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Abstract

Functional magnetic resonance imaging (fMRI) is widely used in clinical applications to highlight
brain areas involved in specific cognitive processes. Brain impairments, such as tumors, suppress the
fMRI activation of the anatomical areas they invade and, thus, brain-damaged functional networks
present missing links/areas of activation. The identification of the missing circuitry components is
of crucial importance to estimate the damage extent. The study of functional networks associated
to clinical tasks but performed by healthy individuals becomes, therefore, of paramount concern.
These ‘healthy’ networks can, indeed, be used as control networks for clinical studies. In this work we
investigate the functional architecture of 20 healthy individuals performing a language task designed
for clinical purposes. We unveil a common architecture persistent across all subjects under study,
which involves Broca’s area, Wernicke’s area, the Premotor area, and the pre-Supplementary motor
area. We study the connectivity weight of this circuitry by using the k-core centrality measure and we
find that three of these areas belong to the most robust structure of the functional language network
for the specific task under study. Owur results provide useful insight for clinical applications on
primarily important functional connections which, thus, should be preserved through brain surgery.

I. INTRODUCTION

Broca’s (BA) and Wernicke’s area (WA) have long
been recognized as essential language centers. Studies
of aphasic patients have shown that damage to BA and
WA causes loss of ability to produce speech (expressive
aphasia) and difficulty understanding language (receptive
aphasia), respectively [1, 2]. Further evidence has shown
that other secondary and tertiary anatomical brain ar-
eas are also involved in language [3], including the pre-
Supplementary Motor Area (pre-SMA) [4], the Premotor
Area (preMA) [5], and the Basal Ganglia [6]. Despite
these evidences, a full characterization of the language
network is still debated [7, 8.

Functional MRI (fMRI) has been largely used to in-
vestigate the blood-oxygen-level dependent (BOLD) ac-
tivation of the human brain, both for clinical and re-
search purposes. Although it cannot fully resolve the
issue of ‘functional specialization’ of brain regions by it-
self, it sheds light on which regions are engaged in certain
cognitive processes. Therefore fMRI allows to constrain
hypothesis on the structure of the language network.

Language has been investigated using both resting
state fMRI (rs-fMRI) and tasked-based fMRI (tb-fMRI).
The former studies brain activation of subjects at rest
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[9], whereas tb-fMRI delineates brain areas functionally
involved in the performance of a specific task [10]. Task-
based fMRI is task-dependent, i.e. different language
tasks may activate different areas involved in language
function [11]. Consequently, clinical studies employ a
specific class of language tasks which has been shown to
produce robust activation in individual participants and
thus facilitate the localization of the language-sensitive
cortex [12, 13].

In this paper we analyze fMRI scans of 20 healthy in-
dividuals who perform the same language task designed
for clinical purposes. From the correlation of the BOLD
signal we construct the functional connectivity network
for each subject, which is standardly employed to inves-
tigate statistical interdependencies among brain regions
[14-16].

The motivation for this study is to use the resulting
functional connectivity of these healthy individuals as a
benchmark for clinical study. Brain pathologies indeed
(e.g. brain tumors [17], strokes [18], epilepsy [19]) affect
functional connectivity by disrupting functional links and
reducing the fMRI activation of brain areas (e.g. neu-
rovascular de-coupling effect due to brain tumor [20]).
The reconstruction of the functional connectivity in clin-
ical cases, therefore, is influenced by the presence of the
brain pathology [17]. To better understand which are
the functional damages produced by the brain impair-
ment it is important to have, as a benchmark, functional
networks of healthy individuals performing the same lan-
guage task normally used for clinical cases. The com-



parison between healthy control and patient’s functional
network relative to the same task might, among others,
guide tumor resection to preserve functional links.

Motivated by these considerations we investigated
which is the language functional architecture shared
among healthy subjects, i.e. the functional subnetwork
that persists in each analyzed individual beyond the
inter-subject variability. This architecture is indicative
of a ‘core’-structure for the language task under study
shared across individuals.

Furthermore, we aim to uncover the functional con-
nectivity of the subdivisions of the Broca’s area (pars-
opercularis (op-BA) and pars-triangularis (tri-BA), i.e
Brodmann area 44 and 45 respectively), which plays a
pivotal role in language function [1, 3|. Previous stud-
ies based on fMRI showed that BA’s subdivisions per-
form different functions in language processing. New-
man et al. [21] showed that tri-BA is more implicated in
thematic processing whereas op-BA is more involved in
syntactic processing. Studies based on transcranial mag-
netic stimulation have shown that op-BA is more special-
ized in phonological tasks and tri-BA more in semantic
tasks [22-24|. Patients who show speech impairment of-
ten have direct damage to the Broca’s area. Thus, under-
standing how BA-subdivisions are functionally wired to
other brain regions in healthy controls would help better
clarifying the effect of brain pathologies on this decisive
language area.

