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Abstract

Based on the empirical findings on the human cortical locations responsive to auditory and/or visual stimuli, the

objective of this work is to study the neural interactions within and across these cortical locations using electrocor-

ticography (ECoG) signals. To this end, we obtain the brain functional connectivity networks under three basic speech

conditions, namely auditory-only, visual-only and audiovisual. We show that the patterns of neural interactions largely

depend on the condition of speech. In particular, under the auditory-only speech condition, the superior temporal gyrus

directly communicates with the prefrontal cortex, and the prefrontal cortex interacts with the somatosensory cortex to

process the auditory input. In the visual-only speech condition, the middle temporal gyrus and motor cortex directly

exchange information, while the occipital lobe interacts with the prefrontal cortex. In the audio-visual speech condition,

the prefrontal cortex communicates with the somatosensory cortex, and the superior temporal gyrus communicates with

the occipital lobe to process the information. In addition, local communications within the motor cortex, somatosen-

sory cortex, Wernick’s area and superior temporal gyrus increase under all speech conditions. Several properties of

the networks, including degree and strength of each node, are used to identify the areas that play key roles in speech

processing for each speech condition. These analyses reveal that the superior temporal gyrus is highly involved in the

auditory-only speech processing. In the visual-only speech condition, the occipital lobe, motor cortex, somatosensory

cortex and prefrontal cortex play an active role in speech processing. The properties of the brain functional network

under the audio-visual speech condition confirm the supra modality of speech by integrating the properties of the brain

networks in the auditory-only and visual-only speech conditions.

1. Significance Statement

There exist empirical findings on the human cortical

locations responsive to auditory and/or visual stimuli. It
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is also known that the speech perception is a multi-modal

process that integrates both visual and acoustic informa-

tion. However, the cortical interactions across the respon-

sive brain areas are not well understood. Using high tem-

poral and spatial resolution data collected from ECoG

electrodes, we study the large-scale cortical interactions



across responsive brain regions under three basic speech

conditions. This study shows the importance of short-

and long-range cortical interactions and identifies the ar-

eas that play an important role in speech processing under

each speech condition. In this work, the brain functional

networks are obtained based on partial correlation, which

shows that the brain network is sparse and connected with

large communicating distances.

2. Introduction

Human cognitive skills depend on various cortical and

subcortical networks of neural interactions. Speech per-

ception is a complex process that integrates both auditory

and visual information and involves a wide network of neu-

rons distributed across the frontal, parietal and temporal

lobes as well as subcortical structures (Hall et al., 2005;

Stein and Meredith, 1993; Wallace et al., 2004). An ex-

ample of multi-sensory nature of the speech perception is

the well-known McGurk effect, where the auditory compo-

nent of one sound paired with the visual component of an-

other sound leads to the perception of a third sound. For

example, the auditory /ba/ paired with the visual /ga/

yields the perception of /da/ (McGurk and MacDonald,

1976). There is a large body of literature on how cortical

areas support the perception of speech and how observable

mouth movements profoundly influence the speech percep-

tion (Summerfield, 1992; Skipper et al., 2007; Jones and

Callan, 2003; MacLeod and Summerfield, 1987; Schwartz

et al., 2004; Jaekl et al., 2015; Tuomainen et al., 2005).

Understanding the neurophysiology of the audio-visual

speech perception has implications for communicative dis-

orders, where the multi-sensory speech integration is ei-

ther impaired or may confer functional benefits such as

dyslexia, autism, aphasia, cochlear implants and other

hearing disorders (Redcay, 2008; Alcántara et al., 2004;

Čeponienė et al., 2003; Godfrey et al., 1981; Joanisse et al.,

2000; Mummery et al., 1999; Svirsky et al., 2004). To bet-

ter understand the neurophysiological processes underling

the speech perception and other complex cognitive tasks,

it is useful to measure how different cortical network com-

ponents interact with one another in addition to measur-

ing the location and timing of functional brain activations.

These interactions can be represented by means of func-

tional connectivity. In this work, we provide supporting

evidence on the supra modality nature of speech processing

in the human brain using a brain functional connectivity

network analysis.

The functional connectivity is defined as a statistical

dependency between the activities recorded from spatially

remote brain regions. The concept of brain connectivity

adds an important dimension to the functional mapping of

cortical functions (Bressler and Tognoli, 2006). This con-

cept suggests that the functional role of a cortical area is

defined not only by its activation during a particular set of

tasks but also by communicating with other remote corti-

cal regions. Functional connectivity has been extensively

studied using several functional neuro-imaging methods,

particularly functional MRI (fMRI) (Koshino et al., 2005;

Fair et al., 2007; Roy et al., 2009; Cordes et al., 2000;

Cherkassky et al., 2006; Peltier et al., 2005). In this work,

we study the brain neural interaction under three basic

speech conditions: auditory-only, visual-only and audio-

visual speech, using data collected from ECoG in human

subjects implanted with subdural electrodes for epilepsy.

