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ARTICLE INFO ABSTRACT

Understanding events requires interplaying cognitive processes arising in neural networks whose organisation and
connectivity remain subjects of controversy in humans. In the present study, by combining diffusion tensor im-
aging and functional interaction analysis, we aim to provide new insights on the organisation of the structural and
functional pathways connecting the multiple nodes of the identified semantic system -shared by vision and
language (Jouen et al., 2015). We investigated a group of 19 healthy human subjects during experimental tasks of
reading sentences or seeing pictures. The structural connectivity was realised by deterministic tractography using
an algorithm to extract white matter fibers terminating in the selected regions of interest (ROIs) and the func-
tional connectivity by independent component analysis to measure correlated activities among these ROIs. The
major connections link ventral neural stuctures including the parietal and temporal cortices through inferior and
middle longitudinal fasciculi, the retrosplenial and parahippocampal cortices through the cingulate bundle, and
the temporal and prefrontal structures through the uncinate fasciculus. The imageability score provided when the
subject was reading a sentence was significantly correlated with the factor of anisotropy of the left parieto-
temporal connections of the middle longitudinal fasciculus. A large part of this ventrally localised structural
connectivity corresponds to functional interactions between the main parietal, temporal and frontal nodes. More
precisely, the strong coactivation both in the anterior temporal pole and in the region of the temporo-parietal
cortex suggests dual and cooperating roles for these areas within the semantic system. These findings are dis-
cussed in terms of two semantics-related sub-systems responsible for conceptual representation.
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Introduction (Bozeat et al., 2000; Jefferies and Lambon Ralph, 2006) and in normal

subjects during fMRI (Vandenberghe et al., 1996; Visser and Lambon

Understanding the world constitutes a human aptitude that requires
high-order semantic operations realized in distributed neural networks.
A number of studies have been conducted to investigate the organisation
of such semantic systems in healthy humans and neurological patients-
for review see (Binder et al., 2009; Lambon Ralph et al., 2017). By
neuroimaging meta-analyses (Binder et al., 2009), the existence of a
large-scale network involved in language comprehension has been
described in a set of left lateralized ventral regions widely distributed
between the parietal, temporal and prefrontal cortices as well as the
medial structures (parahippocampus, posterior cingulate, ventro-medial
prefrontal cortex). By using verbal and non verbal tasks, multimodal
integration or semantic processing have been investigated in patients

Ralph, 2011) and TMS (Pobric et al., 2010) explorations. In a recent
report, we have identified a semantic network which was commonly
activated during tasks of image and sentence comprehension (Jouen
et al., 2015). Our findings suggest that the connections between inferior
parietal cortex and anterior temporal cortex might play a key role in such
a multimodal semantic representation. Accordingly, compelling evidence
on arole of the temporal lobe in semantic processes has been provided by
clinical observations in patients with anterior temporal lobes atrophy
(Lambon Ralph, 2014; Patterson et al., 2007; Rice et al., 2015). These
patients have a significant and progressive loss of semantic capabilities
concerning linguistic as well as other sensory modalities (vision, audi-
tory). Moreover, by diffusion-weighted imaging tractography, Binney
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et al., (2012) described how the temporal lobe may contain a
caudo-rostral gradient of sensory features converging from modality
specific encoding in the caudal regions to transmodal representation in
the middle and rostral temporal regions. The authors suggest that cor-
responding bottom-up and top-down interactions should co-exist
dynamically.

While the neural network underpinning semantic cognition has been
well described especially in the language domain, the white matter
connectivity responsible for the interregional communication among
nodes of the network remains a matter of debate. In humans the tradi-
tional post-mortem fiber dissection allowed scientists to identify the
major white matter fascicle trajectories with no precise termination of
the fiber limits. More recently, the tractography technique based on
diffusion tensor imaging (Le Bihan et al., 1986) offers an in vivo and
noninvasive way to determine the associative pathways connecting the
largely distributed brain regions. In the domain of semantic cognition,
early tractography studies concerned the language system with the
description of left lateralized parallel temporo-parieto-frontal pathways
involved in speech production and comprehension (Catani et al., 2005;
Glasser and Rilling, 2008; Hagmann et al., 2006; Hickok and Poeppel,
2004; Makris and Pandya, 2009; Powell et al., 2006). Such a two-route
language connectivity includes (1) a direct dorsal temporo-frontal
pathway made of the prominent arcuate fasciculus connecting Wer-
nicke's area involved in speech comprehension and Broca's area involved
in speech production, and (2) an indirect ventral pathway connecting the
parietal lobe to Wernicke's area (posterior segment) and to Broca's area
(anterior segment) (Catani et al., 2005; Parker et al., 2005; Saur et al.,
2008). Consistent with the original post-mortem description, this
left-lateralized white matter structural organisation of the language
system has been further confirmed and developed by using -probabilistic
DTI in normal or brain-damaged subjects (Binney et al., 2012; Ellmore
et al., 2010; Fang et al., 2015; Floel et al., 2009; Han et al., 2013),
-combined functional and anatomical connectivity (Saur et al., 2010) or
-direct electrical stimulation for intraoperative mapping (Almairac et al.,
2015; De Witt Hamer et al., 2011; Duffau et al., 2013). By combining
anatomical and functional findings in human, Ueno et al., (2011) built a
computationally-implemented model, of the dual pathways that provides
a platform for simulation of language semantic processing.

Therefore, the dual stream model has been extended with functional
descriptions suggesting multiple components of the ventral semantic
pathways: the direct inferior fronto-occipital fasciculus (iFOF), the middle
(mLF) and inferior (iLF) longitudinal fasciculi as well as the uncinate
fasciculus (UF). The role of these different white matter bundles is not well
defined in terms of their relative roles in semantic function. Based on the
Hickok and Poeppel model (Hickok and Poeppel, 2004), the
lexical-semantic area situated between Wernicke's area, primary auditory
and visual associative cortex is likely implicated in associating multimodal
information to concepts. The resulting semantic information should hence
be conveyed to the anterior temporal pole and inferior frontal cortex
across the middle temporal pathways as suggested in the literature
(Glasser and Rilling, 2008; Jefferies, 2013; Jung et al., 2016; Lambon
Ralph et al., 2017, Noonan et al., 2010; Saur et al., 2010). First, neuro-
imaging studies converge to the idea of complementary contributions in
language comprehension of each one of these ventral tracts. The iLF might
be involved in mediating lexical semantic information to be integrated
and stored in the anterior temporal lobe (Saur et al., 2010; Wei et al.,
2012), while the UF would be involved in modulating this conceptual
representation by cognitive control mechanisms issued from the inferior
prefrontal cortex (Harvey et al.,, 2013; Saur et al., 2010). Parallel and
dorsal to the iLF, the mLF recently discovered in human constitutes a large
tract of long-distance white matter fibers running in the superior temporal
lobe from the posterior cortical regions to the anterior regions of the
temporal lobe (Makris et al., 2009, 2017). Because of these large inter-
regional connections, the mLF has been implicated in a variety of cogni-
tive functions including language, visuospatial and attentional processes
as well as high order multimodal association functions (Makris et al.,
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2017). Finally, based on a series of brain electrostimulation studies in
patients, Duffau's team proposes the iFOF as the essential pathway for
multimodal semantic processing (Almairac et al., 2015; Duffau et al.,
2013; Moritz-Gasser et al., 2013). Like the mLF, the iFOF constitutes a
long, multiregional association pathway running through the extreme
capsule and connecting the occipital, parietal and postero-lateral temporal
cortical areas to the prefrontal cortex including the orbito-frontal and
dorsolateral regions (Catani and Thiebaut de Schotten, 2008; Martino
et al., 2010). Based on their observations, Duffau and colleagues (Duffau
et al.,, 2013) propose a dual stream model of the ventral connectivity
constituted by (1) a direct multicomponent route, the iFOF involved in
semantic knowledge, and (2) a secondary indirect route made of iLF and
UF (and possibly the mLF), involved in compensable semantic processing.
However, while the literature is converging on the structural description
of the different ventral white matter pathways, their respective roles in
semantic processing remain a matter of controversy, particularly in the
domain of the connectivity underlying transmodal conceptualization.

