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Abstract

Although the middle temporal gyrus (MTG) has been parcellated into subregions with
distinguished anatomical connectivity patterns, whether the structural topography of
MTG can inform functional segregations of this area remains largely unknown. Accu-
mulating evidence suggests that the brain's underlying organization and function can
be directly and effectively delineated with resting-state functional connectivity (RSFC)
by identifying putative functional boundaries between cortical areas. Here, RSFC pro-
files were used to explore functional segregations of the MTG and defined four subre-
gions from anterior to posterior in two independent datasets, which showed a similar
pattern with MTG parcellation scheme obtained using anatomical connectivity. The
functional segregations of MTG were further supported by whole brain RSFC,
coactivation, and specific RFSC, and coactivation mapping. Furthermore, the fingerprint
with predefined 10 networks and functional characterizations of each subregion using
meta-analysis also identified functional distinction between subregions. The specific
connectivity analysis and functional characterization indicated that the bilateral most
anterior subregions mainly participated in social cognition and semantic processing; the
ventral middle subregions were involved in social cognition in left hemisphere and audi-
tory processing in right hemisphere; the bilateral ventro-posterior subregions partici-
pated in action observation, whereas the left subregion was also involved in semantic
processing; both of the dorsal subregions in superior temporal sulcus were involved in
language, social cognition, and auditory processing. Taken together, our findings dem-
onstrated MTG sharing similar structural and functional topographies and provide more
detailed information about the functional organization of the MTG, which may facilitate

future clinical and cognitive research on this area.
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1 | INTRODUCTION

Although the middle temporal gyrus (MTG) was traditionally regarded
as a cytoarchitectonically homogeneous region (Brodmann, 1909), a
large number of studies have demonstrated that it has various func-
tions including language, emotion, memory, and social cognition
(Friedman et al., 1998; Giraud et al., 2004; Goel, Gold, Kapur, & Houle,
1998; Hesling, Clement, Bordessoules, & Allard, 2005; McDermott,
Petersen, Watson, & Ojemann, 2003; Mirz et al., 1999; Rizzolatti
et al., 1996; Sato, Toichi, Uono, & Kochiyama, 2012; Whitney,
Jefferies, & Kircher, 2011). Moreover, MTG impairments have been
widely reported to be associated with various brain disorders, such as
autism spectrum disorder (Assaf et al., 2013; Ogawa et al., 2019),
major depression disorders (Cheng et al., 2019; Liu et al., 2019), bipo-
lar disorder (Tian et al., 2019), obsessive-compulsive disorder (Fan
et al., 2017), and temporal lobe epilepsy (Bozkurt et al., 2016). And the
MTG was an optimal location for surgical treatment for temporal lobe
epilepsy, known as trans-MTG approach (Bozkurt et al., 2016; Bujarski
et al., 2013; Wheatley, 2008). Given its functional diversity and close
relationship with different brain disorders, building a fine-grained
functional atlas for MTG is crucial for delineating the functional spe-
cialization to guide the clinical accurate neurosurgery and treatment.
In order to explore whether functionally distinctive subregions
exist in human MTG, several schemes have been performed to
parcellate the MTG
myeloarchitectonic properties (Sewards, 2011), anatomical observa-

into different components based on
tions of the sulci or gyri (Rademacher, Galaburda, Kennedy, Filipek, &
Caviness Jr., 1992), topographic landmark (Kim et al., 2000), and ana-
tomical connectivity patterns (Xu et al., 2015). However, these studies
based on different information identified different parcellation
schemes for MTG, making functional organization of this area contro-
versial. Moreover, the associations between these subregions of MTG
and particular functions remain an open problem.

Connectivity-based parcellation (CBP) using resting-state func-
tional magnetic resonance imaging (rs-fMRI) is a direct approach to
identify the intrinsic functional organization of the brain (Fan et al.,
2015; Kim et al., 2010). By using machine learning-related clustering
approach, the voxels showing similar connectivity patterns were
grouped into one cluster as a subregion of a specific brain area
(Eickhoff, Yeo, & Genon, 2018; Wang, Fan, et al., 2015; Wang et al.,
2018). With this approach, many brain areas including insula and infe-
rior parietal lobule were parcellated into subregions (Cohen et al.,
2008; Nelson, Cohen, et al., 2010; Nelson, Dosenbach, et al., 2010;
Wang et al., 2012; Wang et al., 2017). Moreover, there was a good
correspondence between the functional and anatomical connectivity
patterns-based parcellation results (Kim et al., 2010; Wang et al.,
2016, 2019). In spite of the similarity between the connectivity pat-
terns defined using rs-fcMRI and diffusion MRI, structural and func-
tional divergence has also been documented (Nebel et al., 2014;
Vincent et al., 2007). Therefore, based on different resting-state func-

tional connectivity (RSFC) patterns to define functional subregions of

MTG may provide additional information to better delineate the func-
tional organization of this area.