In brain connectivity studies, it is often desirable to un-

derstand how the brain communicates as a large network

of many brain regions. In general, for three or more si-

multaneous signals measured from cortical areas, the rela-
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tionship between any two signals may be direct, mediated

by a third signal, or a combination of both. To identify

the direct interaction between two disjoint brain areas in

the brain network, the effect of the remaining areas needs

to be regressed out. For the brain functional connectivity

that is traditionally analyzed in terms of correlation and

coherence, this issue can be addressed by means of partial

correlation in the time domain and partial coherence in the

frequency domain (Marrelec et al., 2006; Salvador et al.,

2005; Sojoudi and Doyle, 2014). In this work, the patterns

of the functional brain network under auditory, visual and

audiovisual speech stimuli are studied in the time domain

based on partial correlation.

After identifying the brain network structures, certain

network properties, including degree and strength of each

node, are used to study which brain areas are affected

by the condition of speech and what roles they play in

the speech processing. Moreover, we study the long- and

short-range interactions between different brain regions to

discover the communication patterns of these areas un-

der each speech condition. In addition, different brain

areas are clustered anatomically and their within and be-

tween community interactions are studied. The nodes of

the brain connectivity networks are then clustered based

on their patterns of connectivity and compared across the

three speech conditions. Moreover, we show the impor-

tance of short- and long-range cortical interactions and

identify the areas that play an important role in speech

processing and show their dependence on the condition of

speech.

3. Materials and Methods

3.1. Experiment

In this study, the subjects are presented with audio and

video recordings of three basic speech conditions:

• Auditory only (A)

• Visual speech mouth movement (V)

• Audiovisual word-congruent (AV)

The auditory and visual speech stimuli designed for

this study include multi-syllabic words with high lexical

frequency. Each task involves detecting two target words

of high lip-read probability in either modality. Figure 1

shows the onset of visual and auditory stimuli designed

for this study.

node, are used to study which brain areas are affected

by the condition of speech and what roles they play in

the speech processing. Moreover, we study the long- and

short-range interactions between different brain regions to

discover the communication patterns of these areas un-

der each speech condition. In addition, different brain Time to Voice 
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Onset!
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Figure 1: Visual and auditory onsets.

3.2. Data

The data is collected using intracranial EEG recorded

from three patients with pharmacologically intractable

epilepsy with average or above IQ, normal verbal func-

tion and no evidence for functional reorganization. Elec-

trode positions were determined through co-registration of

pre-implantation MRI with post implantation CT, and the

cortical gyral anatomy was obtained through surface ren-

dering of the pre-implantation MRI. ECoG signals were

recorded from implanted grid and strips using a sampling

rate of 512 Hz. The subdurally implanted 8×8 electrode
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grid and strips had an inter-electrode distance of 10 mm

and an electrode diameter of 4 mm.

Prior to data analysis, the artifacts are detected and

removed by visual inspection. The data is then de-trended

and demeaned. As shown in Figure 1, the visual onset time

is set around -300ms, while time 0s indicates auditory on-

set. To avoid biasing the results of the analysis towards

one condition over another, we choose the time interval

[−1s − 0.5s] as the baseline (the time when no stimulus

is presented) and the time interval [0s 0.5s] for the anal-

ysis of the three speech conditions. The number of trials

chosen for the analysis is the same for all speech condi-

tions. The study is performed on three subjects, resulting

in similar conclusions. However, to simplify the presen-

tation, we focus only on one subject in this paper, and

the analysis for the other two subjects is provided in the

supplementary materials. For the subjects under study, 50

trials are chosen on average for each analysis.

3.3. Brain Functional Connectivity Network

A subset of ECoG electrodes is selected for the analysis

based on their high-gamma (70-190 Hz) responses. Since

the magnitude and timing of high-gamma responses are

highly correlated with increased firing rates in local corti-

cal neurons, those electrodes whose corresponding signals

show an increased high-gamma power relative to the base-

line period are considered as responsive electrodes. These

electrodes are then used to represent the nodes in the brain

networks to be modeled. The brain functional networks

for the three speech conditions are obtained based on the

partial correlation coefficients. In what follows, we first re-

view this concept together with a computational method

for finding partial correlations.

Consider a variable set x = {x1, x2, . . . , xn}, two ran-

dom variables xi, xj ∈ x, and a subset y ⊆ x\{xi, xj}. We

denote the partial correlation between xi and xj given y

as ρxixj .y, which is defined as the correlation of the resid-

uals Rxi and Rxj corresponding to the least-squares linear

regression of xi on y and xj on y, respectively. In the

multivariate Gaussian setting, ρxixj .y = 0 if and only if xi

and xj are conditionally independent given y. In this case,

the partial correlation can be computed efficiently without

having to solve the regression problem, via inverting the

correlation matrix for the union y∪{xi, xj}, provided that

the correlation matrix is positive definite.

In practice, only a sample correlation matrix is avail-

able and the true (population) correlation matrix is un-

known. In most fMRI studies, the number of measure-

ments is low relative to the number of variables. Therefore,

the sample partial correlation may not be directly com-

puted through a matrix inversion. However, in neurophys-

iological recordings such as EEG and ECoG, the number of

measurements is reasonably large compared to the number

of recording sites and, hence, a good estimate of the par-

tial correlation may be found by inverting and rescaling

the sample correlation matrix. To model the functional

connectivity between the recording sites of multichannel

ECoG data, we first form the sample correlation matri-

ces for all individual trials. These matrices are then used

to compute the sample partial correlations. The sample

partial correlation matrices are computed by normalizing

the inverse sample correlation matrices with respect to the

main diagonal elements.