We build on a previous fMRI neuroimaging research in healthy
humans where we have identified a semantic network of neural structures
commonly activated for pictures and sentences (Jouen et al., 2015). This
network forms a ventral neural system largely distributed between lateral
(parieto-temporal and prefrontal) and medial (prefrontal, cingulate and
parahippocampal) cortical regions with emphasis on the role of the
parieto-temporal region as a hub for heteromodal semantic operations. In
the present study, by combining diffusion tensor imaging and functional
interaction analysis, we aim to provide new insights on the organisation
of the structural and functional pathways connecting the multiple nodes
of the identified semantic system -shared by vision and language. Indeed,
while the majority of studies investigating semantic network connectivity
focus on language comprehension or on localized neural structures, we
will attempt to characterize a global framework for semantic processing
common to language and visual scenes and grounded on both neural and
functional connectivity, including long range connections. In order to
investigate such an organisation of structural and functional connections
underlying an effective interregional communication, we used as seeds
the regions of interest (ROIs) identified in the semantic network common
to language and visual scene processing (Jouen et al., 2015). The
anatomical and functional connectivity was explored respectively by
deterministic tractography to isolate only the fibers terminating in the
selected ROIs and by independent component analysis (ICA) to extract
the significant correlations between activated areas.

Material and methods

The methods and the experimental paradigm have been previously
described in an event-related fMRI investigation of conceptual processes
shared between images and sentences (Jouen et al., 2015). The unique
features of the methods for the novel analyses of this study are re-
ported here.

Subjects

Nineteen healthy young right-handed subjects participated in this
study (11 males, mean age = 23,05 + 5,44, age range: 18-42 years). All
participants were in good health with no history of psychiatric or
neurological disease nor alcohol or drug abuse as established during the
pre-experiment medical examination. The research protocol was
approved by the local ethic committee (Ile de France Comity; Protocol #
2008-A00241-54/1) and all subjects gave their written informed consent
prior to the scanning session.

Paradigm
The paradigm used in the study consisted of 200 pictures (Event

pictures) and 200 sentences (Event sentences). The images are from the
Getty photo database (http://www.gettyimages.fr/) and show typical
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visual scenes of single persons (no negative emotional valence) per-
forming common daily activities (e.g. reading, running, raking leaves,
eating). The sentences described the same actions and were generated
such that the sentences corresponded to an equivalent set of events as the
pictures (e.g., “The woman buys herself a new jacket.” “The little boy
runs in the yard.”). Two sets of stimuli (A and B) were generated, each
composed of 100 pictures and 100 sentences (see Supplementary mate-
rial: SM-Table 1 for norming data on the sentence stimuli). In order to
avoid subjects seeing both a given sentence and its corresponding pic-
ture, stimuli were crossed, such that the 100 sentences in stimulus set A
corresponded to the 100 pictures from stimulus set B and vice versa. So as
to subtract low-level (non-semantic) processing in subsequent analyses,
Control pictures (25) were generated as scrambled images from the
original pictures, and Control sentences (25) were generated as scram-
bled strings of letters from the original sentences. The subjects' task was
to silently read the sentences, and silently view the images, and they were
asked to process the stimuli in a natural way, as if they were reading for
pleasure or looking through pictures in a magazine. In order to maintain
subjects' alertness, 10% of trials were followed by a picture or a sentence
and a question asking if the current stimulus had previously been seen.
The subject had to respond with their right hand by pressing on a button
pad, and if the correct response was positive (as on 50% of question
trials), the previous occurrence was always one-back. The number of
correct responses to subjects'accuracy on these questions exceeded 95%
indicating that the subjects were attending to the stimuli. Our previous
study using the same paradigm (Jouen et al., 2015), demonstrates that
the image and sentence stimuli effectively engage the desired semantic
processing.

During the fMRI scanning session, 10 subjects were exposed to set A,
and 9 to set B. The pictures and sentences stimuli were presented in 4
runs with each one consisting of 50 event trials, 25 control trials and 8
probe questions. During a trial, a white fixation cross appeared on a black
screen for 500 ms, followed by a picture or sentence on a black back-
ground for 2 s, and finally a blank black screen was presented for 2 s plus
jitter time (0-6 s) before the next trial.

Following the scanning, the subjects' imageability capability was
assessed during a behavioral test on a subset of 50 sentences: 25 from the
list that they had just seen in the scanner, and 25 from the list that the
other half of subjects saw. Subjects were instructed to rate how well they
were able to visualize the sentence, or how vivid their representation
was. For this purpose, they had to provide judgments of visual image-
ability (Imageability score = IS) using a subjective scale, from 1 the
lowest to 5 the highest imageability score.

Procedure

Functional and structural MRI data were acquired on a 3T Siemens
Magnetom TrioTim scanner at Neurospin (CEA Saclay, Gif-sur-Yvette,
France). Blood oxygen level dependent (BOLD) fMRI signal was recor-
ded during the four experimental runs. Whole brain coverage was ob-
tained with 38 transversal gradient echo-planar imaging (EPI) images
(repetition time: 2000 ms, echo time: 30 ms, flip angle: 76°, bandwidth:
2694 Hz per pixel, FOV: 192 mm?, voxel size: 3.0 mm?®, 300 repetitions).
A high resolution T1 weighted image of the whole brain was acquired for
later spatial coregistration (TR/TE: 2300/2.98 ms; flip angle: 9°; FOV:
256 mmz; 1.10 mm thick sagittal slices). During the same session, 3
successive scans of 19, 20 and 21 distinct direction diffusion gradients
were acquired so as to form a concatenated 60 direction diffusion image,
to allow reconstruction of white matter pathways (TR/TE: 13000/93 ms;
flip angle: 90°; matrix size: 128 x 128; FOV: 220 mm?% 1.70 mm thick
axial slices, max. b-value: 1500 S/mmz).

