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To advance understanding of brain networks involved in language, the effective connectivity between 26 cortical
regions implicated in language by a community analysis and 360 cortical regions was measured in 171 humans
from the Human Connectome Project, and complemented with functional connectivity and diffusion tractography,
all using the HCP multimodal parcellation atlas. A (semantic) network (Group 1) involving inferior cortical regions
of the superior temporal sulcus cortex (STS) with the adjacent inferior temporal visual cortex TEla and temporal
pole TG, and the connected parietal PGi region, has effective connectivity with inferior temporal visual cortex
(TE) regions; with parietal PFm which also has visual connectivity; with posterior cingulate cortex memory-
related regions; with the frontal pole, orbitofrontal cortex, and medial prefrontal cortex; with the dorsolateral
prefrontal cortex; and with 44 and 45 for output regions. It is proposed that this system can build in its temporal
lobe (STS and TG) and parietal parts (PGi and PGs) semantic representations of objects incorporating especially
their visual and reward properties. Another (semantic) network (Group 3) involving superior regions of the
superior temporal sulcus cortex and more superior temporal lobe regions including STGa, auditory A5, TPOJ1,
the STV and the Peri-Sylvian Language area (PSL) has effective connectivity with auditory areas (Al, A4, A5,
Pbelt); with relatively early visual areas involved in motion, e.g., MT and MST, and faces/words (FFC); with
somatosensory regions (frontal opercular FOP, insula and parietal PF); with other TPOJ regions; and with the
inferior frontal gyrus regions (IFJa and IFSp). It is proposed that this system builds semantic representations
specialising in auditory and related facial motion information useful in theory of mind and somatosensory /
body image information, with outputs directed not only to regions 44 and 45, but also to premotor 55b and
midcingulate premotor cortex. Both semantic networks (Groups 1 and 3) have access to the hippocampal episodic
memory system via parahippocampal TF. A third largely frontal network (Group 2) (44, 45, 471; 55b; the Superior
Frontal Language region SFL; and including temporal pole TGv) receives effective connectivity from the two
semantic systems, and is implicated in syntax and speech output.

1. Introduction ground is research on the auditory cortex in non-human primates

(Rauschecker et al., 1995; Rauschecker, 1998; Kaas and Hackett, 2000).

Brain areas involved in language and the connectivity between
them is a continuing topic of importance for understanding human
brain function and in order to minimize language impairments dur-
ing neurosurgery (Hickok and Poeppel, 2007; Rauschecker, 2012;
DeWitt and Rauschecker, 2013; Bouchard et al., 2013; Hickok and
Poeppel, 2015; Chang et al.,, 2015; Bornkessel-Schlesewsky et al.,
2015; Ding et al., 2016; Milton et al., 2021). Part of the back-

Earlier views of Wernicke’s area and its connections with Broca’s
area (Geschwind, 1970) have now been re-evaluated (Coslett and
Schwartz, 2018) to produce new views on Wernicke’s area (DeWitt and
Rauschecker, 2013; Binder, 2017), Broca’s area (Kelly et al., 2010;
Amunts and Zilles, 2012; Gajardo-Vidal et al., 2021), their evolutionary
origins (Rauschecker, 2018b), and neuropsychological and neuroimag-
ing investigations of language systems (Hagoort and Indefrey, 2014;
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Kemmerer, 2015; Hagoort, 2017; Friederici et al., 2017; Battistella et al.,
2020). In more recent research utilising the Human Connectome Project
multimodal parcellation (HCP-MMP) atlas (Glasser et al., 2016a), 157
task-based fMRI studies were analyzed to identify brain regions in the
HCP-MMP atlas related to semantics based on categorization of visual
words and objects, and auditory words and stories, and the following
regions were identified as part of the semantic network: 44, 45, 55b,
IFJa, 8C, p32pr, SFL, SCEF, 8BM, STSdp, STSvp, TElp, PHT and PBelt,
and were shown to be interconnected with tractography (Milton et al.,
2021).

To advance understanding of language systems in the brain, we mea-
sured with Human Connectome Project data (Glasser et al., 2016b) the
direct connections between 360 cortical regions in the HCP-MMP atlas
using diffusion tractography; the functional connectivity between the
regions using the correlation between the BOLD signals in resting state
fMRI which provides evidence about the strength of interactions; and the
effective connectivity which provides evidence about the strength and
direction of the causal connectivity between pairs of the 360 cortical
regions with a new Hopf algorithm (Rolls et al., 2022b, c¢). These mea-
sures were made between the 360 cortical regions in the Human Connec-
tome Project multimodal parcellation atlas (HCP-MMP) (Glasser et al.,
2016a). The HCP-MMP atlas provides the most detailed parcellation of
the human cortical areas that we know, in that its 360 regions are de-
fined using a combination of structural measures (cortical thickness and
cortical myelin content), functional connectivity, and task-related fMRI
(Glasser et al., 2016a). In this research, we performed community anal-
ysis on the 360 x 360 effective connectivity data, and identified a com-
munity of 26 cortical regions that included most of those or very similar
regions noted above (Milton et al., 2021) related to language. We then
performed analyses on the connections, functional connectivity, and ef-
fective connectivity of these 26 left hemisphere cortical regions with the
360 cortical regions in the HCP-MMP atlas (Glasser et al., 2016a).

Strengths of this investigation are that it utilised this HCP-MMP atlas
(Glasser et al., 2016a); HCP data from the same set of 171 participants
imaged at 7T in whom we could calculate the connections, functional
connectivity, and effective connectivity; and that it utilised a method for
effective connectivity measurement (Rolls et al., 2022b, c¢) between all
360 cortical regions investigated here. Measurement of effective connec-
tivity is conceptually important, because it estimates the effect of one
brain region on another (Valdes-Sosa et al., 2011; Bajaj et al., 2016),
which is an essential component of our understanding of how the brain
operates computationally (Rolls, 2016, 2021a). Moreover the effective
connectivity instantiates a generative model, in that it is used to gener-
ate functional connectivity matrices at time t and t + 2 s, as described
here.

2. Methods
2.1. Participants and data acquisition

All the data analyzed were from the Human Connectome project
dataset (Glasser et al., 2016b), with the neuroimaging performed at 7T
with 171 participants selected with data suitable for both resting state
fMRI and diffusion tractography.

Multiband 7T resting state functional magnetic resonance images
(rs-fMRI) of 184 individuals were obtained from the publicly available
$1200 release (last updated: April 2018) of the Human Connectome
Project (HCP) (Van Essen et al., 2013). Individual written informed con-
tent was obtained from each participant, and the scanning protocol was
approved by the Institutional Review Board of Washington University
in St. Louis, MO, USA (IRB #201204036).

Multimodal imaging was performed in a Siemens Magnetom 7T
housed at the Center for Magnetic Resonance (CMRR) at the University
of Minnesota in Minneapolis. For each participant, a total of four
sessions of rs-fMRI were acquired, with oblique axial acquisitions
alternated between phase encoding in a posterior-to-anterior (PA)
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direction in sessions 1 and 3, and an anterior-to-posterior (AP) phase
encoding direction in sessions 2 and 4. Specifically, each rs-fMRI
session was acquired using a multiband gradient-echo EPI imag-
ing sequence. The following parameters were used: TR = 1000ms,
TE = 22.2 ms, flip angle = 45°, field of view = 208 x 208, ma-
trix = 130 x 130, 85 slices, voxel size = 1.6 x 1.6 x 1.6 mm3, multiband
factor = 5. The total scanning time for the rs-fMRI protocol was
approximately 16 min with 900 volumes. Further details of the 7T
rs-fMRI acquisition protocols are given in the HCP reference manual
(https://humanconnectome.org/storage/app/media/documentation/
s1200/HCP_S1200_Release_Reference_Manual.pdf).

The current investigation was designed to complement investiga-
tions of effective connectivity of the hippocampus (Rolls et al., 2022b)
and posterior parietal cortex (Rolls et al., 2022d), and so the same 171
participants with data for all four sessions of rs-fMRI at 7T were used
for the analyses described here (age 22-36 years, 66 males).