From our analysis we find that the functional architec-
ture shared by most of the subjects under study wires
together Broca’s area (op-BA and tri-BA), Wernicke’s
area, the pre-Supplementary Motor Area, and the Pre-
motor area. By investigating network properties at the
subject level we find that, in each individual functional
network, these areas belong to an innermost ‘core’, more
specifically the maximum ‘k-core’ of the functional con-
nectivity, which is a robust and highly connected sub-
structure of the functional architecture. The k-core mea-
sure has received vast attention in network analysis since
it provides a topological notion of the structural skele-
ton of a circuitry [25-28]. More recently, the maximum
k-core has been related to the stability of complex bio-
logical systems [29] and of resilient functional structures
in the brain [30]. Our results demonstrate that the func-
tional architecture which persists beyond inter-subject
variability is part of the maximum k-core structure, an
innermost highly connected sub-network, associated with
system’s resilience and stability [29].

Overall, our findings identify a group of functional re-
gions of interest (fROIs) linked together in a functional
circuitry that have a decisive role for the language task
used in clinical applications.

II. MATERIALS AND METHODS

The study was approved by Institutional Review Board
and an informed consent was obtained from each subject.
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Figure 1: Activation map for a representative subject.
BOLD signal for a non-active and active voxel are shown re-
spectively in panel a) and b) together with the smoothed box-
car language model which depicts the auditory stimulus. c)
3D visualization of the brain with fMRI active areas and cor-
responding p-values.

The study was carried out according to the declaration
of Helsinki. Twenty healthy right-handed adult subjects
(13 males and 7 females; age range 36 years, mean =
36.6; SD = 11.56) without any neurological history were
included.

A. Functional task

For the fMRI task, all subjects performed a verbal flu-
ency task using verb generation in response to auditory
nouns. During the verb generation task, subjects were
presented with a noun (for example, ‘baby’) by oral in-
struction and then asked to generate action words (for
example, ‘cry’, ‘crawl’, etc...) associated with the noun.
Four nouns were displayed over six stimulation epochs
with each epoch lasting 20 seconds, which allowed for a
total of 24 distinct nouns to be read over the entire du-
ration. Each epoch consisted of a resting period and a
task period (see BOLD activation in Fig. 1, panel a-b).
In order to avoid artifacts from jaw movements, subjects
were asked to silently generate the words. Brain activity
and head motion were monitored using Brainwave soft-
ware (GE, Brainwave RT, Medical Numerics, German-
town, MD) allowing real-time observation.

B. Data acquisition

A GE 3 T scanner (General Electric, Milwaukee, Wis-
consin, USA) and a standard quadrature head coil was
employed to acquire the MR images. Functional images
covering whole brain were acquired using a T2* weighted
gradient echo echo-planar imaging sequence (repetition



time (TR)/echo time (TE) = 4000/40 ms; slice thick-
ness = 4.5 mm; matrix = 128 x 128; FOV = 240mm).
Functional matching axial T1-weighted images (TR/TE
= 600/8 ms; slice thickness = 4.5 mm) were acquired
for anatomical co-registration purposes. Additionally, 3D
T1-weighted SPGR (spoiled gradient recalled) sequence
(TR/TE = 22/4 ms; slice thickness = 1.5 mm; matrix
= 256 x 256) covering entire brain were acquired.

C. Data processing

Functional MRI data were processed and analyzed us-
ing the software program Analysis of Functional Neu-
rolmages (AFNI) [31]. Head motion correction was per-
formed using 3D rigid-body registration. Spatial smooth-
ing was applied to improve the signal-to-noise ratio us-
ing a Gaussian filter with 4 mm full width of half max-
imum. Corrections for linear trend and high frequency
noise were also applied. To obtain the activation map,
BOLD signal changes over time were cross-correlated
with a baseline smoothed box-car model representative
of the word-generation epochs and period of rests (see
Figure 1, panel a-b). Functional activation maps were
generated in the individual native space at a threshold
of p < 0.0001 (see Figure 1, panel c, for a representative
subject).

D. Network construction

The following sections describe the functional network
construction. In Sec. ITE we first describe how to cre-
ate, from the fMRI signal of the active voxels, a brain
network for each individual separately. Section IIF dis-
cusses the group analysis or how we obtain, from the
individual brain networks, a common architecture which
unveils a persistent circuitry across all the single-subject
brain networks.

E. Individual brain network construction

For each subject we construct a functional network,
this network can be seen at two different scales or lev-
els: 1) at the vozel-level and i) at the fROI-level, as we
explain in more details in the following.

At the voxel-level, active voxels in the individual ac-
tivation map (p < 0.0001) define the nodes of our func-
tional network. Functional links are inferred by thresh-
olding pair-wise correlations between pair of voxels, as
standard in the literature [14-16]. Accordingly, pair of
voxels with correlation above a fixed threshold are con-
nected by a link, whose weight is given by the correlation
strength [14, 30, 32]. Nearby active voxels are grouped
together based on the subject individual anatomy and
considered part of the same fROI. Figure 2, upper panel,
shows a realization of the voxel-level functional network

pre-SMA

MFG(T)

tri-BA(L) op-BA(L) WA(L)

pre-SMA

Figure 2: Two visualizations of the individual func-
tional network. Upper panel: voxel-level network. Each
node in the network represents a voxel, each link connects
a pair of voxels in different brain modules and it is indica-
tive of functional interdependecy. Links connecting voxels
within the same brain module are not visible but exist. Lower
panel: fROI-level network for the same voxel-level architec-
ture shown in the upper panel. Voxels belonging to the same
anatomical region are grouped into a fROI, represented as a
node in the network. Node’s size is proportional to the num-
ber of voxels in the fROI. Each link’s thickness connecting two
fROIs is proportional to the sum of links’ weight connecting
all the voxels in the two fROI (exact definition given in Eq.

