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Abstract

Background Neural motor control rests on the dynamic interaction of cortical and subcortical regions, which

is reflected in the modulation of oscillatory activity and connectivity in multiple frequency bands. Motor control

is thought to be compromised in developmental stuttering, particularly involving circuits in the left hemisphere
that support speech, movement initiation, and timing control. However, to date, evidence comes from adult studies,
with a limited understanding of motor processes in childhood, closer to the onset of stuttering.

Methods We investigated the neural control of movement initiation in children who stutter and children who

do not stutter by evaluating transient changes in EEG oscillatory activity (power, phase locking to button press)

and connectivity (phase synchronization) during a simple button press motor task. We compared temporal changes
in these oscillatory dynamics between the left and right hemispheres and between children who stutter and children
who do not stutter, using mixed-model analysis of variance.

Results We found reduced modulation of left hemisphere oscillatory power, phase locking to button press

and phase connectivity in children who stutter compared to children who do not stutter, consistent with previous
findings of dysfunction within the left sensorimotor circuits. Interhemispheric connectivity was weaker at lower fre-
quencies (delta, theta) and stronger in the beta band in children who stutter than in children who do not stutter.

Conclusions Taken together, these findings indicate weaker engagement of the contralateral left motor network

in children who stutter even during low-demand non-speech tasks, and suggest that the right hemisphere might be
recruited to support sensorimotor processing in childhood stuttering. Differences in oscillatory dynamics occurred
despite comparable task performance between groups, indicating that an altered balance of cortical activity might be
a core aspect of stuttering, observable during normal motor behavior.
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children and ~ 1% of adults [104] and is often associated
with negative impacts on quality of life.

Stuttering has been associated with deficits in motor
control, particularly in action initiation and timing [1, 16,
22]. People who stutter typically display longer response
time and increased variability when initiating movements
in both speech and non-speech (for instance involving
finger movements) motor tasks [46, 53, 87, 89, 90, 103].
Task complexity and speed particularly influence perfor-
mance in people who stutter, such that differences in tim-
ing and accuracy between people who stutter and people
who do not stutter increase in demanding tasks that
involve complex sequences of movements or fine timing
control (e.g., [7, 33, 89, 90, 94]), while results have been
mixed for simple motor tasks, such as hand claps [44, 67,
94].

These reported differences in speech and non-
speech motor behavior could be related to subtle struc-
tural and functional differences in the sensorimotor
system, including reduced size, activation, and connec-
tivity between the left prefrontal, premotor, motor, and
auditory cortices, as well as within the cortico-basal gan-
glia and cortico-cerebellar loops, and greater size, activa-
tion, and connectivity in the right prefrontal and auditory
cortices [8, 9, 13, 15, 21]. Left hemispheric structural dif-
ferences have been consistently reported both in children
and adults who stutter, while right hemispheric differ-
ences have been typically found in adults. This suggests
that the left hemisphere might be the core site of disrup-
tion in stuttering, while structural changes in the right
hemisphere may develop as a compensatory mechanism
over time, following repeated recruitment of these areas
to support anomalous left hemisphere neural processes
(e.g., [16, 59-61]).

Studies of speech motor preparation have also reported
altered lateralization in adults who stutter [11, 17, 19, 28,
52,70, 77,95, 96] and have, in general, supported the role
of the right hemisphere in motor control as compensa-
tory. For instance, Vanhoutte and colleagues (2015, 2016)
measured the CNV, an event-related potential thought
to reflect motor preparation, during fluent and disfluent
speech in adults who stutter and in typical adults. They
found that adults who stutter displayed heightened CNV
over the right hemisphere during speech motor prepara-
tion only in fluent speech, while the CNV preceding stut-
tered words was comparable to that measured in typical
participants. In contrast, a study of speech motor prepa-
ration with young children (3—6 years of age; [92] did not
find differences in lateralization, although the high recov-
ery rate at that age may have masked a true effect. In
sum, while atypical involvement of the right sensorimo-
tor system has been consistently reported in adults who
stutter, little is known about how the two hemispheres
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contribute to motor control in children who stutter, close
to the onset of the disorder.