2.2. Data preprocessing

The preprocessing was performed by the HCP as described in
Glasser et al. (2013), based on the updated 7T data pipeline (v3.21.0,
https://github.com/Washington-University/HCPpipelines), including
gradient distortion correction, head motion correction, image distor-
tion correction, spatial transformation to the Montreal Neurological
Institute space using one step spline resampling from the original
functional images followed by intensity normalization. In addition,
the HCP took an approach using ICA (FSL’s MELODIC) combined with
a more automated component classifier referred to as FIX (FMRIB’s
ICA-based X-noisifier) to remove non-neural spatiotemporal artefact
(Smith et al., 2013; Salimi-Khorshidi et al., 2014; Griffanti et al.,
2014). This step also used 24 confound timeseries derived from the
motion estimation (6 rigid-body parameter timeseries, their backwards-
looking temporal derivatives, plus all 12 resulting regressors squared
(Satterthwaite et al., 2013) to minimise noise in the data. The pre-
processing performed by the HCP also included boundary-based
registration between EPI and Tlw images, and brain masking based
on FreeSurfer segmentation. The ‘minimally preprocessed’ rsfMRI
data provided by the HCP 1200 release (rfMRI*hp2000_clean.dtseries)
was used in this investigation. The preprocessed data is in the HCP
grayordinates standard space and is made available in a surface-based
CIFTI file for each participant. With the MATLAB script (cifti toolbox:
https://github.com/Washington-University/cifti-matlab), we extracted
and averaged the cleaned timeseries of all the grayordinates in each
region of the HCP-MMP 1.0 atlas (Glasser et al., 2016a), which is a
group-based parcellation defined in the HCP grayordinate standard
space having 180 brain regions per hemisphere, and is a surface-based
atlas provided in CIFTI format.

2.3. Brain atlas and region selection

To construct the effective connectivity for the regions of interest in
this investigation with other parts of the human brain, we utilised the 7T
resting state fMRI data from the HCP, and parcellated this with the sur-
face based HCP-MMP atlas which has 360 cortical regions (Glasser et al.,
2016a) reordered (Huang et al., 2022) as described in the Supplemen-
tary Material, named in Table S1, and illustrated in Figs. 1 and S1. Each
region in this atlas was defined by a combination of multiple methods in-
cluding cortical myelin, cortical thickness, functional connectivity, and
task-related activations, with detailed descriptions of the boundaries of
each region, and the task-related activations which are often important
for the name provided for each region, provided in the Supplementary
Material of Glasser et al. (2016a). We were able to use the same 171
participants for whom we also had performed diffusion tractography, as
described in detail (Huang et al., 2021).

The cortical regions of interest in relation to language to be in-
vestigated were selected as follows using a community analysis of
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Inferior view

HCP-MMP human brain parcellation: medial view

Fig. 1. Language-related regions of interest of the human cortex as defined in the HCP-MMP atlas (Glasser et al., 2016a), and in its extended version HCPex
(Huang et al., 2022). The regions are shown on images of the human brain with the sulci expanded sufficiently to allow the regions within the sulci to be shown.
The language-related regions identified in the community analysis are shown in bold italic font, and are as follows: Group 1: STSva STSvp TEla TGd PGi 10v 9m
10pp 47s 8Av 8BL 9a 9p. Group 2: TGv 44 45 471 SFL 55b. Group 3: A5 STGa STSda STSdp PSL STV TPOJ1. Abbreviations are provided in Table S1.

the type widely used in analysis of neuroimaging data (Rubinov and
Sporns, 2010). A community analysis was performed on the effective
connectivity matrix for all 180 cortical regions in the left hemisphere,
using the Brain Connectivity Toolbox (Rubinov and Sporns, 2010)
(https://www.nitrc.org/projects/bet). The function modularity_und()
was used with gamma=5, and it detected 7 communities of which
one contained the following regions: 55b A5 STGa STSda STSdp STSva
STSvp TEla TGd TGv PSL STV TPOJ1 PGi 10v 9m 10pp 47 s 44 45 471
8Av 8BL9a 9p SFL (for abbreviations see Table S1 and for brain regions
see Figs. 1 and S1). As this community contains brain regions implicated
in language (including areas 44 and 45 known as Broca’s area, the Peri-
Sylvian Language area (PSL), and the Superior Frontal Language area
(SFL)), this set of 26 regions was selected for the connectivity and dif-
fusion tractography analysis for effective and functional connectivities
and connections with all the 360 cortical areas in both hemispheres. A
data check showed that exactly the same community of 26 cortical re-

gions was detected if the functional connectivity matrix was used. The
community analysis was performed on the left hemisphere as this hemi-
sphere is typically especially involved in language in right-handed peo-
ple from the population imaged by the HCP, with the right hemisphere
involved in for example prosody (Hertrich et al., 2020). 96% of the par-
ticipants in our sample were right-handed, as shown by their Edinburgh
Handedness Inventory scores.

2.4. Measurement of effective connectivity

Effective connectivity measures the effect of one brain region on an-
other, and utilizes differences detected at different times in the signals
in each connected pair of brain regions to infer effects of one brain
region on another. One such approach is dynamic causal modelling,
but it applies most easily to activation studies, and is typically limited
to measuring the effective connectivity between just a few brain areas
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(Friston, 2009; Valdes-Sosa et al., 2011; Bajaj et al., 2016), though there
have been moves to extend it to resting state studies and more brain
areas (Razi et al., 2017; Frassle et al., 2017). The method used here (see
Rolls et al. 2022b) was developed from a Hopf algorithm to enable mea-
surement of effective connectivity between many brain areas, described
by Deco et al. (2019). A principle is that the functional connectivity is
measured at time t and time t + tau, where tau is typically 2 s to take into
account the time within which a change in the BOLD signal can occur,
and then the effective connectivity model is trained by error correction
until it can generate the functional connectivity matrices at time t and
time t + tau. Further details of the algorithm, and the development that
enabled it to measure the effective connectivity in each direction, are
described next and in more detail in the Supplementary Material.

To infer the effective connectivity, we use a whole-brain model that
allows us to simulate the BOLD activity across all brain regions and time.
We use the so-called Hopf computational model, which integrates the
dynamics of Stuart-Landau oscillators, expressing the activity of each
brain region, by the underlying anatomical connectivity (Deco et al.,
2017b). As mentioned above, we include in the model 360 cortical brain
areas (Huang et al., 2022). The local dynamics of each brain area (node)
is given by Stuart-Landau oscillators which expresses the normal form of
a supercritical Hopf bifurcation, describing the transition from noisy to
oscillatory dynamics (Kuznetsov, 2013). During the last years, numerous
studies were able to show how the Hopf whole-brain model successfully
simulates empirical electrophysiology (Freyer et al., 2011, 2012), MEG
(Deco et al., 2017a) and fMRI (Kringelbach et al., 2015; Deco et al.,
2017b; Kringelbach and Deco, 2020).

The Hopf whole-brain model can be expressed mathematically as
follows:

Coupling
Local Dynamics ————"———~ Gaussian Noise
N e N
dx;
—r=la-x vk eyi+G Y Ci(x - x)+  pu® M
j=1
dy, al
o = lai- X} = |yt o + G Y Gy =w) + Pny(o) @
Jj=1

Egs. (1) and (2) describe the coupling of Stuart-Landau oscillators
through an effective connectivity matrix C. The x;(f) term represents
the simulated BOLD signal data of brain area i. The values of y,(r) are
relevant to the dynamics of the system but are not part of the informa-
tion read out from the system. In these equations, n;(¢) provides additive
Gaussian noise with standard deviation g. The Stuart-Landau oscillators
for each brain area i express a Hopf normal form that has a supercritical
bifurcation at g; = 0, so that if 4; > 0 the system has a stable limit cycle
with frequency f; = 0,/2x (where w; is the angular velocity); and when
a; < 0 the system has a stable fixed point representing a low activity
noisy state. The intrinsic frequency f; of each Stuart-Landau oscillator
corresponding to a brain area is in the 0.008-0.08 Hz band (i = 1, ...,
360). The intrinsic frequencies are fitted from the data, as given by the
averaged peak frequency of the narrowband BOLD signals of each brain
region. The coupling term representing the input received in node i from
every other node j, is weighted by the corresponding effective connec-
tivity C;;. The coupling is the canonical diffusive coupling, which ap-
proximates the simplest (linear) part of a general coupling function. G
denotes the global coupling weight, scaling equally the total input re-
ceived in each brain area. While the oscillators are weakly coupled, the
periodic orbit of the uncoupled oscillators is preserved. Details are pro-
vided in the Supplementary Material.

