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1 | INTRODUCTION

Jennifer Vannes

t>3 | DarrenS. Kadis*

Abstract

Low-beta (13-23 Hz) event-related desynchrony (ERD), a neural signature of expres-
sive language, lateralizes from bilateral to left hemisphere in development. In con-
trast, low-beta event-related synchrony (ERS), thought to reflect inhibition, lateralizes
from bilateral to the right hemisphere across development. Using whole-brain
directed connectivity analyses, we aimed to characterize hemispheric and regional
contributions to expressive language, in childhood. We studied 80 children and ado-
lescents, 4 to less than 19 years of age, performing covert auditory verb generation
in magnetoencephalography. Outdegree, indegree, and betweenness centrality were
used to differentiate regions acting as drivers, receivers, and bridging hubs, respec-
tively. The number of suprathreshold connections significantly increased with age for
delta band (p < .01). Delta outflow was mapped to left inferior frontal gyrus (IFG),
while regions of right hemisphere, including right IFG, showed significant inflow. The
right parietal cortex showed significant ERS, but without corresponding outdegree or
indegree. Betweenness mapped to midline cortical and subcortical structures. Results
suggest Broca's area develops a driving role in the language network, while Broca's
homologue receives information without necessarily propagating it. Subcortical and
midline hubs act as intrahemispheric relays. Findings suggest that Broca's homologue

is inhibited during expressive language, in development.
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et al,, 2014). These findings indicate an extended language network
beyond classical Broca's and Wernicke's areas, even in healthy adults.

The left perisylvian cortex supports gross language function in healthy
adults (Friederici, 2011; Friederici, 2012; Price, 2000; Price, 2010).
However, neuroimaging has shown contributions from outside the
canonical language network, including bilateral middle frontal gyrus
(MFG), left middle temporal gyrus (MTG), left inferior temporal gyrus
(ITG), bilateral precentral gyrus, bilateral angular gyrus, and cerebellum
(Binder et al., 1997; Gabrieli et al., 1998; Knecht et al., 2000; Verly

Here, we aim to characterize patterns of information flow in language
regions that exhibit increased neural engagement (beta desynchrony)
and regions showing decreased engagement (beta synchrony, poten-
tially a marker of inhibition), in children performing verb generation
(Sharma et al., 2021). This may differentiate critical language drivers
from noncritical, which is applicable to presurgical language mapping
in pediatric epilepsy. Characterizing the role of tissue and
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understanding how information is propagated within the distributed
network allows us to gain better understanding of the relevant func-
tional neuroanatomy.

Developmental changes in language representation have been
studied using functional magnetic resonance imaging (fMRI) and mag-
netoencephalography (MEG). Using fMRI, studies show that language
functions shift from a bilateral and diffuse to left lateralized and focal,
in development (Berl et al, 2014; Holland et al., 2001; Holland
et al., 2007; Olulade et al., 2020; Pang et al., 2011). MEG research has
confirmed this trajectory by tracking the distribution of spectral
power changes for language, in development (Kadis et al., 2011;
Ressel et al., 2008; Sharma et al., 2021). Specifically, low-beta (13-
23 Hz) event-related desynchrony (ERD), an index of neural engage-
ment (Crone et al, 1998; Pfurtscheller & Lopes da Silva, 1999;
Pfurtscheller & Lopes da Silva, 2017), transitions from bilateral in
young children to left lateralized by adolescence or early adulthood.

Recently, we tracked the developmental trajectory for a comple-
mentary signal—low-beta event-related synchrony (ERS), an index of
neural inhibition (Klimesch et al, 2001; Neuper et al., 2006;
Pfurtscheller, 1997; Singer, 1999)—in children performing verb gener-
ation in MEG. We found that low-beta ERS becomes increasingly right
lateralized through childhood (Sharma et al., 2021). However, the right
hemisphere is dominant in only a small minority of healthy adults
(Knecht et al., 2000), and sites exhibiting low-beta ERS (right inferior
frontal gyrus (IFG), MFG, and angular gyrus) are usually not consid-
ered critical for expressive or receptive language, in that lesions to
these regions do not lead to gross language deficits, or aphasias.
Rather, lesion studies show that the right hemisphere is important for
prosody (Patel et al., 2018; Weintraub et al., 1981). Right hemisphere
injury is associated with deficits processing intonation (Ross &
Mesulam, 1979), pragmatics (Joanette & Anslado, 1999; Kuperberg
et al, 2003; Myers, 2001; Paradis, 1998), discourse maintenance
(Brookshire & Nicholas, 1993; Myers, 1999), metaphor comprehen-
sion (Bryan, 1994), and synonymous association (Kay et al., 1992).
This is consistent with fMRI studies showing increased activation dur-
ing prosodic discrimination (Vannest et al., 2009). We suggest that
these aspects of language may involve higher cognitive processes and
possibly a combination of domain-specific (e.g., semantic) and
domain-general (e.g., attention) functions.