The neural mechanisms underlying motor control,
including local neuronal processing and network prop-
erties, can be investigated non-invasively by measuring
neural oscillations—endogenous periodic fluctuations in
the excitability of neuronal populations—using electro-
encephalography, or EEG [14, 34, 35, 51, 79].

Neural oscillations in the beta range (13—-30 Hz) have
been particularly implicated in sensorimotor processing
and motor control. Endogenous, or spontaneous, beta
oscillations are present at rest throughout the sensori-
motor system, in particular in the somatosensory, motor,
and premotor cortices and the basal ganglia [65, 97].
Changes in beta power, i.e., changes in the intensity of
neuronal oscillatory activity in the beta band, are consid-
ered the signature of motor preparation and execution:
beta power is suppressed during movement planning
and execution and enhanced after movement comple-
tion (e.g., [65]). Reflecting the lateralization of the motor
network, changes in beta power are stronger in the left
hemisphere during speech tasks, and in the hemisphere
contralateral to the moving hand during unimanual tasks
[38]. According to one influential hypothesis, the sup-
pression of beta power before and during motor activity
may represent the release of motor inhibition necessary
to initiate movement, while the increase in beta power
after movement may actively maintain the existing motor
state, inhibiting new movement initiation and facilitating
the integration of sensory feedback [5, 30]. Research on
motor disorders such as Parkinson’s disease supports this
interpretation, as difficulties in initiating movement have
been associated with enhanced beta power at rest and
reduced beta modulation during motor planning [43, 81].

Slower oscillations in the delta (2-4 Hz) and theta
(5—7 Hz) bands have also been implicated in motor con-
trol, although their power is not consistently modulated
in motor actions [69]. During movement, a distributed
motor network becomes functionally integrated. The
dynamic coordination of the motor network is thought
to be orchestrated by the interregional synchronization
of slow oscillations in the delta and theta bands, which
functionally couples different neuronal populations [4,
74, 105]. In addition, slow oscillations in the delta and
theta bands have been shown to phase lock to movement
onset, controlling the timing of local neuronal activity
[42, 69]. Beta oscillations in different regions of the sen-
sorimotor cortex have also been shown to transiently
synchronize during motor tasks, although their role in
the functional coupling of the motor network is not fully
understood [39, 40].

In stuttering research, speech motor preparation and
execution have been investigated in adults primarily
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by assessing beta power modulation during speech.
Although these studies are limited, they generally con-
verge in reporting differences in beta modulation dur-
ing fluent speech between adults who stutter and adults
who do not stutter. However, the direction of the effect
(increased or decreased beta modulation) and whether
differences involved the left or right hemisphere, varied
across studies [45, 55, 56, 73, 77, 84, 85, 91]. These het-
erogeneous results might partly reflect the heterogene-
ity of the disorder across adult individuals who stutter, as
well as differences in the level of difficulty of the speaking
condition and in the linguistic computations that were
required to perform the tasks across the different studies.

In contrast to the studies assessing beta power changes,
oscillatory connectivity during speech and non-speech
motor tasks has not been investigated in stuttering. How-
ever, at rest, adults who stutter were reported to exhibit
anomalous interhemispheric connectivity in multiple
frequency bands compared to adults who do not stutter
[47]. Finally, while no study has investigated phase lock-
ing to movement onset in stuttering, an MEG study [77]
reported evidence of reduced time locking of neuronal
activity to speech movements in the right motor cortex of
adults who stutter compared to adults who do not stutter.

In sum, studies of oscillatory dynamics indicate atypi-
cal patterns of sensorimotor beta rhythm and altered
resting-state oscillatory connectivity in adults who stut-
ter compared to adults who do not stutter. However, it
is unclear whether differences in neural oscillations dur-
ing speech or non-speech motor tasks are also present in
children who stutter. To date, studies of oscillatory activ-
ity in children who stutter have been limited to altered
beta oscillatory activity at rest or during a rhythm-listen-
ing task [32, 64].

