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Beta synchrony for expressive
language lateralizes to right
hemisphere in development
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A left perisylvian network is known to support language in healthy adults. Low-beta (13-23 Hz) event-
related desynchrony (ERD) has been observed during verb generation, at approximately 700-1200 ms
post-stimulus presentation in past studies; the signal is known to reflect increased neuronal firing

and metabolic demand during language production. In contrast, concurrent beta event-related
synchrony (ERS) is thought to reflect neuronal inhibition but has not been well studied in the context
of language. Further, while low-beta ERD for expressive language has been found to gradually shift
from bilateral in childhood to left hemispheric by early adulthood, developmental lateralization of
ERS has not been established. We used magnetoencephalography to study low beta ERS lateralization
in a group of children and adolescents (n=78), aged 4 to less than 19 years, who performed covert verb
generation. We found that the youngest children had bilateral ERD and ERS. By adolescence, low-beta
ERD was predominantly left lateralized in perisylvian cortex (i.e., Broca’s and Wernicke’s regions),
while beta ERS was predominantly right lateralized. Increasing lateralization was significantly
correlated to age for both ERD (Spearman’s r=0.45, p<0.01) and ERS (Spearman’s r= - 0.44, p<0.01).
Interestingly, while ERD lateralized in a linear manner, ERS lateralization followed a nonlinear
trajectory, suggesting distinct developmental trajectories. Implications to early-age neuroplasticity
and neuronal inhibition are discussed.

Left perisylvian cortex, including Broca’s and Wernicke’s areas, is known to support gross language processes in
healthy adolescents and adults'"*. The network becomes increasingly left-lateralized and focal by adolescence'*?,
unless development is disrupted by early neurological insult'"°. Since children show greater propensity for
recruiting extracanonical regions to support language, understanding the timing for normal developmental
shifts in representation may inform clinical practice.

Event-related desynchronization (ERD) and event-related synchronization (ERS) reflect band-limited power
changes in neuronal oscillations. ERD reflects decreases in spectral power relative to a baseline, while ERS reflects
increases. ERD and ERS occur either at the same time point in different spatial locations, or in the same location
at different moments of time?. Originally, increased band-limited alpha (8-12 Hz) and beta (13-29 Hz) signals
were described as idle rhythms, which is to say that alpha and beta ERS was observed during wakeful rest. More
recent studies have found alpha/beta ERD at spatial locations and time points thought to be critically involved
in tasks, unlike ERS, which was found contralaterally?'~*. These studies associated alpha/beta ERD with the
task-related removal of neuronal inhibition and ERS with increases in inhibition. This represents a shift from
early cortical idling theory; the role of ERS in functional inhibition is now well-established?*?*.

Beta ERD is correlated with the blood oxygen level dependent (BOLD) signal in fMRI, including for
language®*-8. ERD has been found during phonetic processing in typically developing children and adolescents,
but not in children with developmental language impairments such as aphasia and dyslexia®. Indeed, low-beta
(13-23 Hz) ERD is considered an oscillatory signature for expressive language in both children and adults®.
Studies have found this ERD at perisylvian language networks as early as 650 ms and as late as 1200 ms post-
stimulus presentation, which is thought to be locked to response timing?®'~*.
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While ERD as a signature of expressive language is now established in terms of temporal dynamics and spatial
localization, the role of ERS has not been characterized for language. Here, we lateralize and localize low-beta
ERS for language in development using a covert auditory verb generation task in MEG. Beta ERS is thought to
represent active inhibition in interneuron functioning—as such, we hypothesize that ERS lateralization emerges
as part of the normal developmental trajectory of inhibitory function, and may index age-related plasticity
of cortical language representation, which has implications on accommodation of lesions***. Thus, ERS may
complement ERD for indexing language lateralization, and perhaps assay plastic potential, in development.

Method

Participants. Eighty-two typically developing children, ages 4.0 to less than 19.0 years, participated in this
study (Fig. S1). All participants were native English speakers, without history of neurological insult, speech or
language impairment, or learning disability. Handedness was determined by the Edinburgh Handedness Inven-
tory (EHI)*. Informed written consent from a parent and/or legal guardian was obtained for all participants
under the age of 18.0 years; children ages 10.0 to 18.0 provided assent, prior to participation. Participants 18.0
to less than 19 years provided informed written consent, directly. The study was approved by the Institutional
Review Board at Cincinnati Children’s Hospital Medical Center and conforms to the guidelines and regulations
of the US Federal Policy for the Protection of Human Subjects. Participants received compensation for their
participation and travel.