In this study, we adopted the RSFC-based parcellation approach
to define the intrinsic functional topography of the MTG and to deter-
mine whether functional organization was similar with structural
delineation of this area. We further mapped the specific RSFC and
coactivation patterns and characterized the detailed functions of each
subregion. First, the bilateral MTGs were parcellated into component
subregions using intrinsic RSFC patterns in two independent datasets.
Next, whole brain RSFC and coactivation patterns, specific RFSC and
coactivation patterns, and fingerprints with predefined 10 resting-
state networks for each subregion were mapped. Finally, functional
characterizations of each subregion using meta-analysis were per-

formed to explore their detailed functions and behavioral profiles.

2 | MATERIALS AND METHODS

2.1 | Participants

Twenty-four healthy, right-handed subjects (12 males and 12 females,
age range: 21-25 years) were recruited at Shenzhen Institutes of
Advanced Technology, Chinese Academy of Sciences (Dataset 1).
They are all Han-Chinese and not multilingual. No participants had a
history of neurological and psychiatric disorders, and none had any
contraindications for MRI scanning. This study was approved by the
ethics committee of Institutional Review Board of Shenzhen Institutes
of Advanced Technology, Chinese Academy of Sciences. Written
informed consent was obtained from each participant. All methods
were carried out in accordance with approved guidelines and
regulations.

For validation, resting-state fMRI data of 10 healthy adults (age
22-25, 5 males) were downloaded from Q3 data release from the
Human Connectome Project (HCP, https://www.humanconnectome.
org/) database (Dataset 2).

2.2 | MRI data acquisition

The resting-state fMRI data for Dataset 1 were acquired using a Sie-
mens 3 T MAGNETOM Trio scanner using an echo-planar imaging (EPI).
The sequence parameters were as follows: 32 axial slices, acquisition
matrix = 64 x 64, repetition time(TR) = 2,000 ms, echo time
(TE) = 30 ms, flip angle (FA) = 90°, size of voxel = 3.44 x 3.44 x 4.4 mm,
and slice thickness = 4 mm. Each condition consists of 240 functional
volumes. During scanning, subjects were instructed to close their eyes,
to relax, to think nothing, and to lie still.

The Dataset 2 were collected on a 3 T Skyra scanner (Siemens,
Erlangen, Germany) using a 32-channel head coil. In this study, we
chose the data from Session 1 with the left to right phase encoding.
Parameters for these rs-fMRI data were: TR = 720 ms, TE = 33.1,
FA = 52°, size of voxel = 2 x 2 x 2 mm voxels, and 72 oblique axial

slices. This functional run lasted 14.55 min (1,200 time points).
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2.3 | Resting-state fMRI data preprocessing

Preprocessing of the Dataset 1 was performed using the Data
Processing Assistant for Resting-State fMRI (DPARSF, http://rfmri.
org/DPARSF). For each participant, the preprocessing steps include:
(a) the first 10 volumes of each functional time-series were discarded
to allow for magnetization equilibrium; (b) the slice times for the
remaining 230 images were corrected and realigned to the first vol-
ume to account for head motion; (c) all data were spatially normalized
to the Montreal Neurological Institute (MNI) template and resampled
to 3 x 3 x 3 mm?; (d) spatial smoothing was performed using a Gauss-
ian kernel of 6 mm full-width at half maximum (FWHM); (e) temporal
band-pass filtering (0.01-0.1 Hz) was performed; (f) white matter and
cerebrospinal fluid signals, global mean signals, and six motion param-
eters were regressed out; and (g) the time course for each run was
“scrubbed” by eliminating the bad images, captured before two time
points and after one time points, which exceeded the preset criteria
(frame displacement: FD, FD < 0.5) for excessive motion.

The fMRI data of Dataset 2 were downloaded in a preprocessed
form after the minimal preprocessing pipeline (v. 3.2) (Glasser, et al.,
2013). The main preprocessing steps were: First, these data
were preprocessed using tools from FSL (https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/) and FreeSurfer (http://surfer.nmr.mgh.harvard.edu) to
implement gradient unwarping, motion correction, filedmap-based EPI
distortion correction, brain-boundary-based registration of EPI to a
structural T1-weighted scan, nonlinear registration into MNI space, and
grand-mean intensity normalization. Then, these data were further
processed using FSL and the Analysis of Functional and Neurolmages
(AFNI). The main steps were: (a) band-pass filtering of the time-series
(0.01-0.1 Hz); (b) regressing the nuisance signals including the six rigid
motion parameters, white matter mean signal, cerebrospinal fluid mean
signal, and global mean signal; (c) spatial smoothing the residuals using a
4 mm FWHM Gaussian kernel; and (d) resample these images to
3x3x3mm’.