To understand how the elements of the correlation and

partial correlation matrices are related, we denote the

(sample) correlation matrix of the union y ∪ {xi, xj} as

R and the (i, j)th entry of R−1 as rij . The (sample) par-

tial correlation between xi and xj is as follows:
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ρxixj .x\{xj ,xj} =
−rij√
riirjj

(1)

For each individual trial, the partial correlation matrix

is first computed. Fisher z-transformation is then applied

to every individual partial correlation matrix using the

equation

zij :=
1

2
ln

(
1 + ρij
1− ρij

)
(2)

for the (i, j)th entry of the partial correlation matrix. The

average is taken over all z-transformed matrices.

The statistical procedure for ruling out the possibility

of existence/nonexistence of an edge in a functional net-

work associated with one of the conditions is explained in

the next section.

3.4. Statistical Tests

To form the brain functional network of a speech con-

dition, consider two nodes i and j in the network. The

corresponding z-transformed partial correlation coefficient

between these two nodes is found for each trial, and then

these coefficients are used to form a weight set Wij =

{W 1
ij ,W

2
ij , . . . ,W

N
ij }, where W k

ij is the z-transformed par-

tial correlation coefficient between electrodes i and j in

trial k. The outliers are removed from Wij and the re-

maining values are entered into a one-tailed one sample

t-test with mean equal to 0 at the 5% significance level.

Finally, a positive false discovery rate (pFDR) analysis was

applied to the p-values obtained from the t-test using the

procedure described by (Storey, 2003). More precisely, the

positive false discovery rate is defined to be

pFDR = E
[
V

R

∣∣∣∣R > 0

]
(3)

where E [·] denotes the expectation operator, and V and

R are the number of false positives and the number of

rejected null hypotheses, respectively.

The above-mentioned steps are illustrated in Figure 2.

The results of the FDR analysis are used to determine

whether the partial correlation between any two nodes in

the brain functional network is significant in each speech

condition. If the partial correlation between two nodes

in the network is statistically significant, it will be rep-

resented by an edge in the brain functional connectivity

graph. These steps are repeated for the baseline, auditory-

only, visual-only and audio visual speech conditions, which

will yield four brain functional connectivity graphs GB , GA,

GV and GAV , respectively.

Denote the set of all three speech conditions with S,

i.e., S = {auditory, visual and audio-visual}. Suppose

Wc1
ij and Wc2

ij are two weight sets representing the par-

tial correlations between nodes i and j under conditions

c1 and c2, where c1 ∈ S and c2 = baseline. The values

of Wc1
ij and Wc2

ij are entered into a two-tailed two sample

t-test with mean equal to zero at the 5% significance level.

Afterwards, an FDR analysis is applied to the p-values

obtained from the t-test. Let W̄ c1
ij and W̄ c2

ij be the aver-

age weights obtained from the weight sets Wc1
ij and Wc2

ij ,

respectively. If the difference between Wc1
ij and Wc2

ij is

statistically significant and W̄ c1
ij is larger than W̄ c2

ij , then

the edge connecting nodes i and j in the brain functional

network associated with condition c1 will be shown in red;

otherwise, the edge will be colored in blue. Likewise, if c1

and c2 both belong to the speech condition set S, then the

relationship between nodes i and j in the brain functional

networks associated with those speech conditions can be

compared statistically.

Given a graph, the degree of each node is defined as

the number of links (edges) in the graph that connect the

node to other nodes in the graph. For each of the four

5



!"
#$
%&&
'&

!"
#$
%&&
(&

!"
#$
%&&
)
&

*!"#$%!"
&'%!"

(')'*%!"
+,*

Wij
1 

Wij
2 

Wij
N 

+,-./$01%-&2.2-/23&
4-$,56&

7#8,#9:$,:-5;&

<=>&?,$%@/#/&

Figure 2: Statistical analysis of the functional connectivity.

functional brain networks GB , GA, GV and GAV , the degree

of each node is computed and reflected in the size of the

circle showing the node in the graph. More precisely, the

higher the degree of a node is, the larger the diameter of

its corresponding circle is. Given a weighted graph, the

strength of each node is defined as the sum of the weights

of the links that connect the node to other nodes in the

graph. We denote the strength of node i as Si. In this

work, we consider the weight of each edge in the graph

as the value of the corresponding squared z-transformed

partial correlation. In order to evaluate the dependency

of the strength of a node to the condition of the speech,

we form a union graph by taking the union of GB , GA,

GV and GAV , and denote it with Ḡ. The weights assigned

to Ḡ are variable and depend on the values of squared z-

transformed partial correlation coefficients in each of the

three speech conditions and the baseline period. Denote

the “weighted union graphs” associated with the baseline,

auditory, visual and audio-visual speech conditions as ḠB ,

ḠA, ḠV and ḠAV , respectively.

To study the changes in the strength of each node from

one speech condition to another, we form a strength set

Sic = {S1
ic
, S2

ic
, . . . , SN

ic
}, where Sj

ic
denotes the strength

of node i in trial j of the speech condition c. For every

two conditions c1 and c2 in the speech condition set S,

Sic1
and Sic2

are computed based on the weighted union

graphs. The outliers are then removed and the remaining

values are entered into a two-tailed two-sample t-test with

mean equal to zero at the 10% significance level. An FDR

analysis is then applied to the results of the t-test. Let S̄ic1

and S̄ic2
be the average values obtained from the strengths

sets Sic1
and Sic2

, respectively. If S̄ic1
is larger than S̄ic2

and Sic1
is significantly different from Sic2

statistically,

then the corresponding node in the graph of condition c1 is

shown in red and in blue otherwise. Likewise, the strength

of every node is compared between each speech condition

and the baseline.