Verb generation paradigm.  Participants heard either a concrete noun (verb generation trials), or speech-
shaped noise (control trials). Participants were instructed to rapidly think of an action word that corresponded
to each target noun during the verb generation trials. Nouns consisted of everyday items chosen from normative
databases and standardized language assessments; items are familiar to a typically developing 5-year-old (e.g.,
pencil, book, dog, etc.). Each verb generation trial requires auditory comprehension, semantic processing (i.e.,
associating the noun with appropriate verbs) and covert language production (i.e., verb generation). During the
control trials, participants were asked to listen to noise stimuli, without responding. This paradigm has been
described previously””. Noun and noise stimuli were presented randomly, with an inter-stimulus interval jittered
between 4 and 5 s. A total of 71 distinct nouns and 71 noise trials were presented. Noun and noise stimuli were
identical in duration (670 ms + 140 ms). The participants were trained on an overt version of this paradigm prior
to task and MEG recording, which established sufficient verb generation ability (at least 8/10 items correct) and
promoted task compliance during subsequent data acquisition. Following acquisition, participants were asked
to overtly recall nouns and corresponding verbs that were presented; in all cases, participants were able to recall
several items.

Neuropsychological assessments included the Peabody Picture Vocabular Test (PPVT-IV) and Expressive
Vocabulary Test (EVT-II) in 26 participants, and the Clinical Evaluation of Language Fundamentals (CELF 4th
Edition) in 56 participants®’~*°. Scores from the PPVT and EVT were averaged as an approximation for verbal
intelligence; likewise, the CELF Total score was used to assay verbal intelligence. These measures have a popula-
tion mean of 100, and a standard deviation of 15.

Data acquisition. MEG data acquisition. MEG data were acquired using a whole-head 275-channel CTF
system (MEG International Services Ltd., Coquitlam, B.C., Canada) with a sampling rate of 1.2 kHz. Participants
were tested in the supine position with the heads supported on memory foam and/or linens for stability and
comfort. MEG sessions were limited to less than 27 min of data collection, in order to minimize fatigue and
maximize participation in the studies. Stimuli were presented binaurally by an intensity calibrated distal trans-
ducer through tubing and ear inserts (Etymotic Research, IL, USA). Head localization coils were placed over the
nasion and preauricular points to continuously monitor head movement.

Anatomical MRI acquisition and co-registration. The MEG head localization coils were replaced with mul-
timodal radiographic markers, before acquiring structural MRI images; fiducial marking facilitated accurate
co-registration of MEG and structural MRI data. The anatomical MRI scans were acquired at 3.0T on a Philips
Achieva or Ingenia Elition scanner (Philips Medical Systems, International). Whole-brain 3D T1-weighted images
were acquired using an MDEFT scan (flip angle =90°, TE=3.7 ms, TR=8.1 ms, voxel size=1.0x 1.0 x 1.0 mm).

Data analysis. Pre-processing and time-locked analysis of MEG. MEG data were processed using
FieldTrip*® routines running in MATLAB version 2019b (Mathworks Inc., MA, USA). Line noise (60 Hz and
harmonics at 120 Hz, 180 Hz) was attenuated using a very sharp discrete Fourier transform filter; the data were
then bandpass filtered from 13 to 23 Hz, in order to isolate the signal (low-beta) of interest. Data were then
epoched for both verb generation and control trials to 700-1200 ms post-stimulus onset. Epoched trials were
then de-meaned and SQUID jump artifacts were automatically identified; trials containing artifact (range 0-4;
mean+S.D.=1.68+1.16) were rejected.

Head and source modelling. Individual 3D-T1 weighted images were segmented into brain, skull, and scalp
compartments using SPM12 routines (FIL Methods Group, 2014). Realistic single-shell head models were con-
structed from the brain surface*!.