(1))-

for a representative subject, where voxels part of the
same fROI are colored equally.

We define fROIs within each subject individually,
based on the activation and anatomy of the specific sub-
ject [30, 32, 33]. For instance, all the active voxel in Brod-
mann area 22 of the superior temporal lobe define the
Wernicke’s area fROI. The reason for choosing individual-
based fROIs is that group-based ROI-level analysis suffer
of inter-subject variability in the location of activation,
in contrast, individual subject fROIs analysis can reveal
greater functional specificity [33].

At the fROI-level a node represents an entire fROI,
i.e. a group of nearby active voxel in the same anatom-



ical area. At this level, a functional link connects two
fROIs iff there exist at least a link, at the voxel-level, be-
tween a pair of voxels in the two fROIs. The functional
link’s weight between two fROIs i and j (W;;) is defined
as the sum of all the functional links’ weight (wy,,) con-
necting all pair of voxels (I,m) between the two fROISs,
normalized by the sum of the two fROIs’ size:

W — Zl,me{mj} Wi,m (1)
Y size(fROL;) + size(fROI;)

For each individual we then normalize each W;; by the
value of the largest W for that individual (W™a*):

~ Wz .
Wi' = 9
I/ max

In this way the link’s weight scale is the same across
subjects (see Supplementary Table S3) and the maximum
weight is W = 1in each individual. Figure 2, lower panel,
illustrates the functional network at the fROIs-level for
a representative subject.

For each individual, we are interested in uncovering the
functional architecture of the subdivision of the Broca’s
area, i.e tri-BA and op-BA, which correspond to all ac-
tive voxels in Brodmann area 44 and 45, respectively.
Each of these sub-area has been associated with different
language processes in previous studies [21-24]. Through
our analysis we aim to find out the specificity of their
functional connectivity, to unveil whether their different
engagement in language processing may be associated to
a different functional wiring with the rest of the brain.
Thus, when building the individual functional network,
we group the active voxels of the BA into two different
and separate fROIs: op-BA and tri-BA (see Fig. 2).

We named the fROI according to their main anatomi-
cal boundaries as follows. We retained the classical des-
ignations of BA (Brodmann area 44-45, inferior frontal
gyrus) and WA (Brodmann area 22, superior temporal
gyrus) as these designations still predominate in neuro-
surgery, which dominates clinical practice [3]. We defined
the ventral Premotor area (v-preMA) as the ventral por-
tion of the premotor cortex, which includes the inferior
part of Brodmann’s area 6, centered on the posterior-
most portion of the middle frontal gyrus (MFG) [3]. The
superior portion of Brodmann’s area 6 was considered
dorsal premotor area (d-preMA). The anterior-most part
of the middle frontal gyrus was identified as anterior
middle frontal gyrus (aMFG). The pre-SMA was defined
within the medial frontal cortex, at the level of Brod-
mann area’s 6 [34]. The precentral gyrus was identified
with Brodmann’s area 4, the supramarginal gyrus was
identified with Brodmann’s area 40 and angular gyrus
with Brodmann’s area 39 [3]. The deep opercular cor-
tex (DOC) included the innermost portion of the frontal
operculum [3]. Active areas that support non-linguistic
processing, as the visual and the auditory cortex, were ex-
cluded from the analysis [8, 33]. These areas are indeed
activated because the subject is presented with auditory
stimuli and may keep the eyes open.

for all 4 and j fROIs (2)

The same functional network construction as described
above is carried over for all the 20 subjects individually,
both at the voxel- and fROI-level. Next, we carry a
group analysis to identify the common functional net-
work shared across individuals, beyond the inter-subject
variability, as described in following section.

F. Common network construction across subjects

Our interest in studying functional networks for single
individuals performing language tasks is aimed to un-
cover functional architectures which are persistent across
healthy subjects and could be useful and informative
when dealing with clinical cases. Individual functional
networks have innate subject variability (e.g. some
subject activates one specific area or has a functional
link while another does not). Therefore, after we re-
constructed the individual functional networks, we per-
formed a group analysis at the fROI-level by investigat-
ing which is the persistent set of links and brain areas
across subjects or, in other words, which functional sub-
architecture is common among all the individuals.

This functional architecture is informative of which ar-
eas and functional links persist beyond the inter-subject
variability and therefore it represents a language ‘core’
structure for the specific language task under study. Ac-
cordingly, surgical intervention, as for instance tumor re-
section, should operate by preserving such ‘core’ struc-
ture existing across healthy controls. In addition, func-
tional damages to this structure due to brain pathologies
- and observed from the functional connectivity of the
patient - may be informative of the damage extent (e.g.
a missing functional link in the ‘core’ may signify a larger
harm than a missing connection between more peripheral
areas not in the ‘core’).