In the current study, we fill this critical gap in the lit-
erature by assessing whether spatiotemporal patterns
of sensorimotor activity around motor action initiation
differ between children who stutter and children who
do not stutter (ages 5 to 10 years). To examine whether
general differences in sensorimotor activities are pre-
sent in stuttering (that are not limited to speech), we
examined neural oscillations elicited by a non-speech
motor task. Furthermore, to promote comparable per-
formance across groups, we chose a simple task, consist-
ing of pressing a button in response to an auditory target,
which did not require complex movements or fine tim-
ing control. We focus on measures of temporal changes
in beta power (reflecting dynamics of cortical sensorimo-
tor activity), delta, theta, and beta phase synchroniza-
tion within and between the left and right hemispheres
(reflecting functional coupling of the cortical sensorimo-
tor network) and intertrial consistency of delta and theta
phase locking to movement onset (reflecting trial-by-trial
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variability in the timing of cortical sensorimotor activity).
We compared these measures between left and right sen-
sorimotor cortices and between children who stutter and
children who do not stutter.

At the behavioral level, considering the simplicity of
the task, we did not expect to see behavioral differences
in average accuracy or response time. However, given
previous results of heightened variability in the timing
of movement initiation in both speech and non-speech
motor tasks, we expected to see greater variability in
response time in the stuttering group. At the neurophysi-
ological level, based on previous results in adults who
stutter and on theoretical accounts of stuttering that sug-
gest that the left hemisphere is the core site of disruption,
while the right hemisphere is recruited as a compensa-
tory mechanism, we predicted that groups would differ
in measures of sensorimotor oscillations in the left hemi-
sphere (contralateral to the response hand used in this
task), but potentially not in the right (ipsilateral) hemi-
sphere. For beta power changes, given the mixed results
in adult literature, we did not make predictions on the
directions of the effect. For the phase synchronization,
we expected to see reduced synchronizations over the
left hemisphere, reflecting reduced functional connec-
tivity. For the intertrial consistency of phase locking, we
expected to observe reduced consistency over the left
hemisphere, reflecting greater neural variability and pos-
sibly underlying response time variability.

Methods

Participants

All study procedures were approved by the Human
Research Protection Program at Michigan State Univer-
sity. Prior to data collection, all children’s primary car-
egivers gave written informed consent, and children gave
assent to participate in the study.

Participants were 16 children with developmental stut-
tering (6 males) and 18 typically developing children (12
males), ages 5-10 years. All children were monolingual
speakers of English, with no neurological deficit accord-
ing to parental report. Parents reported most children as
White and not Hispanic/Latino (Table 1).

Children were included in the stuttering group based
on parental reports and confirmation by a certified
Speech-Language-Pathologist. Stuttering severity was
measured by the Stuttering Severity Instrument, 4th Edi-
tion [72], with scores in the group of children who stutter
ranging from very mild to severe (range 6—28; median:
18; interquartile range 13—21). Three children were cat-
egorized as very mild (SSI-4 score < 10), 7 as mild (SSI-4
score from 11 to 20), 5 as moderate (SSI-4 score from 21
to 27), and 1 as severe stuttering (SSI-4 score = 28).
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Table 1 Demographics information for children in the two

groups
Children who stutter Children who
M (SE) do not stutter
M (SE)
Age (years) 6.6 (.3) 6.9 (4)
Race (W, multi, NR) 12,3,1 16,1,1
Ethnicity (HL, NHL, NR) 2,10,4 1,16,1
Maternal education 16.7 (.5) 164 (4)
Paternal education 15.3 (.5) 16.1 (.3)
Household income 6.6 (.6) 7.5 (4)
TONI/PTONI 116.2 (5.3) 107.8 (5.6)
CELF 113.19(3.12) 114.39 (3.26)
SSI-4 17.3(1.6) -