The right hemisphere has been found to support expressive lan-
guage in people with aphasia after left perisylvian or subcortical stroke;
this right lateralization may decrease over the course of recovery (Heiss
et al., 1999), or may continue as a compensatory mechanism for when
left hemisphere damage is extensive. There is also evidence that inhibi-
tory transcranial magnetic stimulation of the right IFG benefits post-
stroke recovery (Haghighi et al., 2018; Hu et al., 2018; Ren et al., 2019),
suggesting functional benefit or support from disengagement of the
right hemisphere. Further, the right IFG shows greater engagement in
both positron emission tomography and fMRI studies of people with
aphasia compared to healthy controls, suggesting possible maladaptive
disinhibition of right frontal cortex (Wilson & Schneck, 2021).

Subcortical activity can also be reliably resolved in MEG (Piastra

et al., 2020). Importantly, the basal ganglia are densely connected to

regions of the IFG, including Broca's area (Alexander et al., 1990).
Connectivity between basal ganglia and inferior frontal regions has
been associated with procedural processing related to grammar and
syntax (Ullman, 2001), as well as processing of morphemes
(Ullman, 2006). Orthographic processing and rhyme detection have
also been found to co-activate Broca's area and left putamen (Booth
et al., 2007), suggesting that both cortical and subcortical activity are
relevant for language despite distinct functions in a whole brain net-
work. There is evidence of a direct pathway from Broca's area to the
basal ganglia, thought to be uniquely positioned to participate in
expressive language (Jorge et al., 2022).

Here, we examine patterns of information flow during a verb gen-
eration task in MEG in a cross-sectional group of children and adoles-
cents. This group was confirmed to show low-beta ERD and ERS
during VG in Sharma et al. (2021). Phase slope index (PSI; Nolte
et al., 2008) was used to assess whole-brain directional connectivity
within canonical frequency bands. PSI is insensitive to volume con-
duction, requires minimal parameterization, and is inherently inter-
pretable as a test statistic (Nolte et al., 2008). Low-beta ERD and ERS
are associated with expressive language, specifically (Kadis
et al, 2011; Sharma et al., 2021). However, significant connectivity
has been noted across the spectra (Kadis et al., 2016; Youssofzadeh
et al,, 2017). By using a whole brain approach, we identify connectiv-
ity patterns without imposing assumptions about network
composition.

Previous connectivity studies have found brain networks emerge
at different rates, with some systems developing before birth
(Fransson et al., 2007; Hoff et al., 2013). In contrast, language net-
work development continues into adolescence (Kadis et al., 2016),
and centrality appears bilateral in children and left lateralized in ado-
lescents (Youssofzadeh et al., 2017). In children born preterm, net-
work strength in beta and gamma frequencies was found to be related
to language performance (Barnes-Davis et al., 2021).

We predict that degree will increase with age. We hypothesize
that regions showing low-beta ERD will drive activity within the net-
work, as indexed by high outdegree. Regions showing low-beta ERS
are expected to show high indegree as well as low outdegree, suggest-
ing deactivation or task-related inhibition. Based on previous findings,
we also predict that information flow patterns may differ between
frequency bands. Finally, we predict that subcortical structures will
exhibit high betweenness centrality, suggesting bridge-like function,
reflecting important intermediate positioning within in the distributed

language network.