Data analysis

DTI data analysis

The image processing, re-alignment and visualization were
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performed with the AFNI software (Cox, 1996). Each diffusion weighted
volume in each of the three DTI runs was aligned to the subject's
skull-stripped T1 weighted MRI using AFNI's 3dAllineate with mutual
information as the cost function. Separately, the T1 MRI was spatially
normalized to the MNI template (Montreal Neurological Institute N27
brain) and the resulting 12-parameter affine transformation matrix was
saved. The angular motion parameters calculated were used to rotate
each of the three sets of gradient directions to adjust for subject motion
relative to the scanner gradient axes (Leemans and Jones, 2009). The
three sets of aligned diffusion-weighted volumes were then concatenated
using AFNI's 3dTcat function to make one 3d + time diffusion weighted
brik containing all the aligned diffusion weighted volumes collected
during the imaging session. A single tensor was then computed using
AFNTI's 3dDWItoDT using as input the single concatenated diffusion brik
and the concatenated gradient directions, which were adjusted for
angular motion. The single tensor output previously obtained was then
used as input to compute the individual set of whole brain tracts for each
subject. A set of whole-brain deterministic pathways was saved in a
pathway database for further exploration. The gradient scheme is illus-
trated in the supplementary material (SM-Fig. 1).

The native-space resolution of the output realigned diffusion-
weighted volumes (1.72 x 1.72 x 1.70 mm) was preserved for the pur-
poses of computing the set of whole-brain tractography pathways (no
Talairach transformation). Deterministic fiber tracking was used to
compute a native-space tensor in DTIQuery v1.1 software (Sherbondy
et al., 2005) with the streamline tracking algorithm (STT) and optimal
parameters (Basser et al., 2000), including path step size of 1.0 mm, seed
point spacing at 2.0 mm, fractional anisotropy termination threshold of
0.15, angular termination threshold at 45°, maximum pathway length at
300 mm, and Euler's method for STT numerical integration.

The seed regions for the deterministic fiber tracking were extracted
from the t-maps of the fMRI random effects obtained in a previous neu-
roimaging study (Jouen et al., 2015). Based on Nichols'conjunction
analysis procedure (Nichols et al., 2005), we have identified the semantic
neural network commonly activated for image and sentence in the sub-
jects' group. This neural network is composed of a set of 13 activated
regions of interest (ROIs) defined and localized by the coordinate of the
local maxima “peak” within a cluster of voxels in Talairach coordinates
(Fig. 1): on the lateral walls, the left and right inferior Parietal lobe
(iP-BA39), the left superior Temporal gyrus (sT-BA22), the left and right
middle Temporal gyrus (mT-BA21), the left superior Temporal Pole
(sTP-BA38), the left inferior PreFrontal gyrus (iPF-BA45,46) and the left
middle PreFrontal gyrus (mPF-BA6); on the medial walls, the left pos-
terior Cingulum or RetroSplenial cortex (RSC-BA29-30), the left
para-Hippocampal gyrus (pH-BA35), the left and right ventro-medial
PreFrontal gyrus (vimPF-BA11) and the caudate nucleus.

The anatomical characteristics of the 13 ROIs used as the seeds are
shown in Table 1. Sets of tractography pathways were objectively iso-
lated using the following steps: 1) a backward transformation of the local
maxima coordinates from the fMRI group ROIs map was performed for
each subject to obtain a native image space coordinate; 2) these indi-
vidual coordinates were used to place volumes of interest in DTI Query
(VOI = sphere centered on a ROI peak voxel with a radius of 10 mm); 3)
the pathways terminating in the different VOIs pairs were saved as a
native space binary image volume for each subject. The AFNI tractog-
raphy algorithm computed only fibers terminating in the VOIs seeds,
excluding passing fibers because of the uncertainty of their terminations.
In each separate hemisphere, we identified the pathways connecting
pairs of (a) the 7 left VOIs (iP, sT,mT, sTP, iPF, mPF, vimPF), (b) the 3
medial VOIs (RSC, pH,Caudate) and (c) the 3 right VOIs (iP,mT, vinPF). A
total of 57 possible bundles by subject was computed with 42 bundles
connecting the left and medial VOIs pairs, 12 connecting right and
medial VOIs pairs and 3 connecting the medial VOIs pairs to each other.
Then this native space image was transformed to MNI space using the 12-
parameter transformation matrix derived from the T1 MRI spatial
normalization procedure. This resulted in 19 single-subject image
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Fig. 1. Lateral and medial views of the brain representing the identified semantic network shared by pictures and sentences processes. ROIs in the lateral left (A) and right (B) sides:
Inferior prefrontal cortex (iPF)- middle prefrontal cortex (mPF)-Superior and middle temporal cortices (sT,mT)- Superior temporal pole (sTP)- Inferior parietal cortex (iP). ROIs in the
medial left (C) and right (D) sides: retrosplenial cortex (RSC),parahippocampal cortex (pH) and ventro-medial frontal cortex (vmPF). Each ROI is identified with the corresponding

Brodman's area. Adapted with permission from Jouen et al. (2015).

Table 1
ROIs anatomical regions used as seeds for fiber tractography. Anatomical localization and
coordinates are based on Talairach and Tournoux's stereotaxic atlas (1988).

ROI-Anatomical area BA Talx,y, 2z Peak t value

L Parahippocampal Gyrus (pH) 35/ —33,-38,-8 6.63
36

L Cingulum post (RSC) 29/ -9, -55, 17 5.52
30

L Inferior Parietal Lobe (iP) 39 —42, —66, 23 6.64

L Superior Temporal Gyrus (sT) 22 —53, -52, 14 5.72

R Inferior Parietal Lobe (iP) 39 53, —69, 26 3.89

L Middle Temporal Gyrus (mT) 21 —63, -4, 15 4.43

R Middle Temporal Gyrus (mT) 21 53, -7, -17 4.39

L Superior Temporal Pole (sTP) 38 —45, 16, —21 3.84

R Ventro-Medial Prefrontal Cortex 11 3,40, -17 3.13

(vmPF)

L Ventro-Medial Prefrontal Cortex (vimPF) 11 -9,52, -13 3.16

L Inferior Prefrontal Gyrus (iPF) 45/ —56, 29, 7 3.41
46

L Middle Prefrontal Gyrus (mPF) 6 —42,0, 53 3.00

R Caudate 3,11, -6 3.04

volume masks in the same standard coordinate space. These volumes
were then summed to create a single volume map where the integer value
at each voxel represents the number of subjects who have tractography
pathways passing through the given voxel. A threshold was applied to
this volume to visualize voxels where at least 10 of the 19 subjects
exhibited common tractography connections.

The tractography connections were quantified with the factor of
anisotropy (FA), the number of fibers and the percentage of fibers (ratio
of the number of fibers for one tract to the number of the whole brain
fibers for one subject) for each determined pathway. The tractography
parameters were correlated to mean imageability ratings by using a
correlation factor analysis on the main identified pathways. The signifi-
cance level was established at 95% confidence interval.

Independent component analysis of fMRI data (NetbrainWork)
To determine functional connectivity between activated regions we

188

used the NetBrainWork software (https://sites.google.com/site/
netbrainwork/) (Coynel et al., 2010; Perlbarg et al 2008, 2009). For
each participant and each run, imaging data were first processed using an
independent component (IC) analysis (infomax ICA algorithm) that
reduced the data to the 40 components explaining the most variance.
These individual ICs were scaled to z-scores and normalized into MNI
standard stereotaxic space. All the individual ICs were pooled across
participants separately for Images and Sentences condition and then
clustered on their spatial similarities to form “classes” of interest (COIs).
This partitioning was automatically realized by NetBrainWork using
criteria to optimize both the Unicity and Representativity of each COL
The degree of Representativity indicates that each participant is repre-
sented with at least one component in a given COI and the degree of
Unicity indicates that one participant contributes to a COI with only one
component. As these criteria should ideally equal 1, we retained only
COIs with Representativity and Unicity >0.75 that corresponded to 3
COIs for each condition. For each COI, fixed effect analyses were
computed to extract t-scores maps with a Bonferroni correction thresh-
olded at p < 0.01 with a minimal extension cluster of 10 voxels.