The effective connectivity matrix is derived by optimizing the
conductivity of each existing anatomical connection as specified
by the Structural Connectivity matrix (measured with tractography
(Huang et al., 2021)) in order to fit the empirical functional connectivity
(FC) pairs and the lagged FC®" pairs. By this, we are able to infer a non-
symmetric Effective Connectivity matrix (see Gilson et al. 2016). Note
that FC®Y, je the lagged functional connectivity between pairs, lagged
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at tau s, breaks the symmetry and thus is fundamental for our purpose.
Specifically, we compute the distance between the model FC simulated
from the current estimate of the effective connectivity and the empiri-
cal data FC®™P, as well as the simulated model FC*" and empirical data
FCtuemp and adjust each effective connection (entry in the effective
connectivity matrix) separately with a gradient-descent approach. The
model is run repeatedly with the updated effective connectivity until
the fit converges towards a stable value.

We start with the anatomical connectivity obtained with probabilis-
tic tractography from dMRI (or from an initial zero C matrix as described
in the Supplementary Material) and use the following procedure to up-
date each entry C;; in the effective connectivity matrix

Cyy=Cy+e( FCJ" = FC,y + FC[™ - FCli") &)

where ¢ is a learning rate constant, and i and j are the nodes. When
updating each connection if the initial matrix is a dMRI structural con-
nection matrix (see Supplementary Material), the corresponding link to
the same brain regions in the opposite hemisphere is also updated, as
contralateral connections are not revealed well by dMRI. The conver-
gence of the algorithm is illustrated by Rolls et al. (2022b), and the
utility of the algorithm was validated as described below.

For the implementation, we set tau to be 2 s, selecting the appropriate
number of TRs to achieve this. The maximum effective connectivity was
set to a value of 0.2, and was found between V1 and V2.

2.5. Effective connectome

Whole-brain effective connectivity (EC) analysis was performed be-
tween the 26 regions described above in the language community
and the 360 regions defined in the surface-based HCP-MMP atlas
(Glasser et al., 2016a) in their reordered form provided in Table S1
(Huang et al., 2022). This EC was computed for all 171 participants. The
effective connectivity algorithm was run until it had reached the maxi-
mal value for the correspondence between the simulated and empirical
functional connectivity matrices at time t and t + tau (see Supplementary
Material).

The effective connectivity calculated between the 360 cortical ar-
eas was checked and validated in a number of ways. First, in all cases
the 360 x 360 effective connectivity matrix could be used to generate
by simulation 360 x 360 functional connectivity matrices for time t and
time t + tau that were correlated 0.75 or more with the empirically mea-
sured functional connectivity matrices at time t and time t + tau using
fMRI. Second, the effective connectivity matrices were robust with re-
spect to the number of participants, in that when the 171 participants
were separated into two groups of 86, the correlation between the ef-
fective connectivities measured for each group independently was 0.98.
Third, the effective connectivities for early visual areas V1, V2, V3, and
V4 were compared with the known connections for forward and back-
ward connections involving these areas in macaques (Markov et al.,
2014), and the human effective connectivity was consistent with the
connections in this hierarchically organised system in macaques, with
these results shown in Rolls et al. (2022b). Fourth, the effective connec-
tivity with in particular the corresponding brain region contralaterally
was high relative to other contralateral connectivities, providing clear
evidence that the effective connectivity algorithm could identify distant
brain regions that could be expected to have high effective connectivity.

To test whether the vectors of effective connectivities of each of the
26 language-related cortical regions of interest with the 180 areas in the
left hemisphere of the modified HCP atlas were significantly different,
the interaction term was calculated for each pair of the 26 effective
connectivity vectors in two-way ANOVAs (each 2 x 180) across the 171
participants, and Bonferroni correction for multiple comparisons was
applied. This was confirmed with the Scheirer-Rey-Hare non-parametric
test.
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2.6. Functional connectivity

For comparison with the effective connectivity, the functional con-
nectivity was also measured at 7T with the identical set of participants,
data, and filtering of 0.008-0.08 Hz. The functional connectivity was
measured by the Pearson correlation between the BOLD signal time-
series for each pair of brain regions, and is in fact the FC®*™P referred to
above. A threshold of 0.4 is used for the presentation of the findings in
Fig. 5, for this sets the sparseness of what is shown to a level commen-
surate with the effective connectivity, to facilitate comparison between
the functional and the effective connectivity. The functional connectiv-
ity can provide evidence that may relate to interactions between brain
regions, while providing no evidence about causal direction-specific ef-
fects. A high functional connectivity may in this scenario thus reflect
strong physiological interactions between areas, and provides a differ-
ent type of evidence to effective connectivity. The effective connectiv-
ity is non-linearly related to the functional connectivity, with effective
connectivities being identified (i.e., greater than zero) only for the links
with relatively high functional connectivity.

2.7. Connections shown with diffusion tractography

Diffusion tractography can provide evidence about fibre pathways
linking different brain regions with a method that is completely different
to the ways in which effective and functional connectivity are measured,
so is included here to provide complementary and supporting evidence
to the effective connectivity. Diffusion tractography shows only direct
connections, so comparison with effective connectivity can help to sug-
gest which effective connectivities may be mediated directly or trans-
synaptically. Diffusion tractography does not provide evidence about
the direction of connections. Diffusion tractography was performed on

Etfective connectivity to the
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the same 171 HCP participants imaged at 7T with methods described
fully elsewhere (Huang et al., 2021) and not repeated here for concise-
ness, and is shown here for the language cortex areas in Fig. 6. The term
‘connections’ is used when referring to what is shown with diffusion
tractography.

3. Results

3.1. Overview: effective connectivity, functional connectivity, and diffusion
tractography

The effective connectivities to the language-related regions of inter-
est (ROIs) from other cortical areas in the left hemisphere are shown in
Fig. 2. The effective connectivities from the ROIs to other cortical ar-
eas in the left hemisphere are shown in Fig. 3. The vectors of effective
connectivities of each of the 26 ROIs with the 180 areas in the left hemi-
sphere of the HCP-MMP atlas were all significantly different from each
other. (The interaction term in a 2-way ANOVA across the 171 partic-
ipants was p<10~° for the comparisons between every pair of the 26
ROIs regions after Bonferroni correction for multiple comparisons). The
functional implications of the results described next are considered in
the Discussion.

A community analysis (Rubinov and Sporns, 2010) was performed on
the effective connectivities of the 26 language-related ROIs from all 180
cortical areas in the left hemisphere, to investigate whether any group-
ing could be made. It was found that three communities were formed
(gamma=1.2), as follows: Group 1: STSva STSvp TEla TGd PGi 10v 9m
10pp 47s 8Av 8BL 9a 9p. Group 2: TGv 44 45 471 SFL 55b. Group 3: A5
STGa STSda STSdp PSL STV TPOJ1. The correlations between the effec-
tive connectivities of these groups are shown in Fig. S4, and between the
functional connectivities in Fig. S5. In the Figures, these groups are sep-
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arated by red lines. It may be helpful to refer to Fig. 7 when considering
the Results, for Fig. 7 provides summaries of the effective connectivities
of each of the three Groups.

To facilitate the description of the results, each of these groups is
considered in turn, taking into account also the difference of the effec-
tive connectivities in the two directions for every link (Fig. 4), the func-
tional connectivities (Fig. 5), and the diffusion tractography (Fig. 6).
These groups are used to help present the findings, but different HCP-
MMP regions within a group do not have identical connectivity, and this
shows part of the utility of the HCP-MMP (Glasser et al., 2016a) and the
approach taken here. The description starts with the left hemisphere,
which is of especial interest as it is more involved in language in right-
handed people, but there is a comparison with connectivity in the right
hemisphere later. (It is noted that the terms ventral / dorsal are car-
ried over from the names of some brain regions in non-humans, and are
equivalent to inferior / superior which could be applied to brain regions
in non-human vertebrates. It is also noted that in humans, the greatly
developed inferior parietal lobule contains posteriorly PG areas (shown

in Fig. 1) found in BA39 in the angular gyrus; and anteriorly contains PF
areas found in BA40 in the supramarginal gyrus (Rolls et al., 2022a).)