2 | METHODS

2.1 | Participants

Then, 82 typically developing children (45 females, 37 males), ages
4.03-18.92 years (M = 11.38, SD = 4.52), participated in this study.
Two were excluded due to lack of low-beta ERD in frontal lobes,

which suggests a lack of participation in the task. All participants were
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native English speakers, without history of neurological insult, speech
or language impairment, or learning disability (based on parent report).
Seventy-one participants were right-handed (three left-handed, six
ambidextrous), as determined using the Edinburgh Handedness Inven-
tory (Oldfield, 1971). Data for this project stems from two prior stud-
ies with different assessment batteries; 27 participants completed the
Peabody Picture Vocabulary Test (Dunn et al., 2015) along with the
Expressive Vocabulary Test (Williams, 2007); 53 participants com-
pleted the Clinical Evaluation of Language Fundamentals (Semel
et al., 2004). Scores on the PPVT and EVT were averaged to estimate
overall vocabulary, which serves as a coarse assay for overall language
ability; the Core Language Score from the CELF was used to assess
general language ability. Performance for the group was within the
average range (n = 80; mean = 111.6, SD = 14.47). Informed written
consent from a parent and/or legal guardian was obtained for all par-
ticipants under the age of 18 years; children ages 10 to less than
18 years provided assent, prior to participation. Participants ages
18 years or older provided informed written consent. The study was
approved by the Institutional Review Board at Cincinnati Children's
Hospital Medical Center (data collection site), and the Research Ethics

Board at the Hospital for Sick Children in Toronto (analysis site).

2.2 | Verb generation paradigm

Concrete nouns (verb generation trials), or speech-shaped noise (con-
trol trials) were presented auditorily, in MEG. Participants were
instructed to think of an action word that corresponds to each noun,
as rapidly as possible. Nouns were chosen from normative databases
and standardized language assessments consisting of everyday items
selected to be familiar to a typically developing 5-year-old (e.g., pencil,
book, dog, etc.). Verb generation trials required comprehension of
each noun stimulus, semantic processing to generate a related verb,
and then a covert response. For control trials, participants were asked
to attend to speech-shaped noise stimuli, without responding. Noun
and noise stimuli were identical in duration (M = 670 ms,
SD = 140 ms). Trials were presented in random order with an intersti-
mulus interval jittered between 4000 and 5000 ms from onset. A total
of 72 noun trials and 72 noise trials were presented. A training phase
preceded the experimental trials and MEG acquisition, consisting of
an overt version of the paradigm to confirm ability for each participant
(at least 8/10 items correct), and to promote task compliance during
subsequent data acquisition. Following the experiment, participants
were asked to overtly recall nouns presented and the corresponding
verbs that were generated; in all cases, the experimenter confirmed

that participants were able to recall multiple items.

2.3 | MEG and anatomical MRI acquisition

MEG was acquired on a whole-head 275-channel CTF system (CTF
MEG Neuro Innovations Inc., Coquitlam, Canada) at a sampling rate of

1200 Hz. Participants were in supine position with head support from

memory foam and/or linens to provide both comfort and stability.
MEG data acquisition was limited to sessions <30 min to minimize
fatigue and maximize task participation. Stimuli were presented binau-
rally by an intensity calibrated distal transducer projecting through
tubing and ear inserts (Etymotic Research, IL, USA). SPL was set at a
comfortable level for each participant. Localization coils were placed
onto nasion and preauricular points for continuous monitoring of head
position. Head movement was generally low. If participants exceeded
5 mm of movement within the first minute of recording, we aborted
the run and relaunched the paradigm and acquisition. If total move-
ment exceeded 5 mm in the final minute of the recording, the data
were retained and included, in total, in the current analyses. Following
the MEG, the coils were replaced by multimodal radiographic markers
for subsequent structural MRI imaging. These fiducial markers facili-
tated offline co-registration of MEG and MRI data. Whole-head 3D
T1-weighted images (1 mm isotropic; flip = 90°, TE = 3.7 ms,
TR = 8.1 ms) were acquired at 3.0 T on a Philips Achieva or Ingenia
Elition scanner (Philips Medical Systems, International).