By visual inspections of the COIs, the ROIs overlapping the common
nodes (the 13 ROIs selected as the DTI seeds as described above) were
selected for further functional connectivity computed separately for each
Image and Sentence condition. The degree of overlap between ROIs and
the two image and sentence COIs was calculated by the following
equation: overlap % = COI n ROI surface x 100/ROI surface (COI n
ROI = Intersection between ROI and COI). Once the networks were
identified and after noise correction, pairwise correlations between the
time-course of each ROI were estimated for each separated Image and
Sentence network. Significant marginal and partial correlations were
established at p < 0.05 with Bonferroni corrections for multiple com-
parisons. In contrast to the marginal correlation, the partial correlation
indicates the covariance between the time courses of two nodes after
removal of the variance effects from other nodes. Thus the partial cor-
relation measures the specific relation between two ROIs independently
of any other influences.

A functional integration was calculated independently for each image
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and sentence network. Hierarchical integration corresponds to the
mutual information between time courses of BOLD signal recorded in the
various ROIs (Marrelec et al., 2008; Perlbarg and Marrelec, 2008). This
provides a global measure of functional information exchanges within
and/or between brain systems (SOIs: Systems of Interest). Furthermore, if
a system is divided into subsystems like in our study Image and Sentence,
the total integration of this system can be decomposed into within-
subsystem and between-subsystem integration (Marrelec et al., 2008).
In particular, the total integration of the brain is equal to the sum of
within-SOIs integration and between-SOIs integration. To infer the
integration measures, a Bayesian numerical sampling scheme approxi-
mating the posterior distribution of the parameters of interest in a group
analysis is necessary. In the actual study, we used 1000 samples to
perform this approximation, therefore leading to a thousand estimations
of integration measures. The results are presented in terms of the mean
and standard deviation of the 1000 estimates for each subsystem Image
(D and Sentence (S). The interested reader can find further information
about the concept and the computation of hierarchical integration in
Marrelec et al. (2008).

Results
Structural identification of the main fibers tracts

Among the fiber tracts defined with our 13 ROIs distributed between
the two hemispheres, 12 tracts have been retained as they were found in
at least 10 subjects (Table 2): 9 were identified in the left hemisphere,
one in the medial structures between RSC and pH, and 2 were localized in
the right hemisphere. Among 34 fiber tracts identified, 22 tracts were not
retained for further analysis as each one was found in less than 10 sub-
jects. The characteristics (percentage of fibers and factor of anisotropy) of
these 34 tracts are provided for all subjects, in Tables 2 and 3 of the
supplementary material.

As shown in Figs. 2 and 3, the left cortico-cortical pathways could be
dissociated into two major ventral streams issued from the left superior
temporal ROI: one (corresponding to the middle and inferior longitudinal
fasciculi) running posteriorly and forming a parieto-temporal stream and
another (corresponding to the uncinate fasciculus) running rostrally and
forming a temporo-prefrontal stream. As part of this ventral network, we
also found short connections between the retrosplenial cortex and the
parahippocampal gyrus passing through the cingulum white mat-
ter (Fig. 4).

Table 2
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As illustrated in Fig. 2, the parieto-temporal stream is represented by
a large bundle of white matter (WM) fibers running through the temporal
lobe. On coronal sections posterior to the left Heschl transverse gyrus, we
could distinguish two clusters of high WM density dorso-ventrally su-
perposed and likely corresponding dorsally to the middle (mLF) and
ventrally to the inferior (iLF) longitudinal fasciculi. In the inferior pari-
etal lobe, the mLF was observed with two branches originating from the
two banks of the superior temporal sulcus, corresponding to the inferior
parietal (BA39) and superior temporal (BA22) cortices. It then ran along
the depth of the superior and middle temporal lobes and at the level of
the posterior extremity of the hippocampus, coursed along the superior
temporal lobe before reaching the anterior temporal pole (BA38). In
contrast, the more ventral fibers came from the parahippocampus and
fusiform cortical regions and ran in the depth of the inferior temporal
lobe. The majority of these fibers reached the middle temporal cortex
(BA21) and the others reached the anterior pole (BA38) through a less
dense bundle. These WM hippocampo-temporal connections likely
correspond to the iLF even though the WM fibers were difficult to isolate
between mLF and iLF when ending at the anterior extremity of the
temporal lobe.

In the right hemisphere, similar WM bundles were found to connect
the inferior parietal cortex (BA39) and the middle temporal cortex
(BA21) by running in the depth of the middle temporal lobe. This right
ventral parieto-temporal stream likely corresponds to the inferior longi-
tudinal fasciculus rather than to the middle fasciculus usually localized
more dorsally in the superior temporal lobe.

The other stream connected the ROI of the superior temporal gyrus
(BA38) and the prefrontal cortex via the uncinate fasciculus. As shown in
Fig. 3, the uncinate fibers issued from the anterior temporal pole (BA38)
ran in a postero-dorsal direction in the temporal lobe to make a loop
before reaching two target sites: the inferior prefrontal cortex (BA45)
laterally and the ventro-medial prefrontal cortex (BA11) medially. At the
level of the anterior commissure, the uncinate bundle aimed upwards
along the amygdala toward the ventral edge of the basal ganglia. At TAL
-30 11 -11 it divided into two branches, one passing medially under the
ventral bank of the putamen and the other continuing dorsally along the
lateral bank of the putamen in the external/extreme capsule. This lateral
branch joins the frontal lobe and at about TAL -30 24 17 orients laterally
to the inferior prefrontal gyrus before reaching its final target, the infe-
rior prefrontal cortex (BA45-46). This division of the uncinate WM is
shown in Fig. 3B on the coronal section Y = —11. The medial branch
continued rostrally along the ventral bank of the putamen to join the

Characteristics of the 12 main pathways identified in the semantic network and connecting the parietal, temporal and prefrontal cortices and the caudate nucleus. Number of subjects (Nb
Subjects), mean percentage of fibers (%*10) and mean factor of anisotropy (FA). Standard deviations in parenthesis. mLF and iLF: middle and inferior longitudinal fasciculus; UN: uncinate

fasciculus; TR: thalamic radiations; CIN: cingulate white matter.

mLF iLF UN
BA21 BA39 BA35 BA45 BA11 Caudate
Left H Left H Left H Left H Left H Left H
Nb Subjects 12 11 13 10 15 14
% Fibers 0.07 (0.05) 0.14 (0.20) 0.16 (0.16) 0.05 (0.04) 0.20 (0.13) 0.10 (0.07) BA38
FA 0.28 (0.07) 0.44 (0.03) 0.39 (0.06) 0.41 (0.05) 0.40 (0.02) 0.36 (0.04)
mLF CIN TR
BA21 BA22 BA35 Caudate
Left H Right H Left H Left H Left H Right H
Nb Subjects 11 15 18 - - -
% Fibers 0.18 (0.31) 0.22 (0.24) 0.17 (0.14) - - - BA39
FA 0.44 (0.03) 0.44 (0.02) 0.35 (0.04) - - -
Nb Subjects - - - 12 - -
% Fibers - - - 0.08 (0.10) - - RSC
FA - - - 0.35 (0.07) - -
Nb Subjects - - - - 17 18
% Fibers - - - - 0.18 (0.20) 0.32 (0.22) BAl1
FA - - - - 0.31 (0.05) 0.26 (0.06)
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Middle and Inferior Longitudinal Fasciculi

