pandya
1988, 2002, 2009). Furthermore, the UF was considered a ventral
limbic pathway that links the rostral STG, which is important for
sound recognition (Clarke et al. 2002). In our subsequent RSFC
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analysis, we demonstrated that the TA» was highly correlated
with the inferior frontal language areas, which indicated that the
bilateral TP was a critical region for language and might be con-
fined to the TP dorsal parts (Pobric et al. 2007; Bi et al. 2010;
Holland and Lambon Ralph 2010; Dewitt and Rauschecker
2012). Intriguingly, a previous monkey study also reported that
there were significant neural activities in the dorsal TP that are
sensitive to particular vocal calls of monkeys (Poremba et al.
2004). Thirdly, a higher anatomical connectivity probability
(particularly in the right hemisphere) and stronger functional
connectivity were also observed between the TA» and insular
cortex. These connections between the TP and insular cortex
were previously studied using axonal transport methods in the
rhesus monkey (Mesulam and Mufson 1982) and DTI-based trac-
tography in humans (Cloutman et al. 2012). The human TP com-
bined with the orbitofrontal and insular cortices are recognized
as components of the paralimbic loop, where multimodal inte-
gration occurs to modulate behaviors arising from the inter-
actions between the internal and external environments (Mufson
and Mesulam 1982). Based on the specialized TP subregional
connectivity pattern, it appears likely that the TAr might be
mainly involved in the paralimbic loop (Blaizot et al. 2010).

Lateral TG1

This subregion was located ventrolaterally in the TP. Based on
its anatomical connections, the TG/ was strongly connected
with the orbital part of the superior frontal gyrus and REC. Fur-
thermore, the TG/ also showed significantly stronger connec-
tions with the MPFC compared with the other 2 TP subregions
via RSFC analysis. Such connectivity patterns of the TG/ with
the orbital frontal cortex and MPFC were consistent with pre-
vious tract tracing studies (Kondo et al. 2003) and novel diffu-
sion spectrum imaging findings in the monkey (Schmahmann
et al. 2007). Using fiber tracking initiated from a seed in the
TGI, which is the most rostral temporal lobe fiber bundle, the
UF could be tracked, which links the rostral TP subregions
with the ventral, medial, and orbital parts of the frontal lobe.
Moreover, the TG/ was also dominantly connected with other
major DMN regions, which may indicate that the previously
identified DMN subsystem (i.e. the lateral temporal cortex)
could extend to the lateral TP (Buckner et al. 2008). However,
evidence has shown the spatial and functional convergence of
the DMN and semantic memory system (Binder et al. 2009;
Wirth et al. 2011). Recently, Olson et al. (2012) reported that
portions of the anterior temporal lobe played a critical role in
representing and retrieving social knowledge, which is a
specific type of semantic memory. According to the connec-
tivity patterns, we assumed that the ventral lateral TG/ may be
involved in multimodal semantic processing (Visser et al.
2012) and functions as part of the “social brain” (Frith U and
Frith C 2010). In addition, the underlying fiber tract, known as
the ILF, could be tracked from the TG/ seed, which was re-
ported to play an important role in semantic processing and in
linking object representations to their lexical labels (Mummery
etal. 1999).

Medial TGm

Located ventromedially, the TGm may be involved in visual
processing by integrating with the ventral and lateral temporal
association visual cortices (Olson et al. 2007). Here, the ILF
could also be tracked from the TGm, which was reported to
carry visual information from the occipital areas to the
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temporal lobe (Catani et al. 2003). Furthermore, the TGm was
anatomically and functionally connected with the medial tem-
poral olfactory structures, which indicated that the TGm might
participate in processing sensory information from smell and
taste (Nakamura et al. 2000). According to the RSFC analyses,
the TGm was also positively correlated with the ventral MPFC,
orbitofrontal cortex, and subcallosal gyrus. These RSFC con-
nections between the TGm and frontal cortex were consistent
with previous tracer studies (Kondo et al. 2003). Furthermore,
our in vivo fiber tracking results further confirmed that the UF
served as an underlying pathway connecting the medial TGm
to the orbitofrontal areas (Catani et al. 2002). Kondo et al.
(2003) showed that there were 2 subcomponents of the UF
with differential connectivity between different TP subregions
to different frontal-limbic areas. Consistent with the tractogra-
phy results obtained by Binney et al. (2012), the UF could be
tracked from all TP subregions in our study, which might indi-
cate that it is most likely not a singular bundle.