We name this most persistent functional architecture
across subjects, at the fROI-level, ‘common network’.
This common architecture is defined retaining a pair of
fROIs and a functional link connecting them only if these
areas and link are present across subjects.

The weight of the functional link connecting two fROIs
i and j in the common network (W) is defined as the
average of the Wij connecting those fROIs across sub-
jects:

N
1 -
C _ Q)
Wi = ~ E Wi (3)

where N is the total number of individuals. We report
and discuss the results of this quantitative analysis in the
following sections.



III. RESULTS

A. Individual networks

For each individual we observe fMRI activation in both
hemispheres, however, left dominance is clearly observed,
as expected since all the subjects are right handed [35,
36]. The number of left hemisphere areas of activation
regions is greater and in most cases their frequency of
activation is greater as well.

Active fROIs across subjects include, in alphabetic or-
der: Angular Gyrus (L), Broca’s Area (L), (op-BA and
tri-BA), Broca’s Area (R), Caudate (L and R), Deep Op-
ercular Cortex (L and R) [3], aMFG (L and R), pre-
Central Gyrus (L and R), ventral and dorsal preMA (L),
ventral preMA (R), pre-SMA, Supra Marginal Gyrus (L
and R), Wernicke’s Area (L and R). Detailed informa-
tion on the frequency of activation of each area across
subjects is summarized in Supplementary Table S1. In
the following, for brevity, we will refer to left hemisphere
brain areas simply with the name of the areas, omitting
the specification (L).

The functional network for a representative subject
at both the voxel- and the fROIs-level is shown in Fig.
2. All the single subjects functional connectivity at the
fROI-level for each of the 20 healthy individuals consid-
ered in our study are shown in Supplementary Figure S1
and all the connectivity values between pairs of fROIs
are reported in Supplementary Table S3.

We observe that, overall, the preMA is the most con-
nected area across subjects, in terms of connectivity
weight. In 8 over 20 individuals the strongest functional
connection is between preMA - op-BA and in 7 over 20
cases is between preMA - pre-SMA. In total, the preMA
turns out to have the strongest connection with some
other area in 17 out of 20 subjects, in 3 cases the strongest
functional connection is between op-BA and tri-BA.

Wernicke’s area is known to structurally connect to
BA through the arcuate fasciculus, a bundle of axons
linking the inferior frontal gyrus with the superior tem-
poral gyrus. We investigated the functional connections
of the BA-subdivisions with the rest of the brain and,
with focus on WA, we find that op-BA connects to WA
in 18 out of 20 subjects, while tri-BA connects to WA in
15 out of 20 individuals. In terms of connectivity weight,
in 10 out of 20 subjects WA connects more strongly with
op-BA than to tri-BA, whereas in 7 subjects we have the
opposite finding, tri-BA connects more to WA than the
opercular counterpart. In 2 individuals the functional
connectivity of op-BA and tri-BA to WA is, instead, ap-
proximately the same. One subject does not show WA
activation at all.

Regarding other relevant areas as preMA and pre-SMA
we find that the connectivity frequency of these areas
with op-BA and tri-BA is about the same. Indeed the
preMA connects to op-BA in 18 subjects and to tri-BA
in 17 out of 20. The pre-SMA connects to op-BA in
19 subjects and to tri-BA in 18 individuals. So, overall,

Left hemisphere

Anterior Posterior

O

O B pre-Supplementary Motor Area
B Pre-Motor Area Left (ventral)
B Wernicke’s Arca Left
B tri-Broca’s Area Left

[ op-Broca’s Area Left

Figure 3: Common network across subjects for the
language task under study. The figure illustrates the
functional network, beyond inter-subject variability, shared
across individuals (seventeen out of twenty). The weight of
a link connecting two fROIs is proportional to the average of
the functional links connecting those fROIs across subjects.
Upper panel: fROIs are located on their anatomical location
on the brain. Lower panel: pictorial illustration of the net-
work in the upper panel, with the fROIs equally spaced on a
plane.

the connectivity frequency of the BA-subdivisions with
preMA and pre-SMA is similar. In terms of connectivity
weight, op-BA connects more strongly with both preMA
and pre-SMA compared to tri-BA. Thus, although the
BA-subdivisions connect to preMA and pre-SMA with
about the same frequency across subjects, op-BA has -
overall - a larger connectivity weight.

B. Common network across subjects and
functional subdivisions of Broca’s area

The common network at the fROI-level, as described in
Sec. IIF, is made by those fROIs and links present (per-
sistent) across the majority of subjects. As a result of the
left-dominance at the individual level, no consistent over-
lap of right-hemisphere activation has been found across
subjects.

We find that the persistent structure across individuals
(seventeen over twenty), beyond inter-subject variability,
is made by op-BA, tri-BA, WA, preMA, and pre-SMA
connected together in a functional architecture (see Fig.