No measure statistically differed between the groups

TONI test of non-verbal intelligence, PTONI primary test of non-verbal
intelligence, CELF Clinical Evaluation of Language Fundamentals, Fifth Edition,
or Clinical Evaluation of Language Fundamentals-Preschool, Second Edition;
SSI-4 stuttering severity instrument 4, M mean, SE standard error, W white, multi
multiple race, NR not reported, HL Hispanic or Latino, NHL not Hispanic or Latino

All participants completed a battery of behavioral
speech-language assessments (Table 1). These included
measures of non-verbal intelligence (either the Primary
Test of Non-verbal Intelligence, PTONI, [29], or the
Test of Non-verbal Intelligence, TONI-4, [12], based on
age at the time of testing), and receptive and expressive
language (Clinical Evaluations of Language Fundamen-
tals Preschool-2, second edition [101], or Clinical Evalu-
ations of Language Fundamentals, Fifth Edition [102]
depending on age). All children scored within or above
normal range, except one child who does not stutter who
had lower performance on the PTONI (standard score:
64). Importantly, the two groups did not differ in these
measures (nonverbal intelligence: £(32) = — 1.08, p = .29;
language: £(32) = .27, p = .79). All children completed a
modified version of the Edinburgh Handedness Inven-
tory test [63]. All children were right-handed except for
two ambidextrous children (one per group) and one left-
handed child in the group of children who do not stutter.
The groups did not differ in socioeconomic status (SES).!

1 SES was measured by assessing maternal and paternal education as well
as household income in the previous year. Maternal and paternal educa-
tion was coded on a 1 to 18 scale based on years of education as follows:
10 = some high school; 12 = completed high school; 13 = partial college;
14 = 2-year college degree; 16 = standard college/bachelor degree; and
18 = graduate school. Household income was coded on a 1 to 11 scale based
on the total income in the previous year as follows: 1 = less than 10,000
$; 2 = 10,000 to 25,000 $; 3 = 25,000 to 40,000 $; 4 = 40,000 to 55,000
$; 5 = 55,000 to 70,000 $; 6 = 70,000 to 85,000 $; 7 = 85,000 to 95,000 $;
8 = 95,000 to 105,000 $; 9 = 105,000 to 150,000 $; 10 = 150,000 to 250,000
$; 11 = more than 250,000 $ (e.g., [68]).
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Task and stimuli

All children performed an auditory oddball task, in
which they listened to a stream of frequent (standard,
1 kHz) and rare (target, 2 kHz) pure tones pseudo-ran-
domly presented such that target tones were always pre-
ceded and followed by at least one standard tone (20% of
tones were targets, [48]. Children responded to the rare
target tones by pressing a single button on a response pad
with their right thumb (Current Design non-MR trainer
response pad). Each tone was 50 ms long, including a
linear rise and fall time of 5 ms. Stimuli were presented
via over-the-ear headphones at a comfortable loudness
(~ 75 dB SPL). Inter-stimulus intervals were 200 ms or
1000 ms, pseudorandomly presented such that rare tar-
get tones were always followed by the longer, 1000 ms
interval to reduce overlap between motor responses and
the subsequent tone stimulus. The task was administered
in experimental blocks of 300 tones (240 standard and 60
targets per block). Children completed two blocks sepa-
rated by a short break, except for 3 children in the non-
stuttering group and 2 children in the stuttering group,
who only completed one block. Brief rest breaks were
available every 100 trials as needed. Experimental blocks
were preceded by a short practice block (20 tones) to
ensure children understood and were able to successfully
complete the task. The practice block was repeated until
a child could successfully perform the task (maximum
practice blocks needed was 3). The groups did not differ
in the number of practice or experimental blocks com-
pleted (experimental blocks, mean + SE for both groups
1.8 + 0.1, £(32) = — 0.08, p = 0.94; practice blocks, chil-
dren who stutter 0.9 + 0.2, children who do not stutter
1+ 0.2, £(32) = 0.24, p = 0.81). The total duration of the
task was between 15 and 20 min. The task was the last
of a battery of three. Overall, the EEG recording sessions
(including EEG setup, tasks explanation, familiarization,
and execution, as well as breaks) lasted approximately 1.5
h.