In order to study the variability of the network proper-

ties under different speech conditions within and across

groups of nodes (as opposed to individual nodes), the

nodes of the network are clustered based on their anatom-

ical locations. For a weighted union graph, the strength

of a cluster is defined as the sum of the weights of the

edges within the cluster. Assume that K is the number of

clusters in the network. Let Scj
k be the strength of clus-

ter k ∈ {1, 2, . . . ,K} in trial j under speech condition c.

Moreover, define the strength of the connections between

two clusters m and n as the sum of the weights of the

edges that connect clusters m and n. Denote the strength

of the connectivity between clusters m and n in trial j un-
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der speech condition c with Scj
mn. To study how much the

strength of a cluster and its connections to other clusters

in the union graph change based on the condition of the

speech, we first find the strength of each cluster and the

strength of its connectivity to other clusters for each indi-

vidual trial and speech condition. We use these numbers to

form within and between clusters strength sets and denote

them as Sc
k = {Sc1

k , . . . ,ScN
k } and Sc

mn = {Sc1
mn, . . . ,ScN

mn}

for every m,n ∈ {1, . . . ,K}.

For every two conditions c1, c2 ∈ S, we compute Sc1,

Sc2, Sc1
mn and Sc2

mn. Afterwards, Sc1 with Sc2 and Sc1
mn

with Sc2
mn are entered into a two-tailed two-sample t-test

with mean equal to zero at the 1% significance level, fol-

lowed by an FDR correction. In addition to grouping the

nodes of the networks based on their anatomical locations,

it is useful to cluster them based on their pattern of con-

nectivity as well. This type of clustering provides useful

information on how different parts of the brain group to-

gether to process information. In this work, the nodes

of each graph representing the brain connectivity network

under a speech condition are clustered using the Louvain

algorithm (Blondel et al., 2008; Reichardt and Bornholdt,

2006).

4. Results

In this work, we represent the functional connectiv-

ity networks associated with each speech condition with

a network of nodes and edges, where each node repre-

sents a recording site and an edge between two nodes in

the network represents a non-zero partial correlation be-

tween the variabilities of the signals recorded from those

recording sites. Figure 3 shows the anatomical locations

of the ECoG electrodes for the subject under study. A

subset of these recording sites have been selected based on

Table 1: The cortical locations of the selected ECoG electrodes.

Region of interest Labels

Caudal middle frontal 4

Precentral 6, 28

Pars opercularis 11

Postcentral 16, 30

Pars triangularis 26, IF8

Supra marginal 31, 32

aSTG 42

mSTG 46

pSTG 47, 48

aMTG 60

Lateral occipital S1, S4

their high-gamma responses. The numbered yellow disks

in Figure 3 show the anatomical locations of these record-

ing sites. The cortical locations of the selected electrodes

and their labels are provided in Table I.

4 6 
11 16 

32 28 26 

42 46 47 

60 

S4 S1 

IF8 

30 31 

48 

Figure 3: The locations of the selected ECoG electrodes for the sub-
ject under study.

In what follows, the approaches discussed earlier will be

deployed to model the brain functional connectivity net-

works under three speech conditions as well as the base-

line period. Certain properties of these networks will then

be used to both identify the brain areas that respond to
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speech stimuli and study how brain regions communicate

with one another when the condition of speech changes

from auditory-only to visual-only to audio-visual.

4.1. Brain Functional Connectivity Networks

Using the methods described in Section 3.3, brain func-

tional networks are obtained for all speech conditions and

the baseline period. The graph representations of these

networks, namely GB , GA, GV and GAV , are given in Fig-

ure 4. Figure 4(a) shows the functional network during the

baseline period. This brain network is highly sparse and

there exist no significant long-range interactions between

remote brain regions. However, the brain functional net-

work changes under each speech condition and reveals an

increased correlation between the activities or variabilities

of anatomically remote brain areas, which indicates the

role of those areas in the speech processing as well as the

importance of their communications for processing speech.

In the functional connectivity graphs for all three

speech conditions, the brain areas that form stronger and

weaker connections to other regions are highlighted in

red and blue, respectively. In particular, in presence of

auditory-only speech stimuli, the brain regions whose ac-

tivities are recorded via electrodes 28, 32, 42, 47 and 48

form stronger connections to other brain regions (Fig-

ure 4(b)). These regions include pre-central, supra

marginal, aSTG and pSTG. Note that the strengths

of these nodes are considered as the sum of the weights

of the edges connected to these nodes in the union graph.

More details on how these strengths are compared among

different conditions can be found in Section 3.4.

Figure 4(c) shows the brain functional network un-

der the visual-only speech condition. The regions whose

strengths are increased significantly by the stimuli are the

ones corresponding to electrodes, 6, IF8, 26, 30, 32, S1,

and S4. These regions are precentral, pars triangu-

laris, postcentral, supra marginal and lateral oc-

cipital cortex. Moreover, under the audio-visual speech

condition, the regions associated with electrodes IF8, 16,

30, 31, 32, 42, 47, 48, and S4 form significantly stronger

connections with other nodes in the functional network.