2.4 | Definition of the bilateral MTG seed masks

The bilateral MTG masks were defined using Harvard-Oxford cortical
structural atlases in FSL software (http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/Atlases). The definition of the bilateral MTG was the same
with our previous study (Xu et al., 2015). Then, the bilateral MTG
masks were resampled into 3 x 3 x 3 mm?® in MNI space for the RSFC
mapping, resulting 860 voxels for left MTG and 941 voxels for
right MTG.

2.5 | RSFC-based parcellation

We used different RSFC patterns to identify the functional organiza-
tion of bilateral MTGs. First, we calculated the functional connectivity
between each voxel of the bilateral MTG and any other voxels of the
rest of the brain for each subject and converted to z-score using a
Fisher's z transformation. Then, we computed the similarity of func-

tional connectivity maps for every pair of voxels within the MTG using

eta® measurement (Cohen et al., 2008; Kelly et al., 2012; Wang, Yang,
et al., 2015; Wang et al., 2016, 2017).
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Where ag; and b; are the values at position i in the functional connec-
tivity maps a and b, respectively. The m; is the mean value of the two
functional connectivity maps at position i, and M is the grand-mean
across all locations in both correlation maps. The values of the correla-
tion matrix are the fraction of the variance in one functional connec-
tivity map accounted for by the variance in a second functional
connectivity map. Next, the similarity matrix was segmented into dif-
ferent numbers of clusters (range from 2 to 6) using spectral clustering
algorithm to define the subregions of the bilateral MTGs, which is the

same with our previous studies (Xu et al., 2015).

2.6 | Maximum probability map

Given inter-individual differences in the MTG parcellation, we calcu-
lated the maximum probability map (MPM) to show the final results
(N =2,3, ..., 6) for the two datasets, separately. The MPM was calcu-
lated in the MNI space by assigning each voxel to the subregion to
which it was most likely to belong (Wang et al., 2012).

2.7 | Determining the number of clusters

How to determine the optimal parcellation solutions for brain areas is
very hard. In this study, we used hierarchy index (HI) which reflects the
hierarchical structure of the different solutions by the average probabil-
ity that a given cluster in k solution has only one “parent-cluster” in
k — 1 solution (Kahnt, Chang, Park, Heinzle, & Haynes, 2012; Li et al.,
2017) to select the final parcellation results. Specifically, HI is defined
as Hly = %Zﬁl%’(x‘) where x; = k_lx,»j, here x is a matrix whose ele-
j=1
ments x;; reflects the number of voxels in cluster ji- 1_x stemming from
cluster ji- 1.k 1 in k=1 solution (K > 2). HI values of 1 means a perfect
hierarchical structure of a brain region. Thus, the maximum HI values
were used for choosing optimal parcellation results for bilateral MTG.
To validate our results, we also used the Dice coefficient to calcu-
late the similarity between parcellation results yielded by the two
independent datasets (Dataset 1 and Dataset 2) with number of
clusters ranging from 2 to 6. Dice Coefficient was defined by
2+(|ANB|)/((|Al+|B])), where A and B are the total voxels for a specific
subregion in the two datasets. The mean overlap degree for left and
right MTG was calculated to show the parcellation similarity.

2.8 | Overlapping with DTI-based parcellation results

We compared our parcellation results using resting-state fMRI with

the parcellation results of MTG obtained by DTl-based parcellation in
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our previous work (Xu et al., 2015). An overlapped map was obtained
between RSFC-based and DTI-based parcellation results of the MTG,
and the overlap degree was calculated for each subregion using the

Dice coefficient to quantitatively measure the similarity.

2.9 | The whole brain RSFC patterns

The RSFC was defined as the Pearson correlation coefficients
between the mean time-series of each seed region (thresholded at
50% probability) and that of each voxel in the rest brain. Correlation
coefficients were converted to z values using Fisher's z transformation
to improve normality. Next, one-sample t-tests were performed to
identify voxels which showed significant correlations with the seed
region in these normalized correlation maps. For all the above voxel-
wise comparisons, a significance threshold was set at a cluster-level of
p < .05, family wise error (FWE)-corrected, cluster-forming threshold

at voxel-level p < .001.