24 | Whole brain connectivity analysis

241 | Preprocessing

MEG data were preprocessed using FieldTrip toolbox in MATLAB
(version 2019b; MathWorks Inc., MA, USA). Line noise (60 Hz, plus
harmonics at 120 and 180 Hz) was attenuated in the continuous
recording using a very sharp discrete Fourier transform filter. Continu-
ous data were then bandpassed from 0.1 to 100 Hz. Ocular artifacts
and cardiac rhythms were identified and removed from continuous
data using independent component analysis. Verb generation and
noise trials were epoched from 0 to 2000 ms poststimulus onset, and
demeaned. SQUID jump artifacts were automatically identified; trials
containing artifact (range 0-4; mean+ SD = 1.67 +1.16) were

rejected.

2.4.2 | Head modeling and source analysis

Fiducial positions (nasion and preauricular positions) were marked on
the skin, prior to scanning in MEG and MRI. In the MEG, head localiza-
tion coils were placed against each fiducial position, to track head
position during recording. Immediately after MEG, the head coils were
replaced with radiopaque donut-shaped markers; these are clearly vis-
ible on the MRI, and facilitate precise offline co-registration. The indi-
vidual 3D T1-weighted images were segmented into brain, skull, and
scalp compartments using SPM12 routines, and realistic single-shell
(brain) models (Nolte, 2003) were generated in FieldTrip. Source
models were developed based on centroids of the 246 parcels
(210 cortical, 36 subcortical) from the Brainnetome Atlas (Fan
et al., 2016), which were nonlinearly warped to individual space. Par-
cel centroids serve as network “nodes” in subsequent connectivity for

analyses.
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243 | Beamforming

Verb generation and noise trials were concatenated for each partici-
pant, for development of a common spatial filter in linearly con-
strained minimum variance (LCMV) beamforming, with 1% Tikhonov
regularization of the covariance matrix. Source estimates were nor-
malized by projected noise to compute the neural activity index (NAI).
Trial-wise verb generation data were projected through the common
filter to estimate nodal time course. Each subject-space coordinate
was assigned its corresponding MNI coordinate, to permit comparison

across subjects.

244 | Directional connectivity analysis

PSI was computed within canonical frequency bands for each node pair
across a window of 500-1500 ms poststimulus presentation, corre-
sponding to the time course of ERD and ERS peaks for auditory verb
generation (Sharma et al., 2021). Bands were delta (1-4 Hz), theta (4-
8 Hz), alpha (8-12 Hz), beta (13-29 Hz), and gamma (30-70 Hz). Direc-
tionality of information flow between each signal pair is identified using
the normalized PSI value (Nolte et al., 2008). Connections were consid-
ered significant at a value of |PSI| > 1.96 (Kadis et al., 2016; Nolte
et al., 2008). Suprathreshold values were then assigned values of 1 or
—1, to indicate directionality of information flux. Only positive supra-
threhold values were retained; the directed adjacency matrix contained

0 s (no significant connection) and 1 s (significant directed connection).

2.4.5 | Degreeness and betweenness centrality
graph metrics

From the thresholded adjacency matrices, indegree and outdegree
were calculated for each node. Degree values provided measures of
incoming and outgoing information, at each site, for each band. Num-
ber of drivers significantly connected to intrahemispheric or interhe-
mispheric receivers were calculated. For visualization, indegree and
outdegree were calculated from individual adjacency matrices and
averaged across participants, then projected on a template brain. To
visualize bridging hubs, betweenness centrality was also calculated
from individual adjacency matrices and averaged across participants,
then projected onto a template brain.

24.6 | Graph metric age-related correlations

Robust correlations (Pearson's r, with outlier assessment/removal
using Cook's distance method, at a threshold of 3 SDs) were used to
assess relationships between total degree (i.e., the sum of outdegree
and indegree) and age for each band. We have adopted a familywise
error rate of 5%, with Bonferroni correction for correlation analyses
across the five canonical frequency bands; as such, each correlation

was evaluated at a conservative, corrected alpha of .01.

2.5 | Whole brain low-beta ERD/ERS for
expressive language

To assess the spatial relationship between low-beta ERD/ERS with
information flow (sending vs. receiving), we established whole-brain
maps of low-beta ERD and ERS for the group. Low-beta ERD is an
established neural signature of expressive language, and low-beta ERS
has been shown to be a complementary signature (Hirata et al., 2004;
Kadis et al., 2008, 2011; Ressel et al., 2008; Sharma et al., 2021;
Youssofzadeh et al., 2017).