These regions include pars triangularis, postcentral,

supra marginal, aSTG, pSTG and lateral occipital

cortex, and are shown in Figure 4(d).

The methods explained in Subsection 3.4 are used to

study how the strength of each node in the brain func-

tional network is effected by the speech condition. The

results of this study are provided in Figure 5. Each node

highlighted in red in any of these graphs has the prop-

erty that its strength increases significantly under a speech

condition. Similarly, if a node becomes significantly week

under a speech condition, it is highlighted in blue. Fig-

ure 5(a) shows the map of all nodes that are significantly

stronger or weaker during the auditory-only condition rel-

ative to the visual-only speech condition. The nodes with

larger differences are shown by larger diameters. In partic-

ular, the nodes associated with caudal middle frontal,

precentral, aSTG, mSTG and pSTG are significantly

stronger under the auditory-only speech condition relative

to the visual-only speech condition. On the other hand,

the nodes associated with pars triangularis and post-

central become weaker under the auditory-only condition

in comparison with the visual-only condition, while the

remaining nodes remain relatively unchanged.

Note that the strengths of the nodes can be used to

identify the areas that are highly engaged in the speech

processing. These areas largely depend on the speech con-

dition. Figure 5(b) shows the map of the nodes that are

significantly stronger or weaker during the auditory-only

8



1 2 3 4 5 

(a) (b)

(c) (d)

Figure 4: The brain functional connectivity networks representing the cortical interactions during: (a) baseline, (b) auditory-only speech
condition, (c) visual-only speech condition, and (d) audio-visual speech condition. In these graphs, the nodes that are significantly stronger
during each speech condition relative to the baseline are highlighted in red. The nodes that show a decrease in their strengths are shown in
blue.

condition relative to the audio-visual speech condition.

As illustrated in the map, the nodes located in aSTG,

mSTG and pSTG show increasing strengths during the

auditory-only condition, while the strengths of the nodes

in pars triangularis and precentral decrease signifi-

cantly in the auditory-only condition (or equivalently in-

crease significantly during the auditory-visual speech con-

dition). Figure 5(c) shows a nodal map that can be used to

compare the strength of each node in the visual-only condi-

tion relative to the audio-visual condition. In the presence

of visual-only speech stimuli, the nodal strengths in supra

marginal, mSTG, pSTG and lateral occipital cortex

increase significantly, while the nodes located in pars op-

ercularis and aSTG form stronger connections to other

nodes under the audio-visual stimuli.

So far, we have used nodal interactions to identify brain

regions that are highly active in speech processing, to un-

derstand how they interact with other parts of the brain

in order to process speech, and to study the dependency

of certain properties of the network on the condition of

speech. In order to study the brain neural interactions

within and between larger brain segments, we cluster the

nodes of each network according to their anatomical loca-

tions into 5 different clusters as follows:

Cluster 1: C1 = {4, 11, 26, IF8}. These nodes/electrodes

are located in the prefrontal cortex.

Cluster 2: C2 = {6, 28, 16, 30, 31, 32}. These nodes are

located in the primary motor cortex, primary so-

matosensory cortex and wernicke’s area.

Cluster 3: C3 = {42, 46, 47, 48}. These nodes are located

in the superior temporal gyrus.

Cluster 4: C4 = 60. This node is located in the middle

temporal gyrus.

Cluster 5: C5 = {S1, S4}. These electrodes are located

in the occipital lobe.
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(a) (b)

(c)

Figure 5: The nodal maps comparing the strength of each node in one speech condition relative to another speech condition: (a) map of nodal
strength changes in the auditory-only condition relative to the visual-only condition, (b) map of nodal strength changes in the auditory-only
condition relative to the audio-visual condition, (c) map of nodal strength changes in the visual-only condition relative to the audio-visual
condition. The stronger nodes in one condition in comparison with another condition are shown in red. The weaker nodes are shown in blue.
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The five clusters defined above are shown in Fig-

ure 4(a). The nodes belonging to the same cluster of the

network are shown in the same color. In what follows, we

investigate: i) how the strength of each cluster changes

from one speech condition to another, ii) how the links

that connect these clusters to one another are effected by

the condition of speech.

4.2. Cluster Connectivity

The nodes of the brain functional networks depicted in

Figure 4 are first clustered into the five clusters mentioned

before. The strength of the connections within each clus-

ter and the strength of the connections between every two

clusters in the network are then evaluated for each speech

condition. Figure 6(a) shows how the strength of each

cluster changes from one speech condition to another. In

particular, the strengths of clusters 2 and 3 increase sig-

nificantly during all three speech conditions. These clus-

ters span the primary motor cortex, primary soman-

tosensory cortex, wernicke’s area and superior tem-

poral gyrus. The brain areas associated with clusters 2

and 3 exhibit not only a high level of correlated activities

under speech stimuli relative to the baseline, but also sig-

nificant differences from one speech condition to another.