2.10 | The whole brain coactivation patterns

To obtain the task-dependent coactivation patterns of each subregion
(thresholded at 50% probability), we used structure-based meta-
analysis and meta-analytic connectivity modeling (MACM) approaches
in the BrainMap database (http://brainmap.org/) by creating likeli-
hood estimation (ALE) maps. The ALE scores were compared to a null-
distribution reflecting a random spatial association between
experiments with a fixed within-experiment distribution of foci
(Tench, Tanasescu, Auer, Cottam, & Constantinescu, 2014), yielding a
P-value based on the proportion of equal or higher random values
(Eickhoff, Bzdok, Laird, Kurth, & Fox, 2012). These nonparametric
P-values were converted to z-scores and corrected with a cluster-level
FWE at the threshold of p < .05 (a voxel-level p < .001).

2.11 | Overlap analyses between RSFC and
coactivation patterns

In order to identify the common network shared by the whole brain
RSFC patterns and coactivation patterns of each subregion, we ini-
tially computed and thresholded whole brain RSFC and task-related
coactivation networks for each MTG subregion, as described above.
Finally, a conjunction analysis (i.e., the intersection connectivity analy-
sis) was performed to calculate the overlap between the two
thresholded networks (task-related coactivation network and resting-

state network) for each subregion.

2.12 | Special RSFC and coactivation pattern for
each subregion

We also mapped the specific network for each subregion to reveal
the unique RSFC and coactivation patterns. The specific networks
were the brain areas that were significantly more coupled and corre-

lated with a given subregion than with any of the others.

2.13 | RSFC patterns with 10 predefined resting-
state networks

To better understand, the function of the MTG subregion, fingerprint
analysis was also performed. First, we defined 10 resting-state brain
networks based on a previous study which used independent compo-
nent analysis (ICA) and identified 10 intrinsic networks of the human
brain, including visual network (VN) 1, VN 2, VN 3, default mode net-
work (DMN), cerebellum, sensorimotor network (SMN), auditory net-
work (AN), executive control network (ECN), frontoparital network
(FPN), and cognition-language network (CLN). Then, the 10 brain net-
works were resampled to a voxel size resolution of 3 mm. Finally, the
RSFCs between each MTG subregion (thresholded at 50% probability)

and the 10 brain networks were calculated.

2.14 | Functional characterization using meta-
analysis

To delineate the functions of each MTG subregion, we characterized
the functional profiles as determined by forward and reverse inference
in the BrainMap database with respect to the behavioral domain and
paradigm class (Bzdok, Laird, Zilles, Fox, & Eickhoff, 2013; Clos, Amunts,
Laird, Fox, & Eickhoff, 2013). In the forward inference approach, a sub-
region's functional profile was determined by identifying the taxonomic
labels (domains or subdomains), for which the probability of finding acti-
vation in a specific subregion was significantly higher than the overall
chance (across the entire database) of finding activation in that particu-
lar subregion. In the reverse inference approach, a subregion's func-
tional profile was determined by identifying the most likely behavioral
domains and paradigm classes given activation in a particular subregion
using Bayies' rule. Significance of both methods was established using a
binomial test (p < .05 corrected for multiple comparisons using the false
discovery rate [FDR] method).

3 | RESULTS

3.1 | Parcellation of the MTG

The MTG was parcellated into 2 to 6 different clusters for the two
datasets, separately. The MPM for each left and right MTG subregion
at each solution was calculated and shown in Figure 1a for Dataset
1 and Figure S1a for Dataset 2.

The HI was used to choose the optimal number of clusters and
the highest values were for k = 4 (Figure 1b). Thus, the four-way solu-
tions were determined as the optimal number of subregions in bilat-
eral MTG (Figure 1c) and used in the following analyses.

Moreover, we also used Dataset 2 to validate our results. The
overlap degree between the two datasets further supported four-way
parcellation as the optimal number of subregions in bilateral MTG
(Figure S1b). The mean overlap maps of the four clusters between the
two datasets were calculated (Figure S1c). The MTG subregions

showed a comparable high level of consistency (overlap degree >0.5).
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FIGURE 1 Middle temporal gyrus (MTG)
parcellation results using resting-state functional
connectivity (RSFC). (a) RSFC was used to
parcellate the left MTG and right MTG into
different numbers of clusters (2-6), respectively,
in the Dataset 1. And the maximum probability
map (MPM) for each MTG subregions at each
solution was calculated. (b) Hierarchy index (HI) as
a function of K, reflecting the hierarchical
structure of the different solutions by the average
probability that a given cluster in K has only one

(@)

MTG.L

MTG.R

(b)

0.90

s
“parent-cluster” in K — 1 was calculated to choose §
the optimal parcellation results. The highest :>, 0.85
values were for K = 4. Thus, the four-way § 080
solutions were determined as the optimal number -
of subregions in bilateral MTG (c) and used in the = 075k
following analyses [Color figure can be viewed at
wileyonlinelibrary.com] 0_702 4 . : .