E X=-38

Fig. 2. Group-averaged (A, C-E) and individual (B) connections of the middle (mT = BA21) and the superior (sTP = BA38) temporal cortex -with the inferior parietal (iP = BA39) cortex
via the middle longitudinal fasciculus (mLF) and -with the parahippocampus (pH) cortex via the inferior longitudinal fasciculus (iLF). Representation of group-averaged connections on
sagittal (A) and coronal (C-E) views in Talairach coordinates (Talairach and Tournoux, 1988). B: 3D representation of individual mLF (in orange) and iLF (in green). The dotted line

delineates the intersection between sagittal and horizontal planes.

Uncinate Fasciculus

Fig. 3. Group-averaged (A-E) and individual (F) connections of the superior temporal pole (sTP = BA38) -with the inferior prefrontal (iPF = BA45) and -the ventro-medial prefrontal
(vmPF = BA11) cortex via the uncinate fasciculus. Representation of group-averaged connections on coronal (A-C) and sagittal (D,E) views in Talairach coordinates (Talairach and

Tournoux, 1988). B: 3D representation of the individual uncinate fasciculus branching from the superior temporal cortex to the inferior prefrontal cortex (in yellow) and to the

ventro-medial prefrontal cortex (in purple). The dotted line delineates the intersection between sagittal, coronal, and horizontal planes.

anterior cingulate cortex and then its final target the left ventro-medial
prefrontal cortex (Fig. 3; Tal X = —1).

Additionally, we identified in the majority of subjects (17/19 on the
left and 18/19 on the right) subcortical projections from the ventro-
medial region of the caudate nucleus to the ventro-medial prefrontal
cortex through anterior thalamic radiations (Fig. 4). In 14 subjects
(SM-Table 2), we could distinguish WM fibers passing through the
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uncinate fasciculus to connect the caudate nucleus to the anterior tem-
poral pole.

Correlations between fiber tract metrics and behavior

The inferior and middle longitudinal fasciculi are represented by
pathways with the most density and highest level of anisotropy as
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Caudate

Fig. 4. (A-B) Thalamic radiations between the caudate nucleus and the ventro-medial prefrontal cortex (vinPF = BA11). (C-D) Cingulate white matter bundle between the para-
hippocampus (pH) gyrus and the retrosplenial cortex (RSC). (A and C) Representation of group-averaged connections on sagittal views in Talairach coordinates (Talairach and Tournoux,
1988). (B and D): 3D representation of individual connections. The dotted lines delineate the intersection (B) between coronal and horizontal planes and (D) between sagittal and

horizontal planes.

compared to the other pathways of the semantic network (Table 2). Using
a Pearson correlation analysis, we examined correlation between the
behavioural performance (the imageability score) and metrics of the
different tracts as previously described (Jouen et al., 2015). The image-
ability score (IS) was measured by asking subjects to rate their image-
ability capability when reading sentences. This IS score assessed how
well they were able to visualize the sentence, or how vivid their repre-
sentation was. A significant correlation between IS and FA (r2 = 0.60,
p = 0.049) was observed in this mLF bundle. Otherwise IS and FA tended
to be correlated for pathways linking the parahippocampus and the su-
perior temporal cortex (BA38) (r* = 0.53, p = 0.065). Only a slight
correlation between IS values and % of fibers tended to occur in the left
mLF connecting the inferior parietal cortex and the middle temporal
cortex (r2 = 0.45, p = 0.16).

Functional interactions in the main fiber tracts

The intrinsic activity obtained at the group level by independent
component analysis (ICA) displayed a distribution quite similar to the
semantic network previously defined in common for the image and
sentence conditions (Jouen et al., 2015). As shown in Fig. 5, the resulting
networks of COIs delimited by Netbrainwork ICA for the Image and
Sentence tasks were well superimposed onto the activated semantic
neural network identified with SPM t-maps in our previous study (Jouen
et al., 2015). The degree of overlap between the COIs and ROIs has been
quantified for each activated cerebral regions and is illustrated in the
supplementary material (SM Fig. 2). A number of cortical regions were
significantly activated in common between sentences and pictures and
included the parieto-temporal cortex, the middle and superior temporal
cortex, the middle, inferior and ventro-medial prefrontal cortex and the
parahippocampus cortex, retrosplenial cortex and caudate nucleus. The
functional interactions between the different nodes of such a semantic
network were computed during sentences and images using either mar-
ginal or partial correlation as a measure of the functional connectivity.

The marginal pairwise correlations coefficients were highly signifi-
cant (p < 0.001) showing positive correlations between a majority of
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nodes (Fig. 6). We thus identified in each hemisphere 4 main nodes
shared by sentences and images conditions: the inferior parietal, middle
temporal, retrosplenial and ventro-medial prefrontal ROIs. Fig. 6 shows
the matrices of the p corrected values of the marginal pairwise correla-
tions computed between the 13 ROIs, independently for sentences and
images of the semantic network. These nodes formed bilateral inter-
mingled networks as (1) the inferior parietal node interacts significantly
with the retrosplenial node, the superior and middle temporal nodes, the
superior temporal pole, and the ventro-medial prefrontal node, (2) the
middle temporal node with the inferior parietal node, the superior
temporal pole and the ventro-medial prefrontal node, (3) the retro-
splenial node with the parahippocampus node, the middle temporal and
superior temporal nodes, the inferior parietal node, the ventro-medial
prefrontal node and the caudate nucleus and finally (4) the ventro-
medial prefrontal node with the retrosplenial node, the inferior parie-
tal node, the middle temporal node, the superior temporal pole and the
caudate nucleus. Interestingly, these matrices display a similar pattern of
functional connectivity between sentences and images tasks.