In addition, the distinct TP subregions also showed different
subcortical connection patterns. First, the anatomical connec-
tivity fingerprints showed stronger connections between the
thalamus (THA.P, THA.T, and THA.O) and ventral TP subre-
gions (TG/ and TGm), while the TAr showed weak connections
with the thalamus, particularly in the right hemisphere. These
thalamic subregions could resample to the thalamic nuclei, in-
cluding the pulvinar and medial thalamic nuclear groups,
which were reported to send its connections to the TP in
monkey studies (Markowitsch et al. 1985; Moran et al. 1987;
Gower 1989). Similar findings in monkey studies revealed that
the caudal medial portion of the medial pulvinar was the prin-
cipal thalamic source of afferents to the temporopolar cortex
(Markowitsch et al. 1985). Furthermore, fiber tractography
results from the TGm and TG/ confirmed that the major ana-
tomical pathways between the thalamus and TP mainly tra-
versed around the posterior edge and medial wall of the
thalamus (Aggleton and Mishkin 1984; Behrens, Johansen-
Berg, et al. 2003). Secondly, previous anatomical studies in the
rhesus monkey found that there were 2-way connections
between the AMG and TP region (Nauta 1961; Amaral and
Price 1984). Moreover, in humans, the amygdalo-temporal fas-
ciculus originating at the rostrolateral surface of AMG and
deep in UF was observed to specifically connect to the TP
(Klingler and Gloor 1960). Here, we observed that only the
subregion TGm showed strong anatomical connections with
the AMG, which could indicate its roles in emotional behavior
in humans (Olson et al. 2007). Thirdly, reciprocal connections
existed between the TP and the HIP in monkey studies (Moran
et al. 1987). Here, the TGm and TG/ demonstrated stronger
probabilities with the HIP in both hemispheres, such that the
connections with the HIP might be limited in the ventral TP.
Finally, consistent with previous monkey studies of temporal
corticostriate projections (Van Hoesen et al. 1981), we also ob-
served anatomical connections between the TP subregions
(particularly the TG/ and TA7) with the PUT.

Limitations and Methodology Considerations

In this study, although the subregional organization and anatom-
ical connections of the human TP were revealed in detail, the
limitations of this study should also be emphasized. First,
because of the inherent limitations of probabilistic tractography,
fibers that run in parallel but belong to different tracts may be

220z 1snBny 0z uo 1s9nb AQ 69008Z/SIEE/Z |/¥2/3I01NE/100180/W00"dNO"DIWSPED.//:SANY WO} PAPEO|UMOQ



difficult to distinguish, and the tracked fiber pathways may jump
over and continue along a false tract. Thus, the IFOF observed in
our study may be falsely reconstructed from the TP seeds,
although it could be arbitrarily separated from the nearby fiber
tracts using the JHU WM atlas. Furthermore, there are still
debates concerning the presence of the IFOF among gross dissec-
tion (Curran 1909; Davis 1921) and DTI studies (Catani et al.
2002; O’Donnell et al. 2006) in the human brain. Schmahmann
and Pandya (2006) and Schmahmann et al. (2007) have postu-
lated that the apparent existence of an ‘inferior FOF’ as a continu-
ous association fiber bundle may result from the conflation of the
ILF caudally with the extreme capsule and/or UF rostrally. Sec-
ondly, given that there is signal dropout and stacking in the ven-
trolateral anterior temporal region behind the pole (Embleton
et al. 2010). The worst of this problem is outside of the TP
region, but it will affect the likely streamline paths and place limit-
ations on the connectivity of the ventral aspects of the temporo-
polar cortex. Finally, with regard to the similarities and
differences in the TP subregional functional and anatomical con-
nectivity patterns, we thought that the anatomically connected
subregions constituted a subset of the regions that were function-
ally connected. Previous studies have suggested that an RSFC
analysis could detect meaningful anatomical connections and
were not limited to anatomical connections in monkeys and
humans (van den Heuvel et al. 2009). The RSFC mapped these
brain areas and showed correlations in their activation, whereas
those areas may or may not be directly interconnected. However,
the anatomical connections among the brain regions revealed by
diffusion data should be directly connected. Thus, in our find-
ings, the traced fibers and anatomical connectivity fingerprints
for the TP subregions could be a part of the functional connected
networks.

Conclusions

To the best of our knowledge, this is the first study to parcel
the human TP in vivo that is based on the anatomical connec-
tivity features using DTI with probabilistic tractography. In
terms of the TP subregional anatomical connection patterns,
we could conclude that the underlying fiber pathways provide
further evidence for the current parcellation in human TP and
strongly suggest that the TP functioned as a transition zone to
converge information from the frontal lobe, temporal lobe, and
limbic system. Furthermore, the distinct functional and ana-
tomical connectivity patterns of the TP subregions could
support the diverse roles of the TP subregions in both multi-
sensory integration and high-order cognitive functions. In con-
clusion, the parcellation framework and connectivity results
may help to unravel the complex activation patterns in the TP
from functional neuroimaging studies and may facilitate more
detailed studies of this brain area in the future.
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