Group 1. STSva STSvp TEla TGd PGi 10v 9m 10pp 47s 8Av 8BL 9a
9p.

The topology of this group is interesting, with a whole row of cortical
regions extending almost continuously from PGi through the inferior
parts of the superior temporal sulcus (STSvp and STSva) and TEla to
reach TGd (Figs. 1 and 7a). Indeed, it is notable that Group 1 includes
regions in the inferior parts of the cortex in the superior temporal sulcus
(STSva, STSvp, and also the more inferior TE1la), and with the posterior
and also relatively inferior parietal region PGi (see Fig. 1). This may
thus be thought of as an inferior language-related system as far as the
temporal lobe is concerned. It may be helpful to refer to Fig. 7a which
provides a summary of the connectivity of a typical Group 1 region.

As shown in Fig. 2, STSvp is one key region, for it has effective
connectivity with all Group 1 and 2 regions, and to half of the Group
3 regions. The Group 1 regions receive from anterior inferior tempo-
ral cortex areas (TEla, TE1m, TE2a) much more extensively than any
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other Group. In common with other groups, the Group 1 regions have
effective connectivity with the temporal pole (TGd, TGv). The Group 1
regions also have connectivity with parietal areas (especially PGi, and
to some extent PF and PGs) much more extensively than other groups.
Further, the Group 1 regions are also different from the other Groups
in having substantial effective connectivity with the posterior cingulate
cortex, especially with the posteroventral parts 31pv, 31pd, 7m, d23ab
and v23ab that are implicated in episodic memory (Rolls et al., 2022d);
and these regions also have connectivity with TF which is the ventral
stream part of the parahippocampal gyrus (Rolls et al., 2022b). Group 1
also has effective connectivity with the medial orbitofrontal cortex (OFC
and pOFC) and related ventromedial prefrontal cortex areas 9m, d32,
10v and 10r (Rolls et al., 2022c); and with the frontal pole p10p, 10pp
and 10d. Group 1 also has effective connectivity with region 45 (part
of Broca’s area); and the adjacent regions 47s and 471 (which appear to
be parts of the inferior frontal gyrus / lateral orbitofrontal cortex that
at least in the left hemisphere are closely related to language). Group 1
has extensive effective connectivity with dorsolateral prefrontal cortex
regions (as does Group 2 but not Group 3), including areas 8Av, 8BL, 8C,
9a and 9p. There is also some effective connectivity with the Superior
Frontal Language area (SFL). Group 1 (in contrast with Groups 2 and 3)
has no effective connectivity with IFJa and IFSp (which are just superior
to region 44). Group 1 receives no effective connectivity from the Peri-
Sylvian Language area (PSL), the Superior Temporal Visual area (SVT),
or the temporal-parietal-occipital junction (TPOJ) regions.

Figs. 3 and 4 show that the effective connectivities are directed more
strongly towards than away from Group 1 regions for the inferior tempo-
ral cortex and temporal pole regions, for the posterior cingulate cortex,
and for the frontal pole. (These regions thus connect to Group 1 regions.)
Conversely, the effective connectivities are stronger from these Group 1
areas to areas 44, 45 and 47s, which can be seen as output regions for
the Group 1 regions.

Fig. 5 shows that the functional connectivities are generally consis-
tent, but shows in addition some interactions of Group 1 regions with

the hippocampus and entorhinal cortex (as well as with TF); and some
more interaction with region 44 in addition to 45 (Broca’s area).

Fig. 6 provides an indication of no direct connections between STS
regions and Group 1 regions 10v 9m 10pp 47s 8Av 8BL 9a 9p, so these
effective connectivities may reflect indirect effects. Similarly, the trac-
tography did not reveal connections between the temporal lobe regions
of Group 1 and prefrontal cortical areas, so these may be indirect effects.
There is also some indication from the tractography for further connec-
tions between some sensory systems (e.g., somatosensory regions 1-3
and the insula) and Group 1 regions.

In summary, the Group 1 regions form a community that receives
from a number of brain areas close to the top of processing hierar-
chies; has connectivity with reward value / emotion-related medial or-
bitofrontal cortex and related ventromedial prefrontal cortex areas; with
hippocampal system memory-related regions; and with the frontal pole;
and has effective connectivity directed to a number of Group 2 areas,
including regions 44 and 45 that relate to Broca’s area. These Group 1
regions tend to relate to inferior STS regions (STSva and STSvp).

Group 2. TGv 44 45 471 SFL 55b.

Group 2 includes mainly frontal lobe regions, but includes TGv. It
may be helpful to refer to Fig. 7c which provides a summary of the
connectivity of a typical Group 2 region.

As shown in Fig. 2, the Group 2 regions have robust effective con-
nectivity with 55b (located in premotor cortex between the frontal eye
fields FEF and PEF); with superior (STSda, STSdp, STGa) as well as an
inferior region (STSvp but much less STSva) in the superior temporal
sulcus (STS); TE2a; the Peri-Sylvian Language area (PSL) (and some
connectivity with nearby STV and TPOJ1); medial prefrontal 8BM and
9a; some connectivity with the frontal pole (10pp, alOp); strong effec-
tive connectivity between the members of this group such as 44, 45,
471 but also with the nearby a47r and 47s; with inferior frontal gyrus
IFja and IFSp; with dorsolateral prefrontal cortex regions; and especially
strongly with the Superior Frontal Language area (SFL). A difference be-
tween the effective connectivity of 44 and 45 is that 45 receives effective
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connectivity from more Group 1 regions, including TGd, 9m, 9a, 8Av
and 47 s.

Fig. 4 (together with Figs. 2 and 3) shows that most of these effective
connectivities are directed more towards than away from the Group 2 re-
gions, with the blue colours for regions 44 and 45 showing that these are
recipient regions from all of these cortical regions, including the other
parts of Group 2, namely TGv, 471, SFL, and 55b. However, Fig. 3 makes
it clear that regions to which regions 44 and 45 do connect towards in-
clude premotor 55b; STSdp and STSvp; medial prefrontal 8BM and 9m;
471, IFJa and IFSp; 8BL and 8C; and especially strongly to the Superior
Frontal Language area (SFL). SFL and 55b are likely to be especially im-
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portant outputs of areas 44 and 45, given the premotor locations of 55b
and SFL in the brain.

Group 2 differs from Group 1 in having strong effective connectiv-
ity with 55b; in including more connectivity with superior STS areas
(STSda, STSdp and also STGa) and less with STSva an inferior STS re-
gion; in having little connectivity with TEla and TE1m though there
is connectivity with TE2a; in having connectivity with inferior frontal
gyrus regions IFja and IFSp (which are just superior to 44 and 45); and
in having especially strong effective connectivity with SFL.

The functional connectivity (Fig. 5) is consistent, and the diffusion
tractography (Fig. 6) is also consistent, but provides also an indication

Fig. 7. a. Effective connectivity of region PGi
chosen as an example of a Group 1 region with
connectivity with the inferior STS stream, the
posterior cingulate cortex, the frontal pole, and
the dorsolateral prefrontal cortex. The Group
1 regions are indicated in bold italic font and
are outlined in black (including PGi), and are:
STSva STSvp TEla TGd PGi 10v 9m 10pp 47s
8Av 8BL 9a 9p. The widths of the lines and
the size of the arrowheads indicate the mag-
nitude and direction of the effective connec-
tivity, which are shown in Table S2. 7PM and
IP1 connect to PGs which in turn connects to
PGi, providing a route for PGi to receive visual
motion information, and to connect that to ar-
eas such as STSva and STSvp. The thin black
outline encloses the postero-ventral memory-
related regions of the posterior cingulate cor-
tex, which connect to the hippocampal sys-
tem (Rolls et al.,, 2022d). (ParBrainSumma-
ryPGiLang?2.eps) b. Effective connectivity of re-
gion TPOJ1 chosen as an example of the typ-
ical effective connectivity of a Group 3 region
with connectivity with a superior STS auditory-
visual stream extending from STGA through
STSda, A5, STSdp to TPOJ1. The Group 3 re-
gions are indicated in bold italic font and are
outlined in black, and are: A5 STGa STSda
STSdp PSL STV TPOJ1. TPOJ1 also has effec-
tive connectivity with PSL, STV, TPOJ2, the in-
ferior frontal gyrus IFJA and IFSp and 45, and
with premotor area 55b and the midcingulate
cortex p24pr. There is also effective connectiv-
ity with parahippocampal TF. The widths of
the lines and the size of the arrowheads in-
dicate the magnitude and direction of the ef-
fective connectivity. c. Effective connectivity
of region 45 chosen as an example of the ef-
fective connectivity of a Group 2 region. The
Group 2 regions are indicated in bold italic font
and are outlined in black, and are: TGv 44 45
471 SFL 55b. There is connectivity with the su-
perior STS auditory-visual stream (e.g., STSdp
and STGa), with the inferior STS visual stream
(e.g., STSvp and TG), with the Peri Sylvian Lan-
guage area and TPOJ1, with nearby inferior
frontal gyrus regions 44, IFSp, 471 and 47s.
Probable output regions for 45 include premo-
tor 55b and the (supplementary area) Superior
Frontal Language region (SFL). There is some
effective connectivity too with the frontal pole,
dorsolateral prefrontal 9a and 8BL. The widths
of the lines and the size of the arrowheads indi-
cate the magnitude and direction of the effec-
tive connectivity.
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that some Group 2 regions have connections with some early sensory
cortical regions (visual, somatosensory, auditory, and olfactory (Pir)).