251 | Low-beta ERD/ERS preprocessing

Continuous MEG data were preprocessed using FieldTrip toolbox in
MATLAB (version 2019b; MathWorks Inc.). Line noise (60 Hz, plus
harmonics at 120 and 180 Hz) was attenuated in the continuous
recording using a very sharp discrete Fourier transform filter. Continu-
ous data were band-pass filtered from 13-23 Hz then cropped from
700 to 1200 ms poststimulus onset (Youssofzadeh et al., 2017). This
time window was selected to focus on the expressive components of
the task. Trials containing artifact (range 0-8; mean + SD = 2.08
+ 1.74) were rejected.

252 | Low-beta ERD/ERS differential
beamforming

A regular 10 mm grid within the MNI152 template brain, was nonli-
nearly warped to individual MRIs. Verb generation and noise trials
were concatenated for each participant to develop a common spatial
filter in LCMV beamforming, with 1% Tikhonov regularization of the
covariance matrix (Van Veen et al., 1997). Source level time series
estimates were normalized by projected noise to compute active and
baseline NAls. Following source estimation, warped grid positions
were assigned their corresponding MNI coordinates, which permitted
comparison across subjects. T-statistics were computed between
noun and noise conditions at each position; the significance of each t-
statistic was assessed through Monte Carlo permutation where condi-
tion labels were randomly shuffled for 5000 permutations; an alpha
level of .05 was used (Maris & Oostenveld, 2007). T-statistics at each
location were used to produce spatial maps of low-beta ERD with

negative values and low-beta ERS with positive values.

2.5.3 | Low-beta ERD/ERS concordance to
direction of informational flow

Number of parcels with 225% of their voxels exhibiting significant
power changes were computed separately for ERD and ERS. Statisti-
cal level of association between ERD/ERS and direction of informa-
tion flow (i.e., outdegree, indegree) was assessed with the chi-square

(;(2) statistic for frequency bands that show a significant correlation
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between degree and age (i.e., a developmental trajectory for informa-

tion flow).

3 | RESULTS

Event-related spectral changes from Sharma et al. (2021) are pre-
sented groupwise in Figure 1. Maxima of low-beta ERD were found at
left IFG, posterior left STG, and left occipital cortex. Left insula, left
MTG, left ITG, right occipital cortex, and bilateral cerebellum also
showed low-beta ERD. Maxima of low-beta ERS was found at right
MFG and right angular gyrus. Low-beta ERS was also found at right
IFG, right precentral gyrus, right postcentral gyrus, right STG, and right
supramarginal gyrus (see Figure 1).

Age-related correlations were significant for degree in delta
(r= .33, p < .05, corrected). Delta outdegree, indegree, and betweenness
centrality showed a bilateral network, with involvement of deep and
midline structures (see Figure 2). Statistical level of association
between spectral change and degreeness was significant only in the
delta band (y? = 13.18, p < .001). Connectivity shows a bilateral peri-
sylvian network with outdegree prominently in left IFG at pars opercu-
laris and pars triangularis, along with left MFG. Indegree was found at
Broca's homologue. Remarkably, despite subcortical structures show-
ing information flow, all delta band connections were intrahemi-
spheric. See Table 1 for a complete summary of structures showing

delta band degreeness and betweenness.

4 | DISCUSSION
4.1 | Asymmetric information flow underlies
language lateralization

Delta band information flow (i.e., degreeness) was correlated to age.
This is consistent with findings showing that the number of supra-
threshold directed connections for expressive language increases with
age (Kadis et al., 2016), though we observed whole-brain age-related

ERD

ERS

FIGURE 1

Axial slices (Panel a) showing low-beta (13-23 Hz)
event-related desynchrony (ERD) in the top row (cool colors), and
event-related synchrony (ERS) in the bottom row (warm colors) in
80 children and adolescents (4-18 years old) performing verb
generation.

findings specifically in delta band, here. Delta band showed intrahemi-
spheric connections, only, not interhemispheric.

As predicted, subcortical and midline cortical regions showed
betweenness centrality, outdegree, and indegree. Betweenness central-
ity has previously been found to map to subcortical regions in broad-
band (Youssofzadeh et al., 2017). Here, we show this effect may be
specific to delta band connectivity. Since PSI is insensitive to bidirec-
tionality, outflow and inflow are mutually exclusive per node pair.
Therefore, regions with high betweenness act as bridge hubs, relaying

information from one region to another.