()

Dataset 1

DTI1

Overlap

FIGURE 2 Overlap with the DTI-based parcellation results. (a). The overlap between the parcellation results obtained using the resting-state
functional connectivity (RSFC) of the Dataset 1 and anatomical connectivity-based parcellation were calculated. The anatomical connectivity-

based parcellation results of the bilateral middle temporal gyrus (MTG)

were defined from our previous work (Xu et al., 2015). (b). The

quantitative overlap analyses between RSFC-based parcellation of MTG results and that defined using anatomical connectivity-based parcellation

were calculated. The overlap analyses identified a high overlap betwee
viewed at wileyonlinelibrary.com]

3.2 | Overlapping with DTI-based parcellation

An overlap map was obtained between RSFC of Dataset 1 and DTI-
based parcellation results of MTG (Figure 2a). The overlap degree
between the parcellation results obtained using resting-state and
DTl-based parcellation were also calculated and shown in
Figure 2b. Although these two datasets were obtained from different
sites, the quantitative analysis revealed a similar topographic pattern
of MTG defined using different connectivity patterns. The parcellation
of MTG identified three distinct clusters from anterior to posterior

(MTG_1, MTG_2, and MTG_3) located in the gyrus, and one cluster

n the parcellation results using different modalities [Color figure can be

mainly located in the sulcus (MTG_4). In addition, all MTG subregions
showed a comparable high level of consistency (overlap degree >0.67,
the highest value was 0.8037).

3.3 | Whole brain RSFC patterns of the MTG
subregions

Functional connectivity network for each MTG subregion was
mapped and shown in Figure 3a and Table S1. From the RSFC pattern
of each subregion, we found that the left MTG_1 was mostly
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(a) Resting-state

MTG_1.R

MTG_2.R
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MTG_LR

MTG_2.R

MTG_3.R

MTG_4.R

FIGURE 3 Whole brain resting-state functional connectivity (RSFC) and coactivation analysis for each middle temporal gyrus (MTG)
subregion. (a). Whole brain RSFC patterns were obtained using one-sample t-tests. (b). The whole brain coactivation pattern for each MTG
subregion was obtained using meta-analytical connectivity modeling (MACM) analyses. Both significance levels were set at p < .05, cluster-level
FWE-corrected, cluster-forming threshold at voxel-level p < .001 [Color figure can be viewed at wileyonlinelibrary.com]

correlated with bilateral cerebellum, bilateral inferior temporal gyrus
(ITG), right precuneus (PCun), right rectus, bilateral parahippocampal
gyrus (ParaHIPP), bilateral angular gyrus (AG), and left middle frontal
gyrus (MFG). The left MTG_2 was primarily correlated with the

bilateral cerebellum, bilateral MTG, bilateral orbital part of middle
frontal gyrus (MFG_Orb), bilateral MFG, right middle cingulate cortex
(MCC), left inferior parietal lobule (IPL), and bilateral AG. The left
MTG_3 was correlated with bilateral MTG. The functional
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connectivity pattern of the left MTG_4 was correlated with the left
cerebellum, bilateral MTG, right triangle part of inferior frontal gyrus
(IFG_Tri), right anterior cingulum cortex (ACC), and right PCun. The
right MTG_1 was primarily correlated with the bilateral cerebellum,
bilateral ITG, left SFG_Med, right ParaHIPP, left rectus, left post cin-
gulate cortex (PCC), bilateral AG, and left MFG. The brain regions cor-
related with the right MTG_2 were found in the bilateral cerebellum,
bilateral MTG, bilateral MFG, right MFG_Orb, left AG, right IPL, and
right medial superior frontal gyrus (SFG_Med). The right MTG_3 cor-
related with the left MTG, left pole part of superior temporal gyrus
(STG_Pole), and right STG. The functional connectivity pattern of the
right MTG_4 was correlated with left ITG, right MTG, left SFG_Med,
left rectus, and left PCun.