As expected, when considering the partial correlations (i.e. the cor-
relation between two nodes excluding the effect of the other nodes) the
number of interactions reduced to show only the significant specific
correlations. These interactions are represented in Fig. 7 as a network
showing the partial correlations as links between nodes. This functional
interaction analysis confirms the structural pattern of connections iden-
tified by tractography analysis previously described for both images and
sentences. We note that the superior temporal pole specifically interacts
with the parieto-temporal and the inferior frontal cortices and thus could
be a key relay of the ventral semantic pathways. In addition, the retro-
splenial cortex constitutes a central node or hub strongly interacting with
several relays of the network including the bilateral ventromedial pre-
frontal, parieto-temporal nodes and the left parahippocampal node. In
turn the ventro-medial node activity is largely connected to the parieto-
temporal cortex and to the caudate nucleus on the right side. In contrast,
two other nodes had a weak interaction in the network as: (1) the pre-
motor cortex only interacted with the parieto-temporal cortex for both
experimental conditions and with the inferior prefrontal cortex only for
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Fig. 5. Activation in the regions of interest (ROIs) determined by conjunction analysis (SPM5) in red and by independent component analysis (ICA) in blue (images) and green (sentences).
Note the overlapping (brown patches) of the ROIs determined by using the different analysis methods. ROIs are represented on horizontal and coronal sections in Talairach coordinates. LiP
and RiP: Left and right inferior parietal cortex-RSC: retrosplenial cortex- LmT and RmT: Left and right middle temporal cortex-LsTP: Left superior temporal pole- LpH: Left para-
hippocampus gyrus- LiPF: Left inferior prefrontal cortex- LmPF: Left middle prefrontal cortex- LvmPF and RvmPF: Left and right ventro-medial prefrontal cortex- Caud: Caudate nucleus.

the image condition and (2) the caudate nucleus preferentially interacted
with the inferior prefrontal (inhibitory effect) and retrosplenial cortices
only for sentences. Finally we found comparable levels of global hierar-
chical integration between sentence and image connectivity network
respectively Is = 0.9686 + 0.034 and Ii = 1.0678 + 0.034.

Discussion

Combined with our previous work (Jouen et al., 2015), these new
findings provide a general framework including activated sites, their
anatomical connections and functional links involved in processing
meaning of sentences and images. The structural pathways are consti-
tuted of ventral white matter (WM) tracts in both hemispheres. Lateral
tracts link the parieto-temporal, middle and superior temporal and
inferior prefrontal sites, and medial tracts link the ventro-medial frontal
cortex to the striatum and the posterior cingulate to the
para-hippocampus. Analysis of the functional interactions within this
semantic network revealed patterns of functional connectivity between
nodes of cognitive sub-systems implicated in semantic processing that we
discuss below.

The principal structural pathways of the semantic network

Here, we describe the structural correlates of the semantic network
primarily including the middle and inferior longitudinal fasciculi, the
uncinate fasciculus and WM fibers in the thalamic radiations and in the
posterior cingulum. The principal tracts are linked to the anterior tem-
poral pole (BA38) located in the superior temporal gyrus of the left
hemisphere. As it concentrates the majority of the connections of the
semantic network, this temporal region might be considered to constitute
a potential hub between the posterior cortical regions and the prefrontal
lobe. Such a central role of the anterior temporal lobe (ATL) in con-
ceptualisation has been suggested in studies of semantic dementia and in
neuroimaging exploration of cerebral activation and functional connec-
tivity (Binney et al., 2012; Geranmayeh et al., 2015; Guo et al., 2013;
Jackson et al., 2016; Lambon Ralph et al., 2017, Patterson et al., 2007;
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Visser et al., 2010).

The most remarkable cortico-cortical connection in term of fiber
density and anisotropy was constituted by the two longitudinal fasciculi:
(1) the middle longitudinal fasciculus (mLF) that links the inferior pari-
etal lobe including the angular gyrus (BA39) and posterior part of the
superior temporal gyrus (BA22) to the superior (BA38) and middle
(BA21) temporal gyri and (2) the inferior longitudinal fasciculus (iLF)
that links the parahippocampus gyrus to the middle and superior tem-
poral cortices (BA21 and BA38). Even though the WM fibers of these two
longitudinal streams were intermingled, we could differentiate these 2
streams based on their different ROIs and their posterior trajectory in the
temporal lobe. In the right hemisphere, we found similar tracts impli-
cating the iLF that connects the inferior parietal cortex and the anterior
part of the middle temporal gyrus BA21. Interestingly, these ventral
pathways including the left mLF and the bilateral iLF were found with the
highest factor of anisotropy revealing the WM integrity and efficiency.

Importantly, the imageability score provided when the subject was
reading a sentence was significantly correlated with the factor of
anisotropy of the left parieto-temporal connections of the mLF. The
imageability score reflects the ability of the subject to form a mental
image and the higher this imageability rating the more vivid are the
simulated events evoked by the sentence. In a previous study, we have
shown that this imageability rating is dependent on the context of the
narrative and might reflect comprehension ability (Madden-Lombardi
et al., 2015). Thus this relation between behaviour and connectivity
rating is suggestive of the importance of the left ventral parieto-temporal
pathways in semantic processing. While the factor of anisotropy of the
mLF was significantly correlated with the imageability score, we did not
observe a significant correlation with imageability and fiber density as
previously observed (Jouen et al., 2015). This difference might result
from the different tractography methods. Indeed, in our previous neu-
roimaging study, we use a deterministic tractography analysis of the
ensemble of connections between the parietal and temporal cortex that
could have included passing fibers. In the current approach, each WM
bundle was determined by counting only the fibers terminating in the
two selected ROIs. This restrictive analysis of the WM pathways is likely
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Fig. 6. p values matrices for the pairwise marginal correlations between the 13 ROIs of
the semantic network activated during the image and sentence tasks. Note the similarity
between the patterns of the marginal correlations in the two conditions. The anatomical
sites are indicated with their corresponding Brodman's area. LiP and RiP: Left and right
inferior parietal cortex - RSC: retrosplenial cortex - LmT and RmT: Left and right middle
temporal cortex-LsTP: Left superior temporal pole-LpH: Left parahippocampus cortex-
LiPF: Left inferior prefrontal cortex- LmPF: Left middle prefrontal cortex- LvmPF and
RvmPF: Left and right ventro-medial prefrontal cortex- Caud: Caudate nucleus.

to provide more robust and selective information in terms of the struc-
tural correlates of our semantic network connectivity. With these new
more precise measures, we identified a correlation between the factor of
anisotropy of the mLF and the imageability score, thus confirming our
previous finding of a link between imageability and parieto-temporal
connectivity.

As part of the posterior cortico-cortical connectivity, we observed
fibers located in the posterior WM cingulum pathway connecting the
retrosplenial cortex (posterior grey matter cingulum) and the para-
hippocampal cortex. Even though the bundles were not as dense as the
longitudinal fasciculi, they were found in the majority of subjects. As we
know, the retrosplenial cortex is part of the medial structures that belong
to the resting-state network involved in introspective processing and
conceptual operations (Laird et al., 2009; Regen et al., 2016; Vann et al.,
2009). The role of these temporo-cingular pathways will be developed
further by considering the functional connectivity.