3). This circuitry represents the ‘core’-structure for the
specific clinical language task under investigation since it
is the functional architecture that prevails in nearly all
subjects. We find this network in seventeen over twenty
subjects and not in all of them because three subjects
show lack of activation for either the op-BA (1 case), the
tri-BA (1 case), or neither WA nor tri-BA (1 case). The
common network shown in Fig. 3 is therefore the one
prevailing in closely all the subjects and, thus, the func-
tional structure that is persistent beyond inter-subject
variability. This conclusion is additionally supported by
further findings we obtained on a study conducted on
bilingual healthy subjects when they speak their native
language [37].

In terms of functional connectivity, the strongest con-
nectivity weight in the common network (WS, ) is be-
tween op-BA and preMA (WS, = 0.7440.31, where the
average is made across all the subjects that have such
link). The triangular BA also connects with the preMA
but with about half of the magnitude (W¢ = 0.3740.29).
Detailed information on the functional connection of the
other areas in the common network is reported in Sup-
plementary Table S2. Broca’s area has been longly rec-
ognized as a central language area, its strong connectiv-
ity with the preMA(L) is of particular interest since the
preMA(L) has been more recently identified as an area
with dominant role for language [5]. We discuss this re-
sult further in Section IV A.

When we look at the connectivity of the BA-
subdivisions with Wernicke’s areas, a primary area for
language comprehension, we observe that, in the com-
mon network, WA only connects to op-BA. This reveals
the existence of larger co-activation of the BOLD signal
between these two areas that might also be driven by
their spatial vicinity (WA is anatomically closer to op-
BA than to tri-BA). More detailed, as discussed in Sec.
II1, at the individual level we find that WA connects to
tri-BA in 15 out of 20 cases whereas it connects to op-BA
in 18 out of 20 cases. Therefore, overall, BA-subdivisions
both connect to WA in several different individuals with
a slightly larger presence of WA - op-BA connectivity
across subjects. In terms of connectivity weight, when we
count only subjects where both op-BA and tri-BA con-
nect to WA we find that op-BA connects slightly more
strongly to WA compared to tri-BA (W = 0.17 £ 0.23
vs W¢ = 0.15 4 0.20, respectively).

Furthermore, we observe that op-BA has a larger con-
nectivity than tri-BA both on the number of connections
with the rest of the areas in this network (4 vs 3 respec-
tively, the extra one being WA - op-BA) and in terms
of functional connectivity weight. Indeed, the average
connectivity of the op-BA, across subjects and across
areas, in the common network is W¢ = 0.45 4 0.25
(W€ = 0.55+0.20 without the link WA - op-BA) whereas
the comprehensive connectivity weight of the tri-BA is
WY =0.32+0.18.

Finally, we observe that the average values for the
common-network functional weights reported in Supple-
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Figure 4: Functional connectivity weight distribution
for all the subjects. Distribution of the functional link’s
weight across all subjects. The distribution is long tailed and
this explains the large variance values in Supplementary Table
S2. Inset: same distribution plotted in a log-log scale, data
aligns on a straight line which indicates a power low behaviour
for such distribution.

mentary Table S2 have large standard deviations (mag-
nitude comparable with the mean). This result signals
a large inter-subject variability for the weight of the sin-
gle functional link across subjects. To investigate this
further we plot the empirical distribution of all the func-
tional links’ weights across subjects and observe that it
displays a long tail shape (see Fig. 4), which is explica-
tive of the large standard deviation values. Since all the
individual links’ weight are normalized to one, we plot
the distribution in Fig. 4 up to the value one excluded,
because otherwise this distribution would show a second
pick in one due only to the normalization procedure.

C. The common network is part of the maximum
k-core: the most resilient architecture

The notion of k-core in theoretical physics has been
used as a fundamental measure of centrality and robust-
ness within a network [29]. Since it was firstly introduced
in social sciences [38] has been used in several contexts
[25], as in random network theory [26] or to describe
large-scale structure in the brain [39].

The k-core of a given architecture is defined as the
maximal sub-graph, not necessarily globally connected,
made of all nodes having degree (number of connections)
at least k. In practice, the k-core sub-graph can be de-
rived by removing from the network all nodes with degree
less than k. The removal of these nodes reduces the de-
gree of their neighbours and if the degree of the latter
drops below k then also these nodes should in turn be
removed. The procedure iterates until there are no fur-
ther nodes that can be pulled out from the network. The
remaining graph is the k-core of the network. A k-core
structure includes sub-networks with higher k’s, i.e. k+1,
k + 2, etc... For instance, the 1-core includes the 2-core
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Figure 5: k-core and k-shell of a network. Panel a) il-
lustrates pictorially a network. Nodes in the same disks have
the same k-core. A k-core structure includes sub-networks
with higher k’s, so the 1-core includes the 2-core which, in
turn, includes the 3-core and so forth. Nodes which are in
the k-core but not in the k + 1-core are called k-shell and are
colored differently. The maximum k-core coincides with the
maximum k-shell, in this network is k¢ore = 4 and depicted
with brown nodes. Panel b) illustrates pictorially the con-
struction of the k-core histogram shown in Fig. 6. Note that
here nodes in each k-shell are colored differently, whereas in
Fig. 6 different colors indicate nodes in different fROIs, piled
up according to their k-shell as in this panel.

which, in turn, includes the 3-core and so forth (see Fig.
5). In each k-core, nodes in the periphery (not included in
the k + 1-core) are called k-shell (k). Thus, in each net-
work, k-core (and k-shell) structures are nested within
each other with increasing k. The innermost structure
of the network corresponds to the graph with the max-
imum k-core that is also a topological invariant of the
network [28]. Figure 5, panel a, illustrates k-core and
k-shell structures in a simple explanatory network.