Behavioral measures

For each participant, the hit rate and false alarm rate
were computed as the percentage of correct responses
after a target tone (hit rate) and after a standard tone
(false alarm rate). Response time was defined as the delay
between the target onset and the button press on correct
trials. For each participant, average response time and
variability (standard deviation) of response times were
computed. These measures of behavioral performance
were compared across the two groups using ¢-tests.

EEG recording and analyses
EEG data were continuously recorded at 512 Hz using 32
Ag/Ag-Cl electrodes embedded in an elastic cap (Biosemi
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A. Electrodes placement

C. Change in power at single electrode
trl, tr2. tr3

time

E. Change in phase locking at single electrode
trl, tr2, tr3

time
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B. Electrode pairs
within and between hemispheres

D. Change in phase synchronization
between pairs of electrodes

time

Fig. 1 Electrode placement and measures of oscillatory activity. A All analyses included 8 bilateral frontocentral electrodes. B Within-hemisphere
and between-hemisphere pairs of electrodes are included in the analysis of phase synchronization. Green and orange colored lines connect each
pair of electrodes within the left and right hemispheres, respectively and grey lines connect pairs of electrodes between hemispheres. C Schematic
of change in power with button press for three trials overlaid (tr1, tr2, tr3). D Schematic of change in inter-electrode phase synchronization

for three trials stacked vertically (tr1, tr2, tr3). In each trial, the oscillations at two electrodes are overlaid and indicated in red and blue (labeled el.1
and el.2). Across these trials, the phase difference between the two oscillatory signals is variable before button press and becomes more similar
after the button press, indicating an increase in phase synchronization. E Schematic of change in phase locking for three trials overlaid (tr1, tr2, tr3)

Active-Two system), with locations consistent with the
International 10-20 system. Additional electrodes were
placed over the left and right mastoids, left and right
outer canthi, and left orbital ridge.

EEG analyses were performed using EEGLAB v2021.1
[26] and custom made routines in MATLAB R2016b
(MathWorks, Natick, MA, USA). EEG recordings were
referenced offline to the average of the left and right
mastoids, filtered between 1 and 60 Hz and down-
sampled to 256 Hz. The portions of recordings col-
lected during breaks were removed, leaving 2-s buffer
zones for edge artifacts. The remaining EEG data were
inspected visually and with the aid of clean_rawdata
EEGLAB plugin (https://sccn.ucsd.edu/wiki/EEGLAB_
Extensions). Channels were removed if they had poor
correlations with neighboring channels (below0.85)
or contained non-transient line noise greater than 4
standard deviations beyond the channel population
mean. On average, 1.9 channels were removed per
subject (most common: T7 and T8, over the temporal
region). Time windows contaminated with artifacts
were identified with artifact subspace reconstruction
[49], with a rejection threshold of 20. ASR has been
shown to improve the quality of ICA decomposition

[2, 18]. Oculomotor, muscle, and channel artifacts were
identified and subtracted from the data via Independ-
ent Component Analysis (ICA) in the EEGLAB tool-
box. On average 2.3 components were removed after
visual inspection of their topography, time course, and
power spectrum.