Another important bundle connecting the anterior temporal pole to
the prefrontal cortex was the uncinate fasciculus (UF). From the anterior
temporal pole the UF formed a loop of WM fibers reaching the prefrontal
cortex into two branches: a lateral branch to the inferior prefrontal cortex
and a medial branch to the ventro-medial prefrontal cortex. In our pre-
vious neuroimaging study (Jouen et al., 2015) we suggested that the
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Functional Connectivity

HORZONTAL AXIS

Fig. 7. Network graphs showing the degree of functional interactivities based on partial
correlations coefficients for the 13 ROIs of the semantic network activated during image
and sentence conditions. Only the significant links (p corrected < 0.05) are represented.
Note the similarity between the functional interactions patterns obtained in the two
conditions. LiP and RiP: Left and right inferior parietal cortex-RSC: retrosplenial cortex-
LmT and RmT: Left and right middle temporal cortex-LsT: Left superior temporal cortex-
LpH: Left parahippocampus cortex- LiPF: Left inferior prefrontal cortex- LmPF: Left middle
prefrontal cortex- LvmPF and RvmPF: Left and right ventro-medial prefrontal cortex-
Caud: Caudate nucleus.

inferior prefrontal cortex and the caudate nucleus might be responsible
for controlling conceptual knowledge common to language and visual
systems. In addition, the role of the inferior frontal cortex located
rostrally in pars triangularis has been involved in semantic control
including selection and working memory (Jefferies, 2013;
Thompson-Schill, 2003; Zahr et al., 2009) independently of the stimulus
modality. Likewise, the UF laterally interconnecting the anterior tem-
poral cortex and the inferior frontal cortex has been involved in semantic
cognition (Binney et al., 2012) and in semantic control during word
comprehension (Harvey et al., 2013). By combining two DTI and
resting-state fMRI neuroimaging techniques with neuropsychological
investigations of aphasic patients, Harvey et al., (2013) found an asso-
ciation between the structural integrity of the UF and performance on
behavioural measures of semantic control. Besides the inferior prefrontal
cortex, the UF consistently linked the anterior temporal cortex to the
ventro-medial prefrontal cortex. The orbito-frontal cortex has been
implicated in behavioural- and social-related cognition (Feldmanhall
et al.,, 2014; Lewis et al., 2005, 2011; Moll et al., 2011) as well as
self-reference processing and self-knowledge involving the default-mode
network (Molnar-Szakacs and Uddin, 2013). Furthermore, our results
demonstrate that the ventro-medial orbito-frontal cortex also receives
connections via the thalamic radiations from the striatum. Likewise, Han
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etal., (2013) reported that the left anterior thalamic radiations constitute
a necessary pathway for semantic processing. Complementary to these
observations we found in some subjects WM fibers of the UF connecting
the caudate nucleus and the anterior temporal cortex. These findings are
consistent with the idea that the striatum including the caudate nucleus
regulates semantically related operations (Crosson et al., 2007). Taken
together these prefrontal tracts including uncinate fasciculus and
thalamic  radiations constitute a  structural pattern  of
temporo-fronto-striatal connections carrying the lexical-semantic infor-
mation necessary for executive control. In contrast to some authors
(Almairac et al., 2015; Han et al., 2013; Moritz-Gasser et al., 2013; 2015),
we did not isolate direct connections through the inferior fronto-occipital
fasciculus (iFOF) that links the posterior temporal and occipital cortex
and the prefrontal cortex. Duffau and colleagues (Almairac et al., 2015;
Duffau, 2005; Duffau et al., 2013; Moritz-Gasser et al., 2013) proposed a
dynamic dual-route model made of a direct crucial stream, the iFOF
involved in the awareness of amodal semantic knowledge and an indirect
compensatory stream centered on the temporal lobe including iLF/mLF
and UF involved in semantic processing as previously described. These
contrasting observations might arise from the location and size of our
prefrontal cortical seeds (ROIs) based on previously defined small clus-
ters in the inferior and ventro-medial prefrontal cortices which were
activated during both sentence and picture presentation (Jouen
et al., 2015).

Overall, this pattern of structural connections forming a large-scale
ventral network provides compelling evidence for at least one major
node in the anterior part of the superior temporal gyrus. Indeed, this
anterior temporal region, despite its small size is the locus of conver-
gence/divergence of several pathways coming from the inferior parietal
and posterior temporal cortex, the retrosplenial cortex, the inferior and
ventro-medial prefrontal cortex and the striatum. Consistent with the
literature, our findings suggest the existence of a “semantic hub” local-
ised in the anterior part of the superior temporal lobe.

Functional subsets inside the semantic network

When considering the functional relations between the nodes of our
semantic network, evidence is provided of sub-systems differently
implicated in semantic computation. In fact, such meaning processes
requires the interplay of cognitive functions, i.e. bottom-up encoding
operations linked to embodied sensory-motor simulation, heteromodal
binding and integration, amodal representation, semantic memory and
executive control as well as interoceptive activities, episodic memory and
self-referenced operations. In this context, our functional analysis pro-
vides empirical evidence for specific patterns of co-activated neural
structures that will trigger semantic related operations. Interestingly,
apart from few modality specific interactions, these patterns of co-
activated nodes were very similar for the two semantic networks
extracted from the picture and sentence comprehension tasks. Based on
the literature and our structural and functional data, we distinguish two
sub-networks differently distributed: (1) one forming lateral interactions
between inferior parietal, superior and middle temporal and inferior and
middle prefrontal cortex and including the peri-sylvian region and (2)
another one forming medial interactions between the retrosplenial,
parahippocampus, ventro-medial prefrontal cortex and striatum.

A lateral parieto-temporal hub centered network:

When considering the parieto-temporo-prefrontal functional con-
nectivity, the first striking observation is the lateral localisation of the
cortical structures and their links at least partially with sensory-motor
representation. As mentioned above, semantic processing is grounded
in the brain's sensory and motor systems with information converging in
heteromodal associations cortices (Barsalou, 2008; Binder et al., 2016;
Damasio, 1989; Fernandino et al., 2016a, 2016c; Jouen et al., 2015;
Mahon and Hickok, 2016; Man et al., 2013; Meyer and Damasio, 2009;
Pulvermuller et al., 2005). This embodied theory of comprehension
postulates that the meaning of action is grounded in the internal

Neurolmage 166 (2018) 185-197

simulation of one's own sensori-motor experience. Thereby the under-
standing of others'actions relies on the internal replay of one's own ac-
tions implicating the observation/action “mirror-neuron” system in
humans (Gallese et al., 1996; Rizzolatti and Craighero, 2004; Rizzolatti
etal., 1996, 2001). For example, seeing another's hand grasping an object
will activate premotor and associative brain regions, including the infe-
rior parietal cortex in conjunction with the premotor cortex. Such an
embodied representation of meaning should serve for multiple modal-
ities including other perceptual states, emotion, and language. In our
study, we recall that each event described an action executed by at least
one person (e.g., running, eating, climbing). According to embodied
theories, the subject understands the picture or sentence at least in part
by simulating the event evoked by the stimuli. Accordingly, the signifi-
cant coactivation found in our study between the left parieto-temporal
cluster and the middle prefrontal cortex (BA6) implicated in premotor
computations, might correspond to the neural underpinning of the se-
mantic analysis through sensory-motor grounded representations of seen
or read events. In addition to these observations, the inferior parietal
cortex including the angular gyrus has been considered as a candidate
region that might support the convergence of multiple modality-specific
semantic operations (Bonner et al., 2013; Fernandino et al., 2016a,
2016¢; Molinaro et al., 2015; Price et al., 2015). In our network spanning
the two hemispheres, the inferior parietal nodes were tightly inter-
connected, and were connected with the posterior part of the superior
temporal gyrus (BA22) at the highest correlation rate. Partially over-
lapping the semantic Wernicke's area on the left side, these parieto-
temporal regions have a key location as they are at the crossroads of
auditory and visual inputs. Interestingly the lateral peri-sylvian func-
tional subcomponent of our semantic network associates the inferior
parietal cortex and the rostral temporal site linked to the inferior pre-
frontal cortex via the uncinate fasciculus as described above. While the
temporal lobe brings together modality specific representations of verbal
and non-verbal features along a caudo-rostral gradient, the anterior pole
of the superior temporal gyrus might serve to compile and store the
concept representation in an amodal format (Binder et al., 2009; Binney
et al., 2012; Hoffman et al., 2015; Lambon Ralph et al., 2017, Patterson
et al., 2007; Rice et al., 2015; Visser et al., 2010). Accordingly, Molinaro
et al., (2015) emphasize the dynamics of these left perisylvian regions
during semantic combinatorial operations. These authors suggest that the
strong positive coupling between anterior temporal cortex and angular
gyrus is necessary to access the rich amodal representations stored in
semantic memory.