Group 3. A5 STGa STSda STSdp PSL STV TPOJ1

It is notable that Group 3 includes regions in the superior parts of
the cortex in the superior temporal sulcus (STSda, STSdp, and also the
more superior STGa), and with the posterior and also relatively superior
continuous set of regions A5, TPOJ1, STV, and PSL (see Figs. 1 and
7b). This may thus be thought of as a superior language-related system
as far as the temporal lobe is concerned. It may be helpful to refer to
Fig. 7b which provides a summary of the connectivity of a typical Group
3 region.
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Fig. 7. Continued

Overall, the Group 3 regions have effective connectivity with 55b;
with parahippocampal TF; with temporal pole TGv and TGd; with 44
and 45; with inferior prefrontal IFJa and IFsp; some connectivity with
the Superior Frontal Language region (SFL); and rather little connectiv-
ity with dorsolateral prefrontal cortex (Fig. 2). In addition, the TPOJ1
and STV regions have effective connectivity with some visual cortical
regions (FFC, PIT, MST, MT, FEF); some auditory regions (Belt regions,
Al, A4, A5, which are immediately superior to the STSdp regions; so-
matosensory regions in the frontal operculum (FOP, insula and pari-
etal PF); TPOJ2 and TPOJ3; p24pr in the midcingulate premotor cortex
(Rolls et al., 2022d) (which with a24pr and p32pr also receives from the
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47s

1  47m

VMV1
VMV2

PeriSylvian Language region PSL, suggesting the midcingulate cortex as
an output region for the PSL). The functional connectivity (Fig. 5) em-
phasises connectivity with a number of somatosensory cortical regions.

Fig. 4 (and Figs. 3 and 2) show that the effective connectivities just
described are stronger towards the Group 3 regions, except that the
Group 3 regions (as does Group 1) have stronger effective connectiv-
ity directed towards regions 44 and 45 (related to Broca’s area).

3.2. Effective connectivities of the language-related ROIs with contralateral
cortical regions

The effective connectivities of the language-related ROIs from con-
tralateral cortical areas are shown in Fig. S2, and to contralateral cortical

11
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Fig. 7. Continued

areas in Fig. S3. The contralateral effective connectivities are in general
weaker than those ipsilaterally. (The ratio across the matrices shown in
Figs. 2 and S2 was that the contralateral effective connectivities were
24% of the ipsilateral effective connectivities.).

3.3. Differences of effective connectivities of the right vs left hemisphere for
the language-related regions in the left hemisphere

Most of the analysis presented so far has been for the left hemi-
sphere, or of the left hemisphere with the right hemisphere. For com-
pleteness, the differences of effective connectivity for the Right minus
the Left hemisphere for the language-related ROIs are shown in Figs. S6
and S7. The blue colour in Figs. S6 and S7 indicates stronger effective
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connectivity in the left hemisphere, and is found for many of the STS and
related auditory cortex regions; to 55b which is proposed as a premotor
output region for vocalization; the temporal pole regions TGv and TGd;
parietal PGi; the frontal pole regions (10 and 9); inferior frontal regions
44, 45, 471 and IFSp; and for dorsolateral prefrontal 8Av.

4. Discussion

The results reveal the following connectional principles of language
systems in the human brain, summarized for Groups 1-3 in Fig. 7.

(1) A system (Group 1) involving cortical inferior regions of the su-
perior temporal sulcus (STS) with the adjacent inferior temporal
visual cortex TE1la and temporal pole TG and the connected pari-
etal PGi regions has effective connectivity with inferior temporal
visual cortex (TE) regions, with parietal PFm which also has con-
nectivity with visual regions, with posterior cingulate cortex and
parahippocampal TF memory-related regions, with the frontal
pole, with the medial orbitofrontal cortex and related ventro-
medial prefrontal cortex reward-related regions, with the frontal
pole, with the dorsolateral prefrontal cortex, and with 44 and 45
(‘Broca’s area’) for output regions. It also receives inputs from
PGs which includes visuo-motor as well as visual object system
connectivity (Rolls et al., 2022a). It is proposed later in the Dis-
cussion that this system can build in its temporal lobe (inferior
STS and TG) and parietal parts (PGi and PGs) semantic represen-
tations of objects incorporating especially their visual properties.
Damage to parts of this system may be associated with for exam-
ple alexia.

Another system (Group 3) involving superior regions of the su-
perior temporal sulcus (STS) and a whole set of superior tempo-
ral lobe regions (including STGa, auditory A5, TPOJ1, the STV
and the Peri-Sylvian Language area (PSL)) have effective con-
nectivity with auditory areas (A1, A4, A5, Pbelt), with relatively
early visual areas involved in motion, e.g., MT and MST, and
faces (FFC), with somatosensory regions (frontal opercular FOP,
insula and parietal PF), with other TPOJ regions, and with the
inferior frontal gyrus regions (IFJa and IFSp). It is proposed later
in the Discussion that this system builds semantic representations
specialising in auditory and the related facial motion information
useful in theory of mind and somatosensory / body image infor-
mation, with outputs directed not only to regions 44 and 45, but
also to premotor 55b and midcingulate premotor cortex. Damage
to parts of this system might be associated with for example prob-
lems in auditory comprehension and phonology. Both Groups 1
and 3 have access to the hippocampal episodic memory system
via parahippocampal TF.

A largely frontal system (Group 2: regions 44, 45, 471; 55b; and
the Superior Frontal Language region (SFL)) especially associated
with the temporal pole TGv, appears to provide output regions for
the other parts of the language system, and is likely it is suggested
below to be involved in speech production and syntax.

2

3)

The functions of the different groups of language-related regions are
now considered in the light of their connectivity, and the functions of
the cortical areas with which they are connected.

Group 1. STSva STSvp TEla TGd PGi 10v 9m 10pp 47s 8Av 8BL 9a
9p.

The Group 1 network includes inferior (ventral) regions of the cortex
in the Superior Temporal Sulcus (STSva and STSvp). The many different
high-level cortical areas with which the Group 1 regions (inferior in the
temporal lobe and with connectivity with the dorsolateral prefrontal
cortex, see Fig. 7a) have connectivity indicates their roles in multimodal
especially visual and value-related semantic representations.