A template source model, consisting of dipole positions placed at a regular, 10 mm interval inside the MNI152
brain, was developed for this study. The template positions were nonlinearly warped to each individual subject’s
MRI, guaranteeing that all subjects had identical coverage for source analyses. Following source analyses in
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subject space, the individual dipole positions were assigned the corresponding MNI coordinates, facilitating
group analyses.

Differential beamformer analyses with bootstrapping derived thresholds. ~Covariance matrices were computed
from concatenated verb generation and control trials, for each participant. The time-series of sources were
estimated using a linearly constrained minimum variance beamformer (LCMV) with 1% regularization*’. The
regularization was typical for this type of data and allowed for correct smoothing®. T-statistics were computed
between the noun and noise conditions for low-beta power at each dipole position; the significance of each
t-statistic was assessed through permutation testing (Monte Carlo simulation, as implemented in FieldTrip;
condition labels randomly shuffled, 10,000 permutations, alpha of 0.05)*. ERD were defined as negative t-values
to represent decreased spectral power, while ERS were defined as positive t-values to represent increased power.

Laterality index. A conventional laterality index (LI) was computed for individual participants from the total
number of left (ERD;) versus right (ERDy) suprathreshold voxels, using the following formula:

(ERD;, — ERDR)

Lligrp = b — 2RI
ERD = ERD, + ERDy)

LI for ERS was also calculated using the same approach. These resulted in ERD and ERS LI scores ranging
from— 1 to+1 for each participant; — 1 represents completely right lateralized signal and + 1 represents completely
left lateralized signal. LI scores of around 0 indicate approximately bilateral contribution.

Lateralization of ERD and ERS across development was assessed using Spearman’s rank correlation. To char-
acterize potentially nonlinear developmental trajectories, we fit 1st through 3rd order polynomial functions to
the data; the fits were assessed using Akaike’s Information Criteria (AIC). A corrected version—AIC-—which
penalizes higher-order models inversely proportional to the sample size, was preferred.

Relationships between LI to handedness (EHI) was assessed by Spearman’s rank correlations; the relationship
between LI and sex was assessed using independent samples t-tests.

Results

Whole brain spatial distribution of low-beta oscillations. Four participants were excluded due to a
lack of significant low-beta ERD; as such, we could not be certain of their participation in the study paradigm.
The final data pool consisted of 78 participants (42 females, ages 4.0 to 18.9 years). To facilitate comparison with
previous studies, whole brain ERD/ERS was interpolated onto an MNI template brain then visualized as three
groups consisting of the lower age tercile (Children, 4.0 to 7.6 years old, n=26), middle tercile (Older Children,
7.6 to 13.3, n=26) and upper age tercile (Adolescents, 13.4 to 18.9 years old, n=26). Top 5% of voxels per tercile
group average were visualized on standardized brain renderings in MRIcroGL (RRID: SCR_002403)*.

Whole brain ERD and ERS were distributed bilaterally and diffusely in the children group (Fig. 1A). In the
adolescent group, we observed predominately left perisylvian ERD and right perisylvian ERS (Fig. 1B).

No relationship between handedness and ERD or ERS lateralization was found (p>0.05). Nor did males and
females differ in terms of lateralization or ERD or ERS (p >0.05). Further, no relationship between estimates of
verbal intelligence and ERD or ERS lateralization was found (p>0.05).

AIC. showed that ERD developmental trajectory was best fit with a linear model, while ERS was best fit with a
quadradic curve (see Table 1). LIs of ERD and ERS were significantly negatively correlated (r= —0.49, p <0.001).
We observed a significant positive correlation between LI and age for ERD (r=0.45, p<0.001) (Fig. 1A) and a
significant negative correlation between LI and age for ERS (r= —0.44, p<0.001) (Fig. 1B). As reported previously,
ERD was increasingly left lateralized with age. In contrast, ERS became increasingly right lateralized with age.

Frontal, parietal, and temporal lateralization. The covert verb generation task is known to elicit
activity in the posterior brain, in regions supporting visual processing (often considered extra-linguistic). These
potentially extra-linguistic activations affect the calculation of lateralization; as such, we developed a broad mask
to assess oscillatory changes in frontal, parietal, and temporal lobes, only.