These differences are highlighted in Figure 6(b). For in-

stance, the strength of the connectivity within the primary

motor cortex, primary somantosensory cortex and wer-

nicke’s area is significantly higher during the auditory-only

speech relative to the visual-only speech condition. More-

over, the strength of the connectivity within the superior

temporal gyrus is significantly different in the audio-visual

condition relative to the two other speech conditions. Fur-

thermore, the strength of cluster 5 associated with the oc-

cipital lobe decreases during the auditory-only speech and

increases during the visual-only and audio-visual speech

conditions.

Figures 6(c)–(e) illustrate how the strength of the con-

nections between every two clusters in the network changes

from one speech condition to another. As shown in Fig-

ure 6(c), the correlation between the activities of C1 (pre-

frontal cortex) and C2 (motor, somatosensory and wer-

nicke’s area) increases under the auditory-only speech con-

dition. The connection between C1 and C3 (superior tem-

poral gyrus) also becomes stronger, though insignificantly.

On the other hand, the strength of the connections be-

tween C2 and C4 (middle temporal gyrus) decreases signif-

icantly under the auditory-only stimuli. Figure 6(d) shows

the changes in the values of partial correlations between

different clusters under the visual-only speech condition.

In particular, the correlated activities increase between

C1 and C2, and decrease between C3 and C4 under the

visual-only speech. In the audio-visual speech experiment,

the correlated activities between C1 and C2, C2 and C3,

C2 and C5 (occipital lobe) increase significantly in com-

parison with the baseline period. These results are shown

in Figure 6(e).

In addition to investigating how the strengths of the

interactions within each cluster and between every two

clusters in the network change from one speech condition

to another, it is useful to compare the number of edges

within and between the anatomically clustered nodes un-

der each speech condition. These numbers are given in

Figure 7. A quick comparison reveals that nodes of the

3rd cluster, i.e., superior temporal gyrus, are more con-

nected during all three speech conditions compared to the

baseline. However, the nodes of the network in the cluster

associated with the prefrontal cortex have less connectivity

under the three speech conditions. Moreover, the number

of interactions within the second cluster, which spans the

11



A V AV 

C
1 

C
2 

C
3 

C
4 

C
5 

! ! ! 

! 

(a)

A vs V A vs AV V vs AV 

C
1 

C
2 

C
3 

C
4 

C
5 

! 

! ! 

! 

(b)

C1 C2 C3 C4 C5 

C
1 

C
2 

C
3 

C
4 

C
5 

! 

! 

(c)

C1 C2 C3 C4 C5 

C
1 

C
2 

C
3 

C
4 

C
5 

! 

! 

! 

! 

(d)

C1 C2 C3 C4 C5 

C
1 

C
2 

C
3 

C
4 

C
5 

! ! 

! 

! 

! 

! 

(e)

Figure 6: Strength of the connections within each cluster and between every two clusters in the network: (a) strength of the connections within
each of the five clusters under the auditory-only, visual-only and audio-visual speech conditions compared to the baseline, (b) comparison of
the strength of each cluster for each speech condition, (c) the inter-cluster strengths during the auditory-only speech stimuli in comparison
to the baseline, (d) the inter-cluster strengths during the visual-only speech stimuli relative to the baseline, (e) the inter-cluster strengths
during the audio-visual condition relative to the baseline. The ticked boxes show the conditions under which the strengths of the interactions
within a cluster decrease/increase significantly. In all these graphs, the increased strengths are shown in red and the decreased strengths are
shown in blue.

primary motor cortex, primary somatosensory cortex and

wernicke’s area, increases significantly under the auditory-

only and audio-visual speech conditions. Figure 7 also

shows the connectivity between every two clusters in the

brain network. Under all three speech conditions, the

connectivity between prefrontal cortex and primary motor

cortex, primary somatosensory cortex and wernicke’s area

increases significantly. Similarly, the number of links con-

necting the primary motor cortex, primary somatosensory

cortex, and wernicke’s area to the superior temporal gyrus

increases significantly under the three speech conditions.

C1 

C2 

C3 

C4 

C5 

A V AV B 
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    c1-c5 
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Figure 7: Number of neural interactions within and between anatom-
ically clustered nodes in the brain functional networks.

The degree of a node in the brain functional network

could potentially provide useful information on the im-

portance of that node/area in the network for processing

information under certain conditions. Figure 8 shows how

the degree of a node in the brain connectivity map changes

from one speech condition to another. For instance, nodes

31 and 32 located in the wernicke’s area have the high-

est degree of connectivity in the brain functional network

associated with the audio-visual speech condition. These

nodes can be considered as central nodes in the brain func-

tional network during the audio-visual speech processing.

On the other hand, node 28 located in the precentral re-

gion is a central node in the auditory speech processing.

For processing the visual-only speech, nodes 30, 31, 46 and

IF8 located in the postcentral, supra marginal, mSTG and

pars triangularis become the central nodes, as shown in the

graph.

An alternative way of visualizing how different parts of

the brain interact with one another under different condi-
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(a)

Figure 8: Degrees of the nodes in the brain networks for the baseline
period (black), auditory-only (red), visual-only (green), and audio-
visual (blue) speech conditions.

tions is to cluster them based on their connectivity, rather

than their anatomical locations as considered before. In

order to cluster the nodes of the brain networks based on

their connectivity, the Louvain clustering algorithm is used

and the results of this algorithm are provided in Figure 9.