The connectivity with inferior temporal cortex TE areas provides
for transform-invariant visual representations of objects and faces as
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shown by discoveries in macaques (Perrett et al., 1982; Booth and
Rolls, 1998; Lehky and Tanaka, 2016; Freiwald, 2020; Rolls, 2021c,
2021a; Arcaro and Livingstone, 2021) with complementary evidence
from human neuroimaging (Kanwisher et al., 1997; Collins and Ol-
son, 2014; Finzi et al., 2021). The connectivity with inferior parietal
cortex PGi and to a smaller extent PGs regions may allow information
about the visual motion of objects, such as a head turning away, or
the eyes closing, or the lips moving, to convey a social signal such as a
greeting (lip-smack) or threat, or when vocalizing, to reach STS areas
(Rolls et al., 2022a). Indeed, it was discovered that single neurons in the
macaque STS respond to face expression and also to face and head move-
ment to encode the social relevance of stimuli (Hasselmo et al., 1989b,
1989a). For example, a neuron might respond to closing of the eyes, or
to turning of the head away from facing the viewer, both of which break
social contact (Hasselmo et al., 1989b,1989a). Some neurons respond to
the direction of gaze (Perrett et al., 1987). It was found that many of
the neurons in the STS respond only or much better to moving faces or
objects (Hasselmo et al., 1989a), whereas in the anterior inferior tem-
poral cortex neurons were discovered that respond well to static visual
stimuli, and are tuned for face identity (Perrett et al., 1982; Rolls, 1984;
Hasselmo et al., 1989a; Rolls et al., 1997b, 1997a; Rolls, 2000; Rolls and
Treves, 2011). It has been proposed that PGi, with its inputs from PGs
which has connectivity with superior parietal and intraparietal regions
that encode visual motion, is part of this processing stream for socially
relevant face-related information (Rolls et al., 2022a). Consistent with
this, the effective connectivity is stronger from PGi to STS regions (Figs.
2-4). In humans, representations of this type could provide part of the
basis for the development of systems to interpret the significance of such
stimuli, including theory of mind. Consistent with this proposal, activa-
tions in the temporo-parietal junction region are related to theory of
mind (Schurz et al., 2017; Buckner and DiNicola, 2019; DiNicola et al.,
2020). Signals of this type are important in understanding the meaning
of seen faces and objects, and indeed evidence about moving objects
present in the STS may reach it from PGs and PGi, which in turn receive
connectivity from the intraparietal sulcus regions (Rolls et al., 2022a) in
which neurons respond to visual motion and to grasping objects which
are important in tool use (Maravita and Romano, 2018), which is an-
other fundamental aspect of the meaning or semantics of stimuli.

Effective connectivity of the Group 1 regions with the frontal pole
(10pp, 9m, 9a, 9p) regions implicated in planning and sequencing
(Shallice and Burgess, 1996; Gilbert and Burgess, 2008; Shallice and
Cipolotti, 2018) and prospective as well as retrospective memory
(Underwood et al., 2015) is likely to provide information about the
temporal order / sequence of events, which is important in interpret-
ing causal interactions in the world (Rolls, 2021d).

Similarly, the connectivity via the parahippocampal TF region
(Figs. 2 and 3) with the hippocampal system implicated in episodic
memory (Dere et al., 2008; Moscovitch et al., 2016; Rolls, 2018;
Ekstrom and Ranganath, 2018; Rolls, 2021a) is likely to be important in
building semantic information about the semantic meaning of events by
enabling the memory of particular past events to be taken into account.
The connectivity of the Group 1 regions with the postero-ventral parts of
the posterior cingulate cortex which are implicated in episodic memory
(Vann et al., 2009; Leech and Sharp, 2014; Leech and Smallwood, 2019;
Rolls et al., 2022d) by providing a route to the hippocampal system may
in a similar way be important in enabling the Group 1 regions, espe-
cially those in the temporal lobe but also in the inferior parietal cortex
(Papagno, 2018; Davis et al., 2018), to build semantic representations by
taking particular previous episodes into account. Consistent with this,
increasing activation of the angular gyrus and decreasing activation of
the hippocampus occurs when episodic memories become incorporated
into schemas (van der Linden et al., 2017).

The connectivity of the Group 1 regions with the orbitofrontal cor-
tex (OFC and pOFC, Fig. 2), pregenual anterior cingulate cortex (d32,
Fig. 2) and some ventromedial prefrontal cortex regions where re-
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ward value and emotion are represented (Grabenhorst and Rolls, 2011;
Cai and Padoa-Schioppa, 2012; Rolls, 2014; Reber et al., 2017;
Padoa-Schioppa and Conen, 2017; Rolls, 2019b, 2019a; Rolls et al.,
2020b; Rolls, 2021b; Rolls et al., 2022¢) provides another fundamen-
tal type of input for building semantic representations about people and
objects.

The extensive connectivity of the Group 1 regions with the dorsolat-
eral prefrontal cortex (Fig. 2) which is implicated in working memory
and planning (Goldman-Rakic, 1996; Baddeley, 2021) is likely to en-
able semantic representations to be held online to facilitate planning,
reasoning, and rearrangement of the order of components if a task fails
(Rolls, 2020).

Group 3. A5 STGa STSda STSdp PSL STV TPOJ1

The Group 3 network includes superior (or dorsal) parts of the cortex
in the Superior Temporal Sulcus (STSda and STSdp) in the temporal lobe
that have auditory as well as early visual inputs, continues up through
the temporo-parietal junction (TPOJ1) into the Superior Temporal Vi-
sual region (STV) to the Peri Sylvian Language area (PSL), and connects
with inferior frontal gyrus areas IFSp and IFJp (rather than dorsolateral
prefrontal cortex) and with areas 44 and 45 (related to Broca’s area)
(Figs. 1 and 7b). Region A5 is adjacent to STSdp (Fig. S1).

There is robust effective connectivity with auditory association cor-
tex, including A5, A4 and to some extent LBelt, PBelt and TA2 (Figs. 2
and 3). The visual input is not from inferior temporal visual cortex (TE
regions), but instead with some earlier visual cortical regions involved
in motion processing (MST, MT, especially to STV and TPOJ1) and in
face processing (the fusiform face cortex FFC and posterior inferior tem-
poral cortex PIT). These inputs are likely to contribute to the neurons
discovered in the STS that respond to biological motion such as moving
parts of faces such as the lips and eyelids and to the head turning to-
wards vs away from the viewer in object-based coordinates, and also to
face expression (Hasselmo et al., 1989b, 1989a). Activations to corre-
sponding stimuli are found in similar posterior STS regions in humans
(Critchley et al., 2000; Bellot et al., 2021). It was proposed that this STS
region is a third visual system that combines inputs from dorsal and ven-
tral visual streams (Baylis et al., 1987; Hasselmo et al., 1989b, 1989a),
and this has recently received support (Pitcher and Ungerleider, 2021).
Moreover, the same STS regions also contain neurons that respond to au-
ditory stimuli including in some cases vocalization (Baylis et al., 1987).
It is likely that neurons in these STS regions respond to combinations of
auditory and synchronized visual stimuli such as vocalization and mov-
ing lips and are important in speech analysis by the viewer/hearer not
only in noisy environments, but also to confirm who is speaking, and
to learn associations between the sight of a person’s face and the sound
of their voice, which is part of what is required for the semantic repre-
sentation of a person. Neurons of these types, including face expression,
underlie the importance of this region in interpreting the social meaning
of visual and auditory stimuli, which is a key part of semantic represen-
tations implemented in these STS regions, and that contribute to theory
of mind, that is, of another individual’s intentions and even thoughts.

Another type of influence on these Group 3 regions comes from so-
matosensory cortical areas, as is especially evident in the functional con-
nectivity (Fig. 5). The functional connectivity is not only with 1-3b and
5, but also with frontal opercular and insular cortex, and there is some
evidence for this too in the effective connectivity, including with parietal
PF which can be considered as the top of the somatosensory hierarchy
(Rolls et al., 2022a) (Figs. 2 and 3). This may contribute to semantic
representations of body image and the sense of self (Rolls et al., 2022a).

The effective connectivity of these Group 3 regions with the inferior
frontal gyrus regions and with areas 44 and 45 is proposed to provide
inputs to a set of attractor networks in these IFG regions (Rolls and
Deco, 2015), supported by the large number of recurrent collaterals
onto each neuron in the inferior frontal gyrus (Elston et al., 2006;
Elston, 2007), that are important in some particularly temporal aspects
of speech production. Indeed, it is proposed that a set of attractor net-
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works in these inferior frontal gyrus regions are linked by stronger for-
ward than backwards connections, and so naturally implement a tem-
poral trajectory or sequence through the series of attractors that imple-
ments by learning the sequential constraints that are a key part of syn-
tax in languages in which word order is important in syntax (Rolls and
Deco, 2015). According to this theory of speech / language produc-
tion, the biases for the content of what is in each attractor, e.g., the
subject attractor=Jane, the verb attractor=jumps over, and the object
attractor=John, come from the temporal lobe semantic regions being
considered here, and the execution of the learned syntax comes from
the temporally linked series of attractors for the parts of a sentence in
the inferior frontal gyrus / Broca’s area (Rolls and Deco, 2015). The
large extent of the inferior frontal gyrus with effective connectivity in
humans (IFSp and IFJa, 44 and 45, 471 and 47s) with these temporal
lobe semantic regions including TG is consistent with many sequen-
tial syntax-related order-dependent attractor networks in these inferior
frontal regions, as it is likely that different attractor systems are required
for the active vs passive voice and for different languages in which the
word order is different (Rolls and Deco, 2015).