Recently, the maximum k-core (k222X) has been linked
to the most resilient structure of biological systems with
positive interactions [29] and, in an fMRI study of hu-
man brains, the kI22% of the functional connectivity for
a visual-task based experiment has been found to be the
most robust structure, which remains active even during
subliminal conscious states (subject not aware of seeing
images) [30].

Motivated by these recent findings we pruned each
voxel-level individual functional network till the maxi-
mum k-core structure and we investigated to which k-
core each node (voxel) belongs to. We focused on the ar-
eas part of the common network (BA, WA, pre-SMA, and
preMA) because these are the fROIs which form a per-
sistent language structure across individuals, as shown
in Fig. 3. We aim to explore whether these regions are
part of some significative k-core structure which might
shed light on the architecture of the network. Our goal
is to investigate, across subjects, which fROIs character-
izes the occupancy of each k-shell and, thus, we proceed
as follows. For each individual network we compute the
k-core and k-shell of all the nodes (voxels) as described

above. Each subject has, in general, a different £22% (k-

shell) thus, to homogenize the k-cores across subjects, we
divide each k-core by the individual £22*. In this way,
the k-core (k-shell) value of each individual goes from 0
to 1. In Fig. 6 we then plot the total k-shell occupancy
for all the individuals and we color differently the con-
tribution of each fROIs, in order to visualize to which
k-shell they belong to.

Results in Fig. 6 show that the maximum #k-shell
(which is in turn the maximum k-core) is the most pop-
ulated of all the k-shells of the common network. More
importantly, if we look at each area individually, we ob-
serve that the largest concentration of pre-SMA, op-BA,
tri-BA, and v-preMA is in the maximum k-shell. Among
the areas of the common network, WA is the only area
that does not appear in the k22* but, rather, populates
smaller k-shell values.

In reference [29] the authors have shown that, for com-
plex networks with positive couplings, the kL2% of the
network is the most resilient structure under decreasing
of the coupling weight. In our functional networks, all
the links are obtained through thresholding of pair-wise
correlations which, from our findings, turn out to be all
positive. This is due to the fact that the BOLD signal
is extracted from a task-based fMRI experiment, stim-
ulated by an external input. In this way, active vox-
els are those mostly correlated with the task model and,
when computing pair-wise correlations among voxels cor-
related with the same external stimulus, most likely one
finds positive correlations, as we observe from our data
analysis. This result allows us to interpret the functional
networks wired by positive interactions and, therefore,
the theory of [29] applies. Accordingly, we can interpret
the maximum k-core structure of our network as the most
resilient one under decreasing of the correlation weight.

In other words, the circuitry made by the pre-SMA,
BA, and the preMA represents the most robust structure
of the functional network. Wernicke’s area, although it
is part of the common network, it does not lay in the
knax of the network, probably due to its more peripheral
anatomical location compared to the other fROIs of this
common architecture. Therefore, although it is one of
the most important areas for language, it is not part of
the most resilient ‘core’.

IV. DISCUSSION

In this study, we reconstructed the functional language
network of 20 healthy subjects from tb-fMRI data pro-
viding information about the functional connectivity be-
tween active areas on fMRI maps, with both a voxel-
and a fROI-level resolution. The language task designed
for the experiment is customarily used in clinical cases
and has shown to produce robust activation in previ-
ous studies [11-13, 40]. Functional activation is gener-
ally sensitive to the fMRI task employed, our interest in
reconstructing functional networks for this specific task
aimed to create benchmark results for healthy individu-
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Figure 6: k-shell occupancy. The histogram shows the
k-shell occupancy for nodes in the four fROIs of the common
network of Fig. 3. Overall, the majority of the nodes of this
structure are located in the maximum k-shell, which coincides
with klors, a quantity linked to the robustness of a complex
network [29]. Of the four fROIs of the common network, the
pre-SMA, op-BA, tri-BA, and ventral preMA are mostly part
of the kitas. Wernicke’s area (WA) is more an outlier, it is
mostly located in lower k-shells and minimally located in the

max
kcore .

als which can be used as reference for functional networks
effected by brain pathologies. Indeed, brain impairments
are known to create damages on the functional connectiv-
ity. It is therefore paramount to have healthy functional
architectures relative to clinical language tasks in order
to make the comparison between healthy and patient’s
functional networks possible.

Our main finding is the existence of a common per-
sistent functional network across subjects which wires
together BA, WA ventral preMA, and pre-SMA in the
left dominant hemisphere for 17 out of 20 right-handed
healthy subjects (see Fig. 3). We interpret this circuitry
as a ‘core’ structure for the language task under study
since this network persists across nearly all individuals.