All nodes of the network in the same cluster are shown

with the same color. Figure 9(a) shows the map of the

clustered nodes of the network associated with the base-

line, i.e., GB . We can observe that the clusters are mostly

local, and that the outcome of this clustering strategy is

somewhat similar to the anatomical clustering performed

before. The exception is that the nodes located in the su-

perior temporal gyrus are clustered with the ones located

in the motor cortex, somatosensory cortex and wernicke’s

area (i.e., cluster C2 in the anatomical clustering).

Figure 9(b) shows the anatomical locations of the

nodes in the brain network GA and their clustering in the

auditory-only speech condition. This map unveils the clus-

tering of some areas in the occipital lobe with middle tem-

poral gyrus and a part of the superior temporal gyrus.

On the other hand, a part of the superior temporal gyrus

is clustered with the somatosensory cortex and wernicke’s

area. In addition, the nodes located in the prefrontal lobe

are clustered with the nodes located in the motor cortex

and somatosensory cortex. In Figure 9(c), it is shown

which parts of the brain interact with one another for pro-

cessing visual-only speech information. According to this

map, some areas in the prefrontal lobe, primary motor cor-

tex and middle temporal gyrus directly communicate with

the areas located in the occipital lobe. On the other hand,

the superior temporal gyrus is clustered with the primary

somatosensory cortex, wernicke’s area and a part of the

motor cortex. The clustering of the brain network under

the audio-visual-speech condition, namely GAV , is given in

Figure 9(d). This map shows the clustering of the nodes

located in the occipital lobe with the ones in the middle

temporal gyrus, motor cortex, somatosensory cortex and

wernicke’s area. Moreover, a part of the superior tempera

gyrus is clustered with the prefrontal cortex in the graph

associated with the audio-visual speech condition.

5. Discussion

Speech perception is a multi-modal process that in-

volves both auditory and visual information. There ex-

ist empirical findings on the human cortical locations re-

sponsive to auditory and/or visual stimuli. The purpose

of this work has been the development of a framework

under which the communication networks underlying the

auditory-only, visual-only and audio-visual speech process-

ing in the brain could be identified. In particular, we

have studied how disjoint brain regions associated with

audio/visual speech interact with one another under dif-

ferent speech conditions and how the brain functional net-

work changes from one condition to another. The patterns

of “direct” neural interactions during these activities have

been obtained based on the partial correlation method.

Each experiment has been repeated multiple times and
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Figure 9: Maps of the nodes in the brain networks that are clustered together using the Louvain clustering algorithm for: (a) baseline period,
(b) auditory-only speech condition, (c) visual-only speech condition, (d) audio-visual speech condition. All nodes belonging to the same
cluster are shown with the same color.

these trials have been used to statistically validate the re-

sults of the analysis. The data used in this study was col-

lected from three epilepsy patients, implanted with subdu-

ral electrodes with normal verbal function and no evidence

for functional reorganization.

Using brain signals recorded from ECoG, the cortical

locations responding to auditory and/or visual stimuli are

first identified. This work focuses on the temporal time

correlation between the activities of disjoint brain areas

under the three basic speech conditions. In order to cap-

ture the direct interactions between different areas, we cal-

culate partial correlations rather than correlation coeffi-

cients. We employ the values of the partial correlation co-

efficients to form weighted graphs that represent the brain

functional connectivities under different speech conditions.

Our models of the brain functional networks suggest

that the functional brain networks within and across

responsive cortical areas under auditory and/or visual

speech conditions are sparse and that the connections

are not randomly dispersed among cortical areas. Sev-

eral properties of the networks, including the degree and

strength of each node, are compared among different con-

ditions. In addition, disjoint brain areas whose activities

are recorded via ECoG electrodes are clustered anatomi-

cally and their within and between community interactions

are studied for each condition.

Comparing the graphs of the brain connectivity net-

works reveals that most of the correlated activities are lo-

cal during the baseline period, while anatomically remote

brain areas interact with one another to process speech un-

der the speech conditions. In particular, long-range con-

nections connect the superior temporal gyrus to the pre-

frontal cortex and the prefrontal cortex to the somatosen-

sory cortex under auditory-only stimuli. Under the visual-

only condition, the middle temporal gyrus is connected

to the motor cortex, and the occipital lobe is connected
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to the prefrontal cortex. Furthermore, long-range con-

nections link the prefrontal cortex to the somatosensory

cortex, superior temporal gyrus and occipital lobe under

audio-visual speech stimuli. In addition, the correlated lo-

cal activities within the motor cortex, somatosensory cor-

tex and Wernick’s area, as well as the superior temporal

gyrus, increase significantly under the three speech condi-

tions.

In addition to studying the neural interactions repre-

sented by the edges in the brain functional network, the

strengths of the nodes are measured as the sum of the

weights of the edges connected to each node. The nodal

strength analysis unveils that the areas involved in the

auditory speech processing include the superior temporal

gyrus. In the visual-only speech processing, the nodes lo-

cated in the occipital lobe, motor cortex, somatosensory

cortex and prefrontal cortex become significantly stronger.

Under audio-visual speech stimuli, those nodes of the net-

work that are activated include the ones activated during

the auditory-only or visual-only speech condition. Com-

paring the degrees of the nodes in the brain functional

networks shows that the somatosensory cortex and Wer-

nick’s area have the highest degree of connectivity during

the audio-visual speech processing.