The functions of each of these brain regions is a topic of great interest
that is being facilitated by the use of the HCP-MMP atlas (Ekert et al.,
2021a). For example, STSdp is implicated in the short-term retention
of auditory representations that can be derived from either auditory or
visual inputs. The left Peri-Sylvian Language (PSL) region may hold au-
ditory representations of expected speech on-line until the spoken out-
put is matched to the intended speech. TPOJ1 was not implicated in
auditory or phonological short-term memory, but more in motor tasks
(Ekert et al., 2021a).

Group 2. TGv 44 45 471 SFL 55b.

The above provides the context for the Group 2 regions and network,
which are likely to be involved in speech processing, which include re-
gions 44, 45 and 471 with the strongly linked TGv. One other region in
Group 2 is 55b, which is situated in the premotor cortex sandwiched be-
tween the frontal eye fields FEF and PEF (Fig. 1) (Glasser et al., 2016a).
55b is likely to be an output region for 44 and 45 (Fig. 3), and may be es-
pecially important in vocalization and articulation given the importance
of vocal cord control in speech production (Ekert et al., 2021b). An al-
ternative is that 55b is involved in the control of eye movements that
is especially important in reading. Similarly, the Superior Frontal Lan-
guage area (SFL) also part of Group 2 may be a supplementary premotor
cortical area involved in speech production. The involvement of 471 and
47s in the inferior frontal gyrus regions linked by effective connectivity
with language systems is found here in the context of left hemisphere
functions. These orbital parts of the language system may be involved
in retrieving articulatory plans from semantic stimuli (i.e., semantic-
to-articulatory recoding) (Ekert et al., 2021b). The left inferior frontal
sulcus (IFS) regions found here to have connectivity with the Group 2 re-
gions may be involved in similar functions (Ekert et al., 2021b). In the
right hemisphere the corresponding 471 and 47s regions may be able
to function more as lateral orbitofrontal areas involved in non-reward,
punishment, and emotion, and consistent with this, functional connec-
tivities and activations related to emotion computations are more promi-
nent in the right hemisphere (Cheng et al., 2016; Rolls et al., 2020c,
2020b, 2020a).

The present investigation extends previous concepts about Broca’s
area (Amunts and Zilles, 2012; Clos et al., 2013), by showing that there
is a whole group of interconnected areas in the frontal lobe of the left
hemisphere that are implicated in language, not only regions 44 and 45
in the HCP-MMP atlas (which may not correspond exactly to BA44 and
BA45), but also IFSp and IFJa, and 471 and 47s. Similarly, the concept
of a Wernicke’s area involved in speech comprehension at the temporo-
parietal junction is no longer accepted (DeWitt and Rauschecker, 2013;
Binder, 2017), but the concept here is that there is a semantic sys-
tem that extends from the temporal pole to PGi (and PF for body
including somatosensory representations (Rolls et al., 2022a)) in the
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parietal lobe, which in the temporal lobe has an inferior more visual
and object-related part (Group 1), and a more superior auditory/visual
motion/somatosensory related part (Group 3). Region 45 has more ef-
fective connectivity with STS regions than does region 44 (Figs. 2 and
3). Parts of the supramarginal part of the parietal lobe (which include
PF regions) are implicated in auditory short-term memory and articu-
latory sequencing (Oberhuber et al., 2016). Parts of the angular gyrus
of the parietal lobe (which include PG regions) are implicated in se-
mantic processing involved for example in comprehension when reading
(Seghier et al., 2010). It should be noted that the inferior STS (Group
1) and superior STS (Group 3) temporal lobe semantic systems iden-
tified here by their connectivity do not correspond to the ventral and
dorsal auditory pathways in which a ventral pathway is involved in
‘what’ and a dorsal pathway in ‘where’ or action processing (Tian et al.,
2001; Rauschecker and Scott, 2009; DeWitt and Rauschecker, 2013;
Rauschecker, 2018a; Archakov et al., 2020).

It is noted that Broca’s area, BA44 and BA45, is no longer thought to
be essential for speech production in terms of articulation as shown by
the analysis of effects of damage to it (Gajardo-Vidal et al., 2021), but
is implicated in some aspects of language, such as the timing of speech
items (Long et al., 2016), and syntax as set out below (Friederici et al.,
2017).

4.1. Multimodal semantic representations

So far, the emphasis has been on visual and auditory semantic repre-
sentations, partly because ‘what’ visual and auditory processing, which
is primarily about the external world, is performed in the temporal lobes.
However, some neurons in the cortex in the macaque superior tempo-
ral sulcus do respond to somatosensory stimuli (Baylis et al., 1987).
Even the parietal PGi system considered here is at least dominated
by visual system connectivity (Rolls et al., 2022a), and what seems to
be missing so far in the PGi part of this system, is information about
the somatosensory properties of objects, and how the objects can be
manipulated, perhaps as tools, under somatosensory as well as visual
control. Now of course any information from the somatosensory sys-
tem is quite different in kind from what is represented in the temporal
lobes, for the somatosensory system involves touch to the body or the
position of the body, which is not a property that needs to be taken
into account by the temporal lobe analysis of objects ‘out there’ in the
world. The way is which somatosensory information is incorporated
into semantic systems appears to be implemented using the Group 3
regions which have effective connectivity with somatosensory regions
(frontal opercular FOP, insula and parietal PF). Consistent with this,
the Group 3 regions such as STV receive inputs from posterior cingu-
late cortex region PCV (Fig. 2) which is in the visuo-motor part of the
posterior cingulate cortex (Rolls et al., 2022d), and this may enable
inputs involved in visually-guided reaching to grasp for objects, with
the grasping part of the action requiring somatosensory input to com-
plete the action, to be incorporated into semantic representations of
objects.

A key region for multimodal convergence is the set of temporo-
parieto-occipital junction regions TPOJ1-3, which are highly connected
with each other (Figs. 2 and 3), and which between them have effec-
tive connectivities with all the major systems just described, including
visual, auditory, STS, PF, and PGi (Rolls et al., 2022a). The implication
is that in terms of connectivity the TPOJ2 and TPOJ3 regions both of
which have connectivity with the Group 3 regions (Figs. 2 and 3) con-
tribute to bringing together semantic representations involving all of
these types of representation in the brain. Further, the Group 3 region
PSL, the Peri-Sylvian Language region, receives effective connectivity
from PF (Fig. 2) which can be considered as the top of the somatosen-
sory hierarchy (Rolls et al., 2022a). Another input to the TPOJ regions
comes from the cortex just lateral to the fusiform face area, which is
the visual word-form area (VWFA) (Dehaene et al., 2005; Dehaene and
Cohen, 2011; Yeatman and White, 2021; Caffarra et al., 2021). Disrup-

14

Neurolmage 258 (2022) 119352

tion of the connectivity of the VWFA is likely to account for problems
such as alexia and dyslexia in which the visual analysis required for
reading cannot reach the semantic TPO regions (Pritchard et al., 2018;
Liuzzi et al., 2019). Indeed, the FFC has effective connectivity to TPOJ1
and TPOJ2 and to the superior temporal visual area (STV) which in turn
connects strongly with the nearby TPOJ regions. Further, PHT, lateral
to the FFC, projects to TPOJ2.

The temporal pole TG regions of the cortex are also likely to form
multimodal ‘semantic’ representations, but primarily based on visual
and auditory properties of objects, which is what are represented in the
temporal lobes.