In accordance with this literature, our findings bring further insights
on the neural semantic framework as we demonstrate an effective func-
tional connectivity forming several interactive sub-systems including (a)
a premotor, inferior parietal and posterior temporal loop likely involved
in modality-specific encoding and binding, (b) an inferior parietal and
superior temporal coactivation underlying the access to transmodal
representation and storing and finally (c) a superior temporal and inferior
prefrontal interaction involved in semantic control. As a whole the
laterally distributed connectivity will be responsible for a conceptual
representation of the external world involving both parietal and temporal
centers under the executive control of the prefrontal cortico-striatal
system and the uncinate connections. Moreover, while the temporo-
parietal cortex is part of the lateral neural network, it might also
constitute a key interface with the medial sub-component of our se-
mantic network.

A medial retrosplenial hub centered network:

In contrast to the lateral network, the medial semantic functional
connectivity largely overlapped the default-mode network (DMN) that
has been described in several previous fMRI resting state studies
(Fransson and Marrelec, 2008; Gusnard et al., 2001; Molnar-Szakacs and
Uddin, 2013; Raichle et al., 2001). The DMN is involved in introspection
and internal world operations including episodic memory, memory
consolidation, representation of self and others, and socio-emotional
cognition (Buckner et al., 2008; Gusnard et al., 2001; Laird et al.,
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2011; Northoff et al., 2006; Raichle et al., 2001). In the proposed intrinsic
sub-network, it is noteworthy that the majority of the functional in-
teractions converges onto the associative visual region of the retro-
splenial cortex (RSC) located in the posterior cingular cortex. Bilater-
ally linked to the inferior parietal cortex, this RSC might constitute a
functional node for a set of medial neural structures including the ventro-
medial prefrontal cortex bilaterally and the left parahippocampus. By
using a similar IC analysis, Fransson and Marrelec (Fransson and Mar-
relec, 2008) characterised an effective connectivity based on partial
correlations inside the DMN, that is comparable to our semantic network.
Pertinent with our findings, these authors describe the posterior cingular
cortex as a pivotal role in how the intrinsic activity is mediated
throughout the DMN. Furthermore, there is compelling evidence from
neuroimaging and clinical studies that the RSC might have a key role in
scene construction underpinning autobiographical memory, as well as
navigation and thinking of future scenarios [for review see (Vann et al.,
2009)]. Accordingly, we found a substantial link through both structural
and functional connections between the RSC and parahippocampal cor-
tex involved in episodic memory. Based on its consistent anatomical
relation with the hippocampal region, the RSC has been associated with a
“translational function” by transforming spatial frames of reference
during mental imagery. Thus, the hippocampal cortex might encode
imagined or memorized spatial information and the RSC will transform
this information into an egocentric representation so that the autobio-
graphical memory, scene or imagined event can be viewed from a
different perspective. In this context, we observe synchronised activity
patterns bilaterally between the parahippocampus gyrus, RSC,
ventro-medial prefrontal and inferior parietal nodes thereby realising a
complete recurrent circuit. Another important site in the default-mode
network is the ventro-medial prefrontal cortex which is associated with
emotional engagement, social interactions and morality (Li et al., 2014).
As discussed above, the ventro-medial prefrontal cortex was part of the
medial functional network including the RSC and linked to the inferior
parietal cortex bilaterally. If such a fronto-cingular-temporo-parietal
circuit is significantly implicated in our study, we can ask “which are
the cognitive processes triggered by our experimental tasks that might
explain the coactivation of these medial structures?” During the semantic
analysis of the event evoked by our pictures or sentences (persons
engaged in everyday actions), the participant will recognize and interpret
the situation through several cognitive operations: self-projection in the
scene, recall from episodic memory and Theory of Mind (ToM). ToM has
been described as the ability to attribute affective and cognitive mental
states to others in order to comprehend their intention or behaviour
(Carrington and Bailey, 2009). These cognitive functions underlying the
understanding of others' actions, intentions, or feelings will at least
partially trigger the default-mode network i.e. the hippocampus and
parahippocampal cortex, the RSC and the ventro-medial prefron-
tal cortex.

Our findings describing functional connectivity in our semantic
network support the idea of two complementary and interacting sub-
systems forming distributed networks: one involving lateral brain
structures interacting with external information and the other involving
medial brain structures associated with self-relevant processes which will
serve for understanding the environmental state, including others. The
parieto-temporal cortex including the angular gyri in the two hemi-
spheres might constitute a hub region of interactions between the two
medial and lateral networks ensuring heteromodal and combinatorial
semantic processes.

Considerations on a unified view of the semantic neural system

The anatomical and functional network that we describe in the
context of understanding sentences and images provides insight into
current opinions on the nature of the distributed semantic system. Our
analysis revealed highly coactivated nodes, both in the anterior temporal
lobe (BA38) and in the region of the temporo-parietal cortex (BA39)
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suggesting dual and cooperating roles for these areas within the semantic
system. In this integrated framework the anterior temporal lobe serves as
a cross-modal hub that encodes semantic similarity (Chen et al., 2017),
and is abstracted away from grounded sensory-motor embodied repre-
sentations. These more embodied sensorimotor simulations are imple-
mented in parietal areas including the angular gyrus (Binder and Desai,
2011; Binder et al., 2009) and temporo-parietal cortex as part of a general
semantic network that encodes multimodal information derived from
basic sensory-motor processes (Fernandino et al., 2016b). Interestingly,
this more embodied dimension of the semantic system is partially
captured in the notion of praxis and function features that are associated
with parietal regions including pMTG (Chen et al., 2017). The anatomical
and functional characterization of a semantic network that serves in the
comprehension of sentences and visual scenes thus provides a framework
that encompasses these complementary roles for the anterior temporal
lobe and the parietal cortex.

Conclusions

By providing complementary results on the activated sites and their
connections during semantic analysis, this research yields a general
framework of the functional processes and structural organisation un-
derpinning semantic analysis. The major connections of white matter
fibers link ventral neural stuctures including the parietal and temporal
cortices through inferior and middle longitudinal fasciculi, the temporal
and parahippocampal gyrus through the cingulate bundle, and the tem-
poral and prefrontal structures through the uncinate fasciculus. Part of
this structural connectivity corresponds to functional interactions be-
tween principal nodes including the anterior temporal pole, the parietal
(angular gyrus) and frontal cortices. Based on the functional correlations,
we distinguish two semantical related sub-systems (1) one lateral
involving laterally localized connectivity that will be responsible for a
conceptual representation of the external world and (2) another one
medial involving medially localized connectivity that will be responsible
for introspection process and conceptual representation of self interact-
ing with the external world through the lateral network, including the
parieto-temporal cortex.
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