In children, ERD was diffuse and found bilaterally in the Inferior Frontal Gyrus (IFG) at pars opercularis and
the left pars triangularis and pars orbitalis. It was also found bilaterally in the Inferior Frontal Sulcus (IFS) at the
ascending ramus and left hemisphere horizontal ramus. ERD in children was also found bilaterally in the Medial
Frontal Gyrus (MFG) and right hemisphere superior frontal gyrus (SFG). ERD in children was also found in
the left posterior superior temporal gyrus (STG), left hemisphere medial temporal gyrus (MTG) and bilaterally
in the Inferior Temporal Gyri (ITG). ERD among children was also found bilaterally in the insular cortex and
temporal plane. Low-beta ERS was also more bilateral and diffuse in children than adolescents. ERS was found
in the right IFG at pars opercularis and pars orbitalis. It was also found in the left temporal pole, and bilaterally
in the MTG, medial temporal sulcus and insular cortex. Right hemispheric ERS in children was also found in
the superior parietal lobule (SPL) and inferior parietal lobule (IPL) at the supramarginal gyrus.

For the adolescents, low beta ERD was found in almost exclusively in the left perisylvian region, specifically
at the left IFG, left posterior STG and left insular cortex. However, low-beta ERS was almost exclusively in the
right hemisphere. Sites of adolescent ERS included the IFG, IFS, MFG and sulcus, posterior STG, SPL, IPL at
supramarginal and angular gyrus, and interparietal sulcus (Fig. S2).

Consist with the whole brain level, extra-occipital ERD developmental trajectory was best fit linearly, while
ERS was best with a quadratic curve (see Table 2). LIs were taken for ERD and ERS in these extra-occipital cor-
tices. The correlation between ERD and ERS LIs was significant (r= —0.43, p <0.001). The correlation between
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Figure 1. Whole-brain distribution of surviving neuromagnetic low-beta ERD (cool colors) and ERS (warm
colors) during covert verb generation, and their corresponding laterality indices. The maps show top 5% of ERD
or ERS for each age tercile. Within each contrast, the colour scaling is set from 95th to 100th percentiles. Across
ages and contrasts, magnitude of t-values corresponding to percentiles are not consistent. Maps in (A) shows
that children (above) elicit bilateral, diffuse and distributed low-beta ERD (above), which becomes less bilateral
and more focalized for older children (middle) and is lateralized to the left perisylvian region in adolescents
(below). The scatterplot of ERD LI (right) shows that ERD becomes increasingly left lateralized with age; the
trajectory is linear across development. Maps in (B) show that ERS in children (above) is also bilateral but less
so in older children (middle) and in adolescents (below) is lateralized to the right hemisphere. The scatterplot
of ERS LI (right) shows that ERS becomes increasingly right lateralized with age; the trajectory is nonlinear

(quadratic fit).

Perturbation Model R? adj. R? AIC,
Linear 0.20 0.19 -134.2

ERD Quadratic 0.21 0.21 -133.2
Cubic 0.22 0.18 -131.5
Linear 0.18 0.17 -120.2

ERS Quadratic 0.20 0.18 -120.6
Cubic 0.20 0.17 -118.4

Table 1. Table of curve fit diagnostics for whole brain beta oscillation laterality in development. Curve models
are of laterality indices of low-beta event-related desynchronization and event-related synchronization as a
function of age (n=78). Parsimonious model fit based on corrected Akaike’s Information Criterion (AIC) is
bolded.
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Perturbation Model R? adj. R? AIC,
Linear 0.24 0.23 -115.6

ERD Quadratic 0.24 0.22 -113.6
Cubic 0.24 0.17 -111.4
Linear 0.12 0.11 -109.6

ERS Quadratic 0.17 0.15 -111.6
Cubic 0.17 0.13 -109.3

Table 2. Table of polynomial fit diagnostics for extra-occipital (perisylvian lobes) beta oscillation laterality in
development. Models are of laterality indices of low-beta event-related desynchronization and event-related
synchronization as a function of age for each participant (n=78). Parsimonious model fit based on corrected
Akaike’s Information Criterion (AIC,) is bolded.
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Figure 2. Frontal, temporal and parietal lobe laterality indices as a function of age. In (A), similar to the whole-
brain findings, ERD becomes increasingly left lateralized with age with a linear trajectory across childhood. In
(B), ERS becomes increasingly right lateralized with age with a nonlinear trajectory (quadratic fit).

age and LI was significant for ERD (r=0.50, p<0.001) and ERS (r= —0.36, p=0.0012). Table 2 contains results
of ERD and ERS LI curve fits, which are displayed in Fig. 2A,B, respectively.