The ways in which inputs reach these semantic brain regions in the
temporal lobes and temporo-parieto-occipital junction regions from dif-
ferent specialized areas, and the subtypes of sensory modality in which
each part of the semantic system appears to specialize as described here
in terms of connectivity, not only provides a connectomic basis for the
semantic maps that can be visualized using natural speech as inputs
(Huth et al., 2016), but also provides a connectional basis for under-
standing the many dissociations between syndromes found in neuropsy-
chology, including phonological vs visual-based impairments of lan-
guage processing. Indeed, the connectivity described here is consistent
with evidence that the inferior parietal cortex is involved in language-
based semantic processing and phonological operations (Coslett and
Schwartz, 2018). In this context, it has been suggested that the pari-
etal cortex is involved in the transcoding of sound-based representations
into a format that can drive action systems (Coslett and Schwartz, 2018).
Although there is much debate about how different language functions
may map to different brain regions, one recent study tested patients with
strokes in different brain regions, and found some evidence that damage
to the posterior middle temporal gyrus is associated with syntactic com-
prehension deficits; that damage to the posterior inferior frontal gyrus
is associated with expressive agrammatism; and that damage to the in-
ferior angular gyrus is associated with semantic category word fluency
deficits (Matchin et al., 2022), consistent with a theoretical proposal
(Matchin and Hickok, 2020).

The effective connectivity algorithm used here can reveal indirect
effects where there may be no direct connections between cortical areas
revealed with diffusion tractography, with examples that Fig. 6 provides
no indication of direct connections between STS regions and Group 1
regions 10v 9m 10pp 47s 8Av 8BL 9a 9p; and similarly, the tractogra-
phy did not reveal connections between the temporal lobe regions of
Group 1 and inferior prefrontal cortical areas, so these may be indi-
rect effects. So in this respect the effective connectivity measured by
the present Hopf algorithm may be useful. At the same time, the Hopf
effective connectivity algorithm is non-linear, and indicates effective
connectivities only for the links with higher functional connectivities
(see further in the Supplementary Material). An implication appears to
be that the Hopf effective connectivity algorithm at least as used here
does reflect evidence about causal effects between regions that does not
in practice extend far across a system of potentially connected areas,
and in this respect is more specific and selective than what is typically
shown by functional connectivity which can reflect many indirect in-
teractions, again at least with the threshold used here. The power of
the Hopf effective connectivity algorithm as used here is emphasised
by the selectivity of the connectivity with contralateral cortical areas
(Figs. S2 and S3), which is strongest for corresponding cortical regions
in the contralateral hemisphere which are correctly identified by the
algorithm. The effective connectivity algorithm of course goes far be-
yond functional connectivity measurements by showing directional ef-
fects, which are especially interesting for the language systems as shown
in Fig. 4. It is noted that the analyses performed here were of resting
state (sometimes termed task-free) brain activity, in which language
was not being heard or spoken, though language systems in the brain
were likely to be active. It will be of great interest in future research
and probably very revealing to investigate how the effective connectiv-
ity described here changes during the performance of different types
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of syntactic, semantic, phonological, reading, and speech production
tasks.

4.2. Relation of the language networks and brain regions described here to
previous investigations

The Group 2 network described here involving outputs from other
language regions to areas 44, 45 and a closely connected inferior
frontal gyrus region including IFja and IFSp, and extending into left or-
bitofrontal 47s and 471 is suggested here to be involved in syntax, with
the syntactic processing (Rolls and Deco, 2015) being driven by seman-
tic inputs from the Group 1 inferior STS temporal lobe visual object
‘what’ semantic network and the Group 3 superior STS temporal lobe
visual motion / auditory / somatosensory semantic network. Consistent
with this, there is evidence from neuroimaging and related neuropsycho-
logical studies that implicates area 44 in syntax processing, manipulat-
ing and detecting structures above the word level (Friederici et al., 2017;
Hertrich et al., 2020). In more detail, area 44 is seen as the key region
for syntactic processing by implementing the ‘merge’ operation that is
key for understanding syntax (Friederici et al., 2017). Merge is an oper-
ation that takes exactly two (syntactic) elements — call them x and y —
and puts them together to form the unordered set [x,y] (Friederici et al.,
2017). The elements x and y can be word-like building blocks that are
drawn from the lexicon or previously constructed phrases that are as-
sembled into an unbounded array of hierarchically structured internal
representations (phrases and, ultimately, sentences) (Friederici et al.,
2017). Merge is a recursive operation, but as analyzed by Treves and
Rolls (1994), in the brain recurrent processing could be implemented
by an equivalent series of linked networks. Area 45 is described as a
lexical-semantic core area linking phonological codes to lexical mean-
ings (Friederici et al., 2017; Hertrich et al., 2020).

An anterior part of the superior temporal lobe (in Group 3) is iden-
tified as an auditory word form area (DeWitt and Rauschecker, 2013;
Binder, 2015, 2017; Hertrich et al., 2020). A more posterior part of
the superior temporal lobe in the superior temporal gyrus is involved
in auditory-phonological processing (Hertrich et al., 2020), consistent
with the auditory connectivity described here. Just inferior to that in
posterior parts of the superior temporal gyrus, superior temporal sul-
cus, and middle temporal gyrus is a region implicated in ‘syntax and
semantics’ (Hertrich et al., 2020). This is probably close to the temporo-
parieto-occipital junction region (part of Group 3) the connectivity of
which is shown in Fig. 7b.

Regions in the more inferior part of the STS and linked with inferior
temporal cortex visual regions in Group 1 are implicated in “seman-
tic representations involved in speech, reading, and visual and supra-
modal mental objects that are linked to word forms” (Hertrich et al.,
2020)”. The temporo-parietal junction and angular gyrus regions in
Group 1 are implicated in “pragmatic processing, context integration,
words with multiple meanings, perspective taking, and social cognition”
(Hertrich et al., 2020), consistent with some of the points made above
about the regions in the Group 1 network.

In a different approach seed-based functional connectivity provided
evidence for a dorsal articulatory-phonological network involving infe-
rior frontal and supramarginal regions; a ventral semantic network in-
volving anterior middle temporal and angular gyri; a speech perception
network involving superior temporal and sensorimotor regions; and a
network between posterior inferior temporal and intraparietal regions
linking visual, phonological, and attentional processes for written lan-
guage (Battistella et al., 2020).

It may be remarked here that if neuroimaging studies could be
mapped into a single atlas such as the HCP-MMP atlas using the tools
that are available (Glasser et al., 2016a; Dickie et al., 2019; Huang et al.,
2022), this would help in the development of our understanding of
language systems, especially now that the connectivity between these
language-related regions is becoming better understood, as described
here.
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5. Conclusions

The effective connectivity described here provides evidence for two
partly separated semantic networks.

The first semantic network (Group 1) in the inferior parts of the
STS / temporal lobe and PG visual parts of the inferior parietal cor-
tex incorporates information from temporal pole TG, ventral temporal
visual ‘what’ regions, some auditory-related regions (e.g., A5 and parts
of the STS), medial orbitofrontal / vmPFC / anterior cingulate cortex re-
ward value / emotional regions, and parietal PG (angular gyrus) mainly
visual regions (Rolls et al., 2022a), and frontal pole, and has connec-
tivity with the hippocampal episodic memory system via the posterior
parts of the posterior cingulate cortex that are related to episodic mem-
ory (Rolls et al., 2022d). This system may therefore specialize in visual
and auditory ‘what’ representations and their reward-related meaning.
These representations are typically of objects outside the body, viewed
or heard in external space.

A second semantic network (Group 3) involves more superior parts
of the temporal lobe including the superior STS regions and auditory
cortex regions, the somatosensory parietal PF region, some visual areas
with motion-related activity (MT, MST), and the visuo-motor part of the
posterior parietal cortex. This network includes and has connectivity
with a core set of regions near the temporo-parietal junction including
TPOJ1-3, the PeriSylvian Language area and the Superior Temporal Vi-
sual (STV) region. This semantic system is thereby implicated in seman-
tic representations of the body, and of visuomotor events close to the
body involved in actions in nearby space, and in dynamically changing
stimuli including those involving the face, vocalization and other audi-
tory stimuli. This system may thereby be involved in representations of
the self, and its social relations to others. These two semantic systems
may have links with each other in the cortex in the STS and temporal
pole (Fig. 2).

What the two partly different semantic systems have in common are
strong effective connectivity directed to the Group 2 network which in-
cludes regions 44 and 45 (Broca’s area), which may perform the map-
ping from semantic representations to temporally organised and syntac-
tic speech and language (Rolls and Deco, 2015), and which has onward
connections to premotor 55b and the Superior Frontal Language region
(SFL).
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