3.4 | Whole brain coactivation patterns of the MTG
subregions

The whole brain coactivation patterns for the bilateral MTGs were
mapped using MACM analysis and were displayed in Figure 3b and
Table S2. The coactivation of the left MTG_1 was found in bilateral
MTG, right hippocampus (HIPP), left orbital part of medial frontal
gyrus (MedFG_Orb), left PCun, left MFG, left AG, left SFG_Med, and
right middle occipital gyrus (MOG). For the left MTG_2, the
coactivation was primarily observed in bilateral MTG, left HIPP, left
IFG_Tri, left caudate, left SFG_Med. The left MTG_3 primarily
coactivated with the bilateral MTG, bilateral insula, bilateral IFG_Oper,
left supramarginal gyrus (SMG), bilateral IPL, and right supplementary
motor area (SMA). The coactivated brain regions with the left MTG_4
was found in the left MTG, right STG, left IFG_Tri, left ANG, left
SFG_Med, and left SMA. The coactivation pattern for the right
MTG_1 was predominately identified in bilateral MTG, left HIPP, bilat-
eral IFG_Orb, left PCC, left SFG_Med, left ANG, and right SFG. The
coactivation of the right MTG_2 was mainly found in bilateral MTG,
bilateral insula, left SFG_Med, right AG, and left IPL. The coactivation
pattern of the right MTG_3 was mainly observed in the right MTG,
left amygdala, left insula, bilateral thalamus, the right IFG_Oper, right
MOG, left precentral gyrus (PreCG), left SMA, left SPL, and left PCun.
The coactivated brain regions for the right MTG_4 was found in the
right MTG, left STG, bilateral HIPP, right IFG_Orb, left PCun, and
left SMA.

3.5 | Intersection of the RSFC and coactivation
patterns

In order to explore the correspondent connectivity profiles of each
MTG subregion at rest and under task, we calculated the inter-
section map of the thresholded whole brain RSFC and coactivation
patterns (Figure 4 and Table S3). The conjunction of the left MTG_1
was found in bilateral ITG, bilateral ParaHIPP, right rectus, left
IFG_Orb, right PCun, left AG, right STG, and left SFG. For the left
MTG_2, the shared RSFC and coactivation was primarily observed in
bilateral MTG, left IFG_Orb, left MFG, left AG, and left SFG_Med. The

overlap between rest and task of the left MTG_3 was only found in

bilateral MTG. For the left MTG_4, the overlap between rest and task
was found in bilateral MTG, left IFG_Orb, left ANG, right PCun, and
left SFG_Med. The conjunct connectivity of the right MTG_1 was
found in bilateral MTG, bilateral ITG, bilateral ParaHIPP, left rectus,
left IFG_Orb, left SFG_Med, bilateral AG, and left PCC. For the right
MTG_2, the conjunction was observed in bilateral MTG, left IFG_Orb,
left orbital part of middle frontal gyrus (MFG_Orb), bilateral MFG, left
SMA, and left IPL. The overlap between rest and task of the right
MTG_3 was found in left MTG, right STG, left IFG_Oper, and left
IFG_Orb. For the right MTG_4, the overlap was found in bilateral
MTG, left ParaHIPP, left IFG_Tri, bilateral STG, and left PCun.

3.6 | Specific connectivity of each MTG subregion

We mapped the overlap between the specific whole brain RSFC and
coactivation connectivity to identify the specific network that each
MTG subregion participated in (Figure 5 and Table S4). The specific
connectivity of the left MTG_1 was found in right MTG, bilateral Para-
HIPP, left ITG, bilateral MTG_Pole, right rectus, left SFG_Med, right
PCun, left ANG, and left SFG. For the left MTG_2, the specific con-
nectivity was primarily observed in bilateral MTG, left IFG_Orb, left
SFG_Med, IPL, and left MFG. The specific connectivity for the left
MTG_3 was found in the bilateral MTG. The left MTG_4 specifically
connected with left STG_Pole, left MTG, and bilateral STG. The spe-
cific functional connectivity for the right MTG_1 was predominately
observed in bilateral ITG, bilateral ParaHIPP, right SFG_Med, right
PCC, left MTG, and right AG. For the right MTG_2, the specific con-
nectivity was primarily observed in bilateral MTG, left MFG_Orb, left
IFG_Tri, left PreCG, right MFG, and bilateral IPL. The specific connec-
tivity for right MTG_3 was mainly found in left MTG and right STG.
The specific connectivity for the right MTG_4 was mainly observed in
left MTG and right STG.

3.7 | RSFC with 10 predefined brain networks

The fingerprint of each MTG subregion was mapped by calculating
the RSFC of each MTG subregion with 10 predefined brain networks
(Figure 6). In summary, the MTG_1 was mainly correlated with DMN
and FPN. The MTG_2 was mainly correlated with SMN, ECN, and
CLN. The left MTG_3 was mainly correlated with VN 3 and ECN,
whereas the right MTG_3 was mainly correlated with VN 3, AN, and
CLN. The MTG_4 was mainly correlated with FPN and AN.