Discussion

This study provides novel information about the neuromagnetic correlates of expressive language. We assessed
low-beta ERS in a cross-section of children performing covert verb generation in MEG and observed increasing
right hemisphere lateralization with age. Variance in ERS lateralization also appeared to decrease with age. We
suggest that the rightward lateralization of beta ERS reflects maturation of the language network in a normal
developmental trajectory coupled with decreased plastic potential and possibly inhibition of superfluous neural
activity that is not critical for language.

This right hemispheric ERS was contralateral to ERD, and the extent of lateralization for ERD and ERS was
inversely related. In general, ERD and ERS lateralization are negatively correlated, but the fact that they follow
distinct trajectories suggests that they are distinct epiphenomena, representing different processes. ERS peaks
were found in the right hemisphere homologues of the canonical language network (i.e., Broca’s and Wernicke’s
areas) and regions associated to speech-motor representations in children and adolescents. Adolescent ERS was
also found in regions superior to the homologous perisylvian language areas on the right hemisphere. We argue
that emergent right hemisphere ERS indexes neural commitment, suggesting a loss of potential for supporting
language, in the context of a neurological insult*. Further, we argue that age-related lateralization of ERS, may
provide a convenient demarcation for decreased plastic potential as a function age.

Thus, lateralization and maturation in language appears to be successfully mapped by ERS but for regions that
are contralateral to the canonical language network. Based on these results, we propose that right hemisphere
ERS may assay plastic potential in the human brain and inform clinical practices that may produce a risk of
impairments to language functions.

Previous investigators have suggested that beta ERS may be a signature of cortical idling and more recently,
neuronal inhibition. This signature tends not to show neural activity as a BOLD-fMRI signal for language in
patients or healthy controls*”* but does indeed appear as a strong signal across macroscale regions of the right
hemisphere. It is possible that the right hemisphere regions showing ERS may be actively inhibited as a result of
being competitive to expressive language, allowing the processes of these regions to be disengaged or suppressed
during language production while regions critically committed to language operate. Further, this active inhibition
for language appears to be transient, emerging in a task-relevant fashion, which differentiates it from a resting
state baseline of rhythms occurring during cognitive inactivity. If this is the case, language might emerge from a
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finely tuned transient balance of excitatory and inhibitory neuronal functioning®. Further, based on the healthy
participant group of this study, deviation from this proposed normal developmental trajectory of synchronous
oscillatory lateralization may associate to cortical lesions, neuropathology or neural disorders. For the current
task, perhaps the excitatory functions are predominantly occurring in the canonical language network, but active
inhibition may occur in the right hemisphere to achieve balanced allocation of neural resources. Importantly,
if ERS indexes neuronal inhibition, the precise role of right hemisphere neurons during speech and language
expression may be established from these results.

We note that limitations to the task and analyses here controlled for non-literal semantic processing, semantic
distance, prosody, valence, orthographic processing and other language related phenomena that might involve
contributions from the right hemisphere®®. Further, socioeconomic factors that could explain variance in the
early childhood years were not considered in these analyses. Finally, more quantitative approaches character-
izing the trajectory may be useful in future, large-scale studies. To avoid overfitting, we refrain from further
quantitation on the fitted trajectory.

In conclusion, our results suggest that development of the language network involves functional lateralization
of neuronal processing that associate to both low-beta ERD and also ERS. We also suggest that the results found
in this study reveal limits to plastic potential that are shown to be incrementally increased by ERD lateralization
and abruptly increased by ERS lateralization during adolescence. This abrupt increase may result in perdurable
loss of regions available for neuroplastic transfer of language function. This may be of relevance to clinical insult
to the brain in procedures related to epilepsy, tumor removal and other conditions. Finally, low-beta ERS in the
right hemisphere may lateralize across development for language, which could be indexing neuronal inhibition.
Fundamentally, as language processing matures, regions that might be sensitized to language output properties
respond differently across the brain, but these responses are nevertheless more focalized as the network develops,
regardless of the direction of changes in oscillatory power.
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