Furthermore, we compute the k-core of each node
(voxel) in the common network - the maximum value
of which has been recently linked to network resilience in
ecosystems and fMRI studies [29, 30]. We find that 3 out
of 4 areas of the common architecture (specifically pre-
SMA, BA, and preMA) are mostly concentrated in the
maximum k-core of the network (see Fig. 6). This led us
to conclude, following the fundings of Ref. [29, 30], that
these areas are the most robust of the language network
in terms of fMRI correlated signal.

Wernicke’s area is a crucial language area and indeed
appears as part of the common network across individu-
als, yet its type of connectivity with the rest of the fROIs
in this architecture is slightly different from the connec-
tivity of the other areas. Indeed, overall, WA shares only
two connections with other areas in this network, one
with BA and one with the preMA, whereas each of the
other fROIs has at least 3 total functional connections.
This might be a by-product of the more peripheral loca-

tion of the WA compared to the other fROIs, which being
spatially closer to each other are facilitated to co-activate
due to white fibers wiring them together. Wernicke’s area
is also the only area among the four ones in the common
network which is not largely part of the maximum k-core
(see Fig. 6). This result is in agreement to what dis-
cussed above about this area and, again, might be due to
the more perimetric location of the WA in the common
network.

Finally, we investigated the functional architecture of
the BA anatomical sub-areas, revealing a different con-
nectivity between tri-BA, op-BA and the other areas of
the common network for this specific language task. In
Sec. IV A we discuss our findings regarding the functional
connectivity of the BA-subdivisions contextualizing them
with known white matter connections that these areas
share with the rest of the brain, found in other studies.

A. Functional and structural connectivity of the
common network

We observe that the left ventral preMA is the most
connected area of the common network, with four total
connections and the strongest connectivity with op-BA
(W€ = 0.74 + 31) and with pre-SMA (W¢ = 0.64 +
0.31). As shown in Fig. 2 for a representative subject,
the ventral preMA is functionally connected to all the
main cortical language areas of the dominant hemisphere,
suggesting that this area may play an important role in
speech production (other subjects show qualitatively the
same feature, see Supplementary Fig. S1).

Tate et al. [41] investigated the crucial cortical epicen-
ters of human language function by means of intraopera-
tive direct cortical stimulation in 165 consecutive patients
affected by low-grade glioma. The study shows that
speech arrest is localized to the ventral preMA instead
of the classical BA. Furthermore, the presence of gliomas
growing in the left ventral preMA has been related to
a higher percentage of speech deficits than gliomas in-
filtrating the classical BA, providing a possible clinical
correlate of the results of Tate et al. [41, 42].

However, one must be careful not to over interpret
these results, as the highest connectivity does not neces-
sarily imply a central or essential role of that particular
fROIs in the network. Using advanced graph theoretical
analysis, Morone et al. [43] demonstrated that the most
connected nodes in a network often do not correspond to
the most essential nodes, the elimination of which would
lead to collapse of that particular network. This idea
has been recently tested on functional networks obtained
from fMRI of rodent brains and verified through in-vivo
pharmaco-genetic intervention [32].

Although the correspondence between structural and
functional connectivity is not fully understood yet [44],
the arrangement displayed by our study is supported by
structural evidence. The existence of a physical con-
nection between ventral preMA and BA seems realis-



tic, given their spatial contiguity. Besides representing
a shared origin for the main bundles of the dorsal path-
way [45, 46], the two areas may be directly connected by
a specific opercular-premotor fascicle (described in the
next section) [47].

The pre-SMA shows connectivity with both ventral
preMA and BA (see Fig. 3, Supplementary Fig. S1
and Supplementary Table S2). These functional connec-
tions are consistent with the organization of the struc-
tural language connectome to some extent: the Frontal
Aslant Tract (FAT), an association motor pathway that
underlies verbal fluency and connects pre-SMA and BA
[48-50], likely includes projection to posterior regions of
the MFG, corresponding to the ventral preMA [45].

The low connectivity weight between ventral preMA
and WA (see Supplementary Table S2) may be explained
by the increased distance between the two structures.
Of note, we find that the functional connectivity weight
between op-BA and WA is similar to that of the ven-
tral preMA and WA (Supplementary Table S2), which is
consistent with their structural connection through the
same white matter tract, corresponding to the arcuate
component of the AF/SLF system [45, 46].

B. Broca’s Area subdivisions

Our findings show that the subdivisions of Broca’s
area present different patterns of connectivity within the
language network, with the opercular portion appearing
more connected to all the significant nodes of the com-
mon network compared to the triangular part. This evi-
dence appears in line with the structural architecture of
the network.

The prominent interaction between ventral preMA and
op-BA found in this study (W = 0.7440.31, see Supple-
mentary Table S2) supports the evidence of a structural
link between op-BA and preMA, as suggested by Lemaire
et al. using DTT analysis [47]. The authors investigated

the structural connectome of the extended BA, identify-
ing the U-shaped opercular-premotor fasciculus that con-
nects the op-BA to the ipsilateral preMA [47]. On the
contrary, tri-BA and ventral preMA showed lower func-
tional connectivity (W = 0.3740.29), possibly suggest-
ing indirect communication through the op-BA.