42 |
network

Left hemisphere drives expressive language

Low-beta ERD and delta outflow show overlap at left IFG at pars tri-
angularis and pars opercularis, left MTG, and left STG. In contrast, low-
beta ERS is associated with intrahemispheric delta band inflow and
overlapped at right IFG at pars orbitalis and right MFG. Overlapping
low-beta ERD and delta information outflow in Broca's area suggests
neural driving for expressive language. However, the same cannot be
said of Broca's homologue. Right IFG and right MFG showed only
information inflow and not outflow in delta, while the right parietal
cortex did not exhibit significant information flow. Broca's area
increasingly drives the distributed language network in development,
while its right hemisphere homologue increasingly receives signals
without sending. Thus, for expressive language, Broca's area is active
and develops a driving role in the language network, its right hemi-
sphere homologue may be idling or inhibited during language
processing.

These results also seem consistent with an active inhibitory role
for right hemisphere in expressive language that might involve inhibit-
ing information flow, or possibly propagation, at cortex. Since low-
beta ERS was found at both language and nonlanguage sites, the func-
tional role of the right hemisphere in language may involve active inhi-
bition of both language-specific and domain-general functions. For
example, right supramarginal gyri did not show suprathreshold degree-
ness but did show low-beta ERS and betweenness. Right parietal cortex
seems to exhibit hubness and low-beta ERS without information flow,
suggesting inhibited information flow. Thus, results here begin to
describe a specialized inhibitory role for right hemisphere in expres-

sive language, which seems to involve control over information flow.

4.3 | Occipital subnetwork and language

Visual areas of the occipital cortex showed sparse connectivity to the
language network but showed low-beta ERD, implying increased neu-
ronal firing in a visual subnetwork supporting language. We suspect
that low-beta ERD in the occipital cortex might indeed represent
visual processing, or possibly visualization, during verb generation
(Frings et al., 2006; Horowitz-Kraus, 2014; Pang et al., 2011; Twait &
Horowitz-Kraus, 2019).
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FIGURE 2 In(a), scatterplot
shows significant correlations 350
between age and delta (1-4 Hz)
band degree based on normalized
phase slope index in 80 children
and adolescents performing verb
generation. Bar plot (center)
displays a significant association
between direction of oscillatory
changes and direction of

®

r=0.33, p=.003

Delta Degree

information flow. Top 1% of all
edges (right) during verb
generation is shown across all
participants. In (b), axial slices
show delta band outdegree (top
row) and indegree (middle row).
Outdegree and indegree for delta
reflect intrahemispheric
connections. Axial slices show
delta band betweenness centrality
based on phase slope index
(bottom row).

Age (years)

Indegree Outdegree =

Betweenness

TABLE 1
centrality for delta band (1-4Hz) connectivity.
Subdivision Outdegree
Cortical L IFG (pars triangularis, pars opercularis)
L MFG
Cortical midline L/R ACC
Subcortical L Thalamus

R Hippocampus

Abbreviations: IFG, inferior frontal gyrus; MFG, middle frontal gyrus.

5 | CONCLUSIONS

This study fills a gap in the literature by characterizing the relationship
between localized measures of neuronal oscillations (ERD/ERS) and
intrahemispheric connectivity. In conclusion, language development
forms a distributed network, with left hemisphere increasingly driving
the network across development. Importantly, inhibitory signaling is
concordant with network receivers in Broca's homologue, while sig-

nals indexing increased neural firing are concordant to network

57 91113151719

15, X?=13.18, p<.001

Regions showing delta (1-4 Hz) connectivity. Structures showing suprathreshold degreeness (outdegree/indegree) and betweenness

Indegree Betweenness
R IFG (pars orbitalis, pars triangularis) L Olfactory cortex
R MFG L Temporal pole
L/R ACC L/R ACC
L PCC
L/R Caudate L Amygdala
L Thalamus L/R Caudate
L Globus pallidus L Putamen

L Globus pallidus

drivers found in Broca's and Wernicke's areas. Broca's area drives
information flow in the language network, while its homologue acts as

an inhibitory information sink.
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