Only trials with correct motor responses were ana-
lyzed. For each subject, EEG data were segmented into
3-s epochs, from 1 s before to 2 s after the onset of
correct button presses (epochs were 3 s to allow space
for edge artifacts induced by wavelet convolution).
We analyzed the data within three frequency bands:
delta (2—4 Hz), theta (5-7 Hz), and beta (13-30 Hz).
Analyses were restricted to bilateral electrodes over
the premotor and sensorimotor cortical areas (i.e., the
frontocentral electrodes: F3, F4, FC5, FCe6, C3, C4, C5,
Cé6, Fig. 1A) and to the time interval — 200 to 200 ms
around the button press, which comprises a prepara-
tory period (— 200 to 0 ms) and an execution period (0
to 200 ms). Due to the fast pace of the task, no station-
ary baseline (i.e., periods with no movement-related
EEG signals) was present in the task, thus all analyses
focused on the comparison between the execution and
the preparatory periods.
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Spectrotemporal analyses

Time-frequency decomposition was performed via com-
plex Morlet wavelet convolution in the frequency range
of 2-50 Hz (in 40 steps). The number of cycles in the
wavelets increased linearly from 3 to 10. Figure 1 shows
the three measures of oscillatory dynamics.

Power was computed from the wavelet transform at
each frequency and time point. For each participant and
each electrode, power changes around the button press
were computed as the difference in decibels between
the average power in the 200 ms after the button press
minus the average power in the 200 ms before the button
press (Fig. 1C). To visualize the time course of beta power
(Fig. 3A), power was baselined corrected with a baseline
from — 600 to + 600 ms from button press.

Functional connectivity between neural populations
was measured as the phase synchronization between
same-band oscillatory activity at two electrodes. Mul-
tiple indices have been proposed to measure phase syn-
chronization [6]. Here we chose the weighted phase-lag
index (WPLI) because it is robust to volume conduction
effects, that is, it does not yield false connectivity due to
shared sources [6, 24, 99]. The wPLI measures the dis-
tribution of phase differences between two EEG signals
across trials. To eliminate volume conduction effects,
the wPLI disregards instantaneous coupling (i.e., it disre-
gards phase angle differences equal to zero degrees) and
weights phase angle differences farther from zero pro-
gressively more. The wPLI values range between 0 and 1,
with 0 indicating no connectivity (i.e., a random distribu-
tion of phase differences over trials) and 1 indicating true
lagged connectivity (i.e., the same non-zero phase differ-
ence in all trials). In particular, we measured the debiased
weighted phase-lag index (dwPLI), which is an adjusted
version of the wPLI index that is more robust to bias due
to small sample size, as well as volume conduction and
noise [6, 24, 99]. To evaluate changes in phase synchro-
nization around the button press response, we computed
the difference between the average dwPLI in the 200 ms
after the button press minus the average dwPLI in the
200 ms before the button press for each frequency band
(Fig. 1B, D).

Phase locking was computed using the inter-trial phase
clustering index (ITPC), which measures the consistency
of an oscillation phase angle at a given time across trials
[24]. ITPC values range between 0 and 1, with 0 indicat-
ing high variability of phases across trials, and 1 indi-
cating no variability, i.e., all trials have the same phase.
Changes in phase locking around the motor response
were computed for each frequency band, as the difference
between the average ITPC in the 200 ms after the button
press minus the average ITPC in the 200 ms before the
button press (Fig. 1E).
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Statistical analysis

For each dependent variable (power, phase synchroni-
zation, and phase locking) in different frequency bands,
we performed a mixed-model ANOVA using a linear
mixed-effects model [58]. For the analysis of power and
phase locking, fixed effects were Group (stuttering and
non-stuttering) and hemisphere (left and right). For the
analysis of phase synchronization, fixed effects were
group (stuttering and non-stuttering) and location (left
hemisphere, right hemisphere, between-hemispheres).
The subject was modeled as a random intercept. Post-hoc
comparisons were performed when the interaction and
main effects were significant. Post-hoc comparisons were
computed with F-tests on fixed-effects coefficients of the
linear mixed-effects models using appropriate contrasts.
p-values were adjusted for multiple comparisons with the
Benjamini and Hochberg correction [10].