The second strongest functional connection between
BA’s subareas and other fROIs of the common net-
work that we find is the link between op-BA - pre-SMA
(WY = 0.35 £ 0.23). These two areas are connected
by the FAT [49], which originates in the SMA /pre-SMA
and terminates into the posterior-most aspect of the IFG
[48]. Triangular BA and pre-SMA share a lower func-
tional connectivity weight (W¢ = 0.204 0.21) compared
to op-BA and pre-SMA, reflecting the anatomic bound-
aries of the FAT.

Finally, the functional link between op-BA and WA is
in line with the evidence of a dorsal pathway of language
between op-BA and STG through the AF/SLF system
(dorsal pathway II) [3].
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Supplementary Figure S1: Individual functional network for each subject. Each node represents a fROIs in the
individual network at the fROI-level, links are determined by Eq. (1) and (2) in the main text. Functional ROIs (nodes) which
are part of the common network (see Fig. 3) are colored differently according to the legend, all other fMRI active areas are not
distinguished and colored in grey. All the nodes (fROIs) are depicted with the same size for illustration purpose and are not
proportional to the actual fROI’s size. The construction of the functional network for each individual follows the procedure
described in Sec. ITE and in Fig. 2.



Supplementary Table S1: Activated areas across subjects.

Activated area (fROI) Abbreviations|Activated in # of subjects
Angular Gyrus (L) AngG (L) 4
opercularis-Broca’s Area (L) |op-BA (L) 19
triangularis-Broca’s Area (L) |tri-BA (L) 18
Broca’s Area (R) BA (R) 5
Caudate (L) Caudate (L) 7
Caudate (R) Caudate (R) 5
Deep Opercular Cortex (L) DOC (L) 3
Deep Opercular Cortex (R) DOC (R) 1
Middle Frontal Gyrus (L) MFG (L) 13
Middle Frontal Gyrus (R) MFG (R) 2
pre-Central Gyrus (L) pre-CG (L) 4
pre-Central Gyrus (R) pre-CG (R) 3
ventral-Premotor Area (L) v-preMA (L) 19
dorsal-Premotor Area (L) d-preMA (L) 10
Premotor Area (R) preMA (R) 2
pre-Supplementary Motor Area|pre-SMA 20
Supra-Marginal Gyrus (L) SupMG (L) 12
Supra-Marginal Gyrus (R) SupMG (R) 3
Wernicke’s Area (L) WA (L) 19
Wernicke’s Area (R) WA (R) 8
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Supplementary Table S2: Links weight between pairs of fROIs in the common network (Wc)

Pair of connected fROIs|Link weights (mean £ stdv)
v-preMA(L) - pre-SMA 0.64 +0.31
v-preMA(L) - WA(L) 0.18 +0.24
v-preMA(L) - op-BA(L) 0.74+0.31
v-preMA(L) - tri-BA(L) 0.37+£0.29
pre-SMA - tri-BA(L) 0.20+0.21
pre-SMA - op-BA(L) 0.354+0.23
WA(L) - op-BA(L) 0.17 4+ 0.22
op-BA(L) - tri-BA(L) 0.55+0.28




Supplementary Table S3: Link’s weight between pairs of fROI in each individual network (W)

fROI pairs#/|v-preMA (L) | v-preMA (L) | v-preMA (L) | v-preMA(L) [pre-SMA |pre-SMA |WA(L) op-BA(L)
Subject -pre-SMA  |-WA(L) -op-BA(L) |-tri-BA(L) |-tri-BA(L)|-op-BA(L)|-op-BA(L)|-tri-BA(L)
1 0.46 0.01 1 0.68 0.65 0.1 0.24 0.65
2 0 0 0 0 0.19 0.94 0.57 1
3 1 0.14 0.53 0.04 0.14 0.61 0 0.44
4 0.43 0.16 1 0.67 0.14 0.73 0.79 0.71
5 1 0.38 0.36 0.08 0.28 0.1 0.2 0.16
6 0.55 0.31 0.33 0.18 0.08 0.45 0.21 1
7 0.19 0.02 1 0 0.00 0.3 0.02 0
8 0.01 1 0 0.41 0.03 0 0 0
9 1 0.01 0.04 0.13 0.62 0.19 0.09 0.45
10 1 0 0.75 0 0.00 0.38 0 0
11 0.54 0.35 0.58 1 0.23 0.21 0.01 0.76
12 0.58 0.03 1 0.64 0.07 0.35 0.27 0.75
13 1 0.34 0.42 0.42 0.58 0.33 0.07 0.66
14 0.41 0.06 0.97 0.1 0.06 0.19 0.06 1
15 0.47 0.01 1 0.11 0.01 0.04 0 0.29
16 0.34 0.05 1 0.18 0.00 0.13 0.01 0.33
17 1 0.03 0.97 0.82 0.23 0.45 0.02 0.42
18 0.58 0.15 1 0.04 0.01 0.57 0.09 0.35
19 0.7 0.1 1 0.5 0.03 0.22 0.01 0.21
20 1 0.03 0.36 0.33 0.19 0.28 0.43 0.23
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