3.8 | Functional characterization

The quantitative forward and reverse inferences on the behavioral
domains and paradigm classes were applied and revealed that differ-
ent subregions participated in different cognitive functions (Figure 7).

In summary, the functions that were significantly associated with
the left MTG_1 were memory (memory explicit), language, and social
cognition. The left MTG_2 was significantly associated with social
cognition and language semantics. For the left MTG_3, the signifi-

cantly associated functions were language semantics and action
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MTG_1.L

MTG _2.L

MTG_3.L

MTG_4.L

FIGURE 4 Overlapped connectivity between resting-state functional connectivity (RSFC) and coactivation patterns. The
intersection connectivity between thresholded whole brain RSFC and coactivation for each middle temporal gyrus (MTG) subregion was
computed [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 The specific functional patterns for the middle temporal gyrus (MTG) subregion. The brain areas show significantly more
correlated and coupled with a given subregion than with any of the other MTG subregions [Color figure can be viewed at wileyonlinelibrary.com]

observation. The left MTG_4 was only significantly associated with happiness), social cognition, memory explicit, and language. The main
various language processing, audition, and social cognition. The right function of the right MTG_2 was audition. For the right MTG_3, the
MTG_1 was significantly associated with emotion (Emotion significantly associated function was action observation. The right
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AN Cerebellum
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FIGURE 6 Fingerprints of the middle temporal gyrus (MTG) subregions with ten predefined brain networks. We first defined ten brain

networks according to a previous study (Smith et al., 2009). Then, the resting-state functional connectivities (RSFCs) between each MTG
subregion and the 10 brain networks were calculated and averaged across all the subjects [Color figure can be viewed at wileyonlinelibrary.com]

MTG_4 was significantly associated with language, audition, and social

cognition. The reverse inference showed similar patterns.

4 | DISCUSSION

In this study, we parcellated the bilateral MTG into four distinct subre-
gions based on their distinct functional connectivity profiles using two
independent datasets. Our results yield a similar topographic pattern
defined by anatomical CBP. We also found that each MTG subregion
had its specific connectivity patterns, and was involved in different
task-related behaviors.

Different neuroimaging modalities and techniques have been used
to parcellate the bilateral MTG. However, most previous parcellation
of MTG was either based on myelo- or cyto-architectonic information
or anatomical information (Kim et al., 2000; Rademacher et al., 1992;
Sewards, 2011; Yates et al., 2006), which mainly focused on internal
microstructure of the brain while lacking of connectivity information.
Based on different anatomical connectivity patterns, the MTG was
subdivided into 4 distinct subregions (aMTG, mMTG, pMTG, and
sMTG) in our previous work (Xu et al., 2015). In the current study, we
used RSFC to explore the functional segregations of the MTG and
identified a similar pattern with four distinct clusters (MTG_1, MTG_2,
MTG_3, and MTG_4). Compared with anatomical CBP of the MTG,
MTG_1, MTG_2, MTG_3, MTG_4 in our study was mainly
corresponding to the aMTG, mMTG, pMTG, and sMTG, respectively.
Moreover, all MTG subregions showed a comparable high level of
consistency (overlap degree >0.67). These similarities supported the
view that the functional connectivity is likely mediated by anatomical
connectivity (Deco, Jirsa, & Mclntosh, 2011; Wig, Schlaggar, &

Petersen, 2011), and that structure and function are closely related in

brain architecture. However, difference between the parcellation
results obtained with RSFC and anatomical connectivity was also
exited. The difference may result from different datasets, different
methodologies and their inherent limitations. In fact, the anatomical
connectivity primarily reflects direct axonal connections, while the
functional connectivity enables not only identification of direct axonal
connections but also characterization of the indirect axonal connec-
tions between brain areas (Barttfeld et al., 2015). Therefore, it is pos-
sible for differential functional zones to exist even within an area that
shares gross similarities in anatomy.

Connectivity and coactivation mapping with functional characteri-
zation revealed different MTG subregions involving in different func-
tions in this study. The left MTG subregions were mainly participated
in various languages processing, including phonological discrimination,
semantic monitor, reading, and word generation, but in the right hemi-
sphere, only the right MTG_4 was involved in phonological discrimina-
tion. These results not only supported previous finding that the left
MTG plays a critical role in almost all domains of language processing
(Floel et al., 2001; Gutierrez-Sigut, Payne, & MacSweeney, 2015;
Knecht et al., 2000), but also strongly confirmed the left lateralized
aspect of the language processing (BullaHellwig, Vollmer, Gotzen,
Skreczek, & Hartje, 1996; Vingerhoets & Stroobant, 1999).