In this work, the nodes of the brain functional networks

are clustered both in terms of their anatomical locations

and their pattern of connectivity. In the anatomical clus-

tering, the strength of each cluster and its connection to

other clusters are obtained and compared among different

speech conditions. A comparison of the anatomically clus-

tered nodes in the brain networks shows that there is a

strong correlation between the activities of the prefrontal

cortex, motor cortex and somatosensory cortex under the

three speech stimuli. It also shows a strong connectiv-

ity between the motor cortex, somatosensory cortex, Wer-

nick’s area and superior temporal gyrus, especially un-

der the audio-visual speech condition. Furthermore, the

strength of the connections improves significantly within

the superior temporal gyrus, motor area and somatosen-

sory cortex under all three speech conditions. In addi-

tion to the anatomical clustering, the nodes of the brain

functional networks are clustered together based on their

pattern of connectivity using the Louvain clustering algo-

rithm.

The high temporal and spatial resolutions of ECoG

data enable us to accurately identify both the cortical lo-

cations responsible for information processing and their

interactions. However, a main limitation of the ECoG

technology is that it does not cover all possible brain ar-

eas. Therefore, the role of unmeasured cortical activities

in processing the external stimuli remains unclear. Al-

though our studies of the brain speech processing is no

exception, we have selected our subjects based on their

ECoG coverage and ensured that most of the brain ar-

eas known to play important roles in language and speech

processing have been covered and their activities have been

recorded by the ECoG electrodes. However, it is difficult,

if not impossible, to avoid the differences across individ-

ual subjects. More specifically, the locations of the ECoG

electrodes would be slightly different across the subjects

even though we have attempted to maximize the similar-

ity of the ECoG coverage between the subjects. Due to

this variability across the subjects, the functional connec-

tivities are studied separately for each subject.
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Čeponienė, R., Lepistö, T., Shestakova, A., Vanhala, R., Alku, P.,
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6. Appendix

The results of the brain functional network modeling

and analysis have been presented in the main body of the

paper for only one subject. In order to provide more sup-

porting evidence, we have studied the neural interactions

for two other subjects under three speech conditions. The

results of these studies are summarized in Figures 10 and

11.

Figure 10(a) shows the locations of the ECoG elec-

trodes implanted on the brain of Subject 2. The brain

functional connectivity networks representing the cortical

interactions for this subject are shown in Figures 10(b)-(e)

during the baseline period, auditory-only, visual-only, and

audio-visual speech conditions, respectively. These graphs

show that the interactions are short range and mostly lo-

cal during the baseline period, while the processing speech

would require both short- and long-range cortical inter-

actions. Furthermore, the increased nodal strengths in

the middle and superior temporal gyrus, prefrontal cor-

tex, motor area, somatosensory cortex and occipital lobe

reveal the importance of these areas in processing speech.

Figures 10(f)-(h) show the maps of the nodal strengths,

which are compared between each two speech conditions.

The nodes of the brain networks are clustered together

based on their connectivity, and the results of these cluster-

ings are provided in Figures 10(i)-(l). Finally, the degree

of each node is calculated under the three speech condi-

tions and the baseline in Figure 10(m). This graph shows

that the node located in the somatosensory cortex has the

highest degree of connectivity and its degree is highest dur-

ing the audio-visual speech experiment. Similar results for

Subject 3 are presented in Figure 11.
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Figure 10: a) The locations of the selected ECoG electrodes for Subject 2. The brain functional connectivity networks representing the
cortical interactions for this subject are shown during: (b) the baseline period, (c) the auditory-only speech condition, (d) the visual-only
speech condition, and (e) the audio-visual speech condition. The nodal maps comparing the strength of each node are shown in: (f) the
auditory-only condition relative to the visual-only condition, (g) the auditory-only condition relative to the audio-visual condition, and (h)
the visual-only condition relative to the audio-visual condition. The maps of the nodes in the brain networks that are clustered together based
on their connectivity using the Louvain clustering algorithm are given for: (i) the baseline period, (j) the auditory-only speech condition, (k)
the visual-only speech condition, and (l) the audio-visual speech condition. The degrees of the nodes in the brain networks of the subject
under study during the baseline period (black), auditory-only (red), visual-only (green), and audio-visual (blue) speech conditions are given
in Figure (m).
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Figure 11: a) The locations of the selected ECoG electrodes for Subject 2. The brain functional connectivity networks representing the
cortical interactions for this subject are shown during: (b) the baseline period, (c) the auditory-only speech condition, (d) the visual-only
speech condition, and (e) the audio-visual speech condition. The nodal maps comparing the strength of each node are shown in: (f) the
auditory-only condition relative to the visual-only condition, (g) the auditory-only condition relative to the audio-visual condition, and (h)
the visual-only condition relative to the audio-visual condition. The maps of the nodes in the brain networks that are clustered together based
on their connectivity using the Louvain clustering algorithm are given for: (i) the baseline period, (j) the auditory-only speech condition, (k)
the visual-only speech condition, and (l) the audio-visual speech condition. The degrees of the nodes in the brain networks of the subject
under study during the baseline period (black), auditory-only (red), visual-only (green), and audio-visual (blue) speech conditions are given
in Figure (m).
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