Specially, the bilateral MTG_1 mainly connected with left PCun
and SFG_Med, two key nodes of the DMN (Gusnard, Akbudak,
Shulman, & Raichle, 2001a; Gusnard, Akbudak, Shulman, & Raichle,
2001b; Raichle et al., 2001). This was further confirmed by finger-
prints analysis which showed high functional connectivity between
MTG_1 and DMN. These results further supported the finding that
the MTG_1 was a critical part of DMN, which was similar with the

aMTG defined using anatomical CBP in our previous study. In
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Functional characterizations of the middle temporal gyrus (MTG) subregions. Forward and reverse inferences were used to

determine the functions of each subregion. The significant activation probabilities for each subregion with respect to a given domain or paradigm
and the significant probability of a domain's or paradigm's occurrence given activation in a specific subregion are depicted, separately

addition, the functional characterization showed that the left MTG_1
were also involved in semantic processing and explicit memory. Given
the explicit memory includes episodic memory and semantic memory,
thus, left MTG_1 might be also associated with semantic memory.
Our findings, together with previous studies (Binder, Desai, Graves, &
Conant, 2009; Wirth et al., 2011), suggested that the SM and DMN
were spatially overlapped in the left MTG_1.

In addition, bilateral anterior MTG subregions (MTG_1.L, MTG_2.
L, MTG_4.L, MTG_1.R, and MTG_4.R) were also involved in the social
cognition, that is, theory of mind (ToM). The ToM is a function that
can infer the others' behaviors and mental states (Koster-Hale & Saxe,
2013; Molenberghs, Trautwein, Bockler, Singer, & Kanske, 2016;
Schurz, Radua, Aichhorn, Richlan, & Perner, 2014). Typically, ToM net-
work mainly includes the bilateral temporo-parietal junction, medial
prefrontal cortex, and PCun. But, increasing studies reported that the
MTG is also a key component of the ToM network. For example, a
study on social animations compared to false belief showed the stron-
gest activation in the MTG (Schurz, Tholen, Perner, Mars, & Sallet,

2017). Schurz et al. (2014) found significant activation during the

tasks of social animations and mind in the eyes in the MTG. Our cur-
rent results suggested that the anterior MTG might be involved in the
ToM network.

The functional decoding for bilateral MTG_3 found that both areas
participated in action observation. Many studies demonstrated that the
posterior MTG was involved in perception (Beauchamp & Martin,
2007; lacoboni et al.,
2010), physical constraints (i.e., a barrier determining the height of the

2005), observing objects (Valyear & Culham,

arm trajectory for reaching an object; Jastorff, Clavagnier, Gergely, &
Orban, 2011), and providing information related to the observed object
and associated actions (Kilner, 2011). Moreover, it has been reported
that the left posterior MTG showed increased activity as the number of
possible implied actions related to the observed object augments
(Schubotz, Wurm, Wittmann, & von Cramon, 2014). Recently, posterior
MTG was also identified to be involved in coding objects' appropriate
grasp ability (Amoruso, Finisguerra, & Urgesi, 2018). All the evidence
suggested that the posterior MTG might play a critical part in integrat-
ing the motoric details of the action with stored semantic knowledge

about the objects. Therefore, the previously identified MTG in the
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action observation might be confined to MTG_3. This conclusion was
also supported by the connectivity patterns of this area which
coactivated with the left PreCG/the left SMA, and had higher RSFC
with AN.

There are also limitations in our current study. First, we used a
6 mm FWHM smoothing in the fMRI data processing of the Dataset
1 to improve the signal-to-noise ratio, which is the same with previous
studies (Kelly et al., 2012; Mishra, Rogers, Chen, & Gore, 2014). How-
ever, the fMRI data of the Dataset 2 were smoothed by 4 mm FWHM
and then resampled to 3 x 3 x 3 mm since the original resolution was
2 x 2 x 2 mm. Thus, we cannot exclude the potential effects of the dif-
ferent smoothing kernels on the results. Finally, our parcellation results
were based on RSFC, a new parcellation technique is needed to verify
our results, such as dynamic functional connectivity-based on resting-
state fMRI (Ji et al., 2016), which might be helpful to further uncover
the functional segregations of the MTG at a different level.

5 | CONCLUSION

In conclusion, we demonstrated a similar pattern of MTG defined
using RSFC-based parcellation with that yielded by anatomical CBP.
Parcellation of the bilateral MTGs identified four subregions with
three clusters from anterior to posterior located in the gyrus, and one
cluster mainly located in the sulcus. The resulting subregions feature
distinct RSFC and coactivation connectivity patterns, different finger-
prints and functional involvement. Our findings provide more detailed
information about the functional organization of the MTG and may
facilitate future clinical and cognitive research on this area.
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