To investigate the relation between stuttering severity
and oscillatory measures, we computed Pearson corre-
lations between SSI-4 scores and average power, phase
locking, and phase synchronization in each hemisphere
and between hemispheres for phase synchronization.

Results

Behavioral performance was comparable in the two groups
Children who stutter and children who do not stutter
exhibited comparable task performance in terms of hit
rate, false alarms, average response time, and variability
of the response time, as shown in Fig. 2 and Table 2.

Weaker beta power modulation over the left hemisphere
in children who stutter

Figure 3A shows the average beta power over the left and
right frontocentral regions (see EEG electrodes location
in Fig. 1) for the two groups. Children who do not stutter
exhibited a brief beta power increase over the left hemi-
sphere following the button press response, which was
not evident in children who stutter.

We quantified beta power change around button press
as the difference between the average beta power in the
200 ms window immediately after the button press and
the average beta power in the 200 ms window immedi-
ately before the button press (time windows are indicated
in yellow in Fig. 3A). A mixed-model ANOVA revealed a
significant interaction between group and hemisphere,
indicating that power changes around button press were
left-lateralized in the non-stuttering group, but not in the
stuttering group (F(1,268) = 4.34; p = .038, Fig. 3B). In
post-hoc analysis, the difference between the two groups
in left hemisphere beta power changes did not survive
adjustment for multiple comparisons (F(1,268) = 4.45, non-
adjusted p = .036, adjusted p = .072), and the comparison
of beta power changes between hemispheres revealed left
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Children who stutter Children who do not stutter t test
M (SE) M (SE)
Hit rate (%) 72.86 (4.06) 74.26 (2.41) t(32)=-30;,p=.76
False alarm rate (%) 15.04 (3.72) 7.65 (1.46) t(32) =193, p=.06
Average response time (ms) 602.8 (22.7) 628.8 (13.7) t(32)=101;,p=.32
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Fig. 3 Movement-related changes in beta power. A Time course of average beta power over the left and right hemispheres aligned to button
press for children who do not stutter (CNS, blue) and children who stutter (CWS, red). Dotted lines indicate S.E. Time windows for the analysis

are indicated in yellow. B Changes in average beta power around button press (differences between average beta power in the 200 ms window
after and the 200 ms window before the button press response). Beta power changes were left lateralized in children who do not stutter but not in
children who stutter. Asterisks indicate significant results in post-hoc analyses (**p < 0.01)

lateralization only in children who do not stutter (F(1,268)
= 9.45; adjusted p = 0.009). We also saw a significant main
effect of hemisphere (F(1,268) = 4.56; p = .034), which was
driven by the non-stuttering group. The main effect of
group was not significant (F(1,268) = 2.32; p = .13).

Oscillatory synchronization was weaker at low frequencies
and less left lateralized in the beta band in children who
stutter

To assess functional coupling within and between hem-
ispheres, we analyzed phase synchronization in the

delta, theta, and beta bands. The time course of aver-
age phase synchronization over the left and right hemi-
spheres and between hemispheres is shown in Fig. 4A
for each group. At low frequencies, in the delta and
theta bands, phase synchronization increased soon
after the button press in the non-stuttering group
more than in the stuttering group. In contrast, in the
beta band, the magnitude of phase synchronization was
overall comparable between the two groups, but the
spatial pattern was different, with greater synchroniza-
tion between hemispheres in the stuttering group and
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Table 3 Results of linear mixed-model ANOVAs on phase synchronization to the button press in the delta, theta, and beta bands

Main effect of group

Main effect of location (left, right,

Interaction effect: group x location

interhemispheric)

Delta F(1,946) = 9.84; p = .002™
Theta F(1,946) = 4.81; p = .029"
Beta F(1,946) = .03, p = .87

F(2,946) =1.40;p= .25
F(2,946) = 2.79; p = .062
F(2,946) = 6.14; p = .002™

F(2,946) = .16;p = 85
F(2,946) = 4.15;p = .016"
F(2,946) = 7.53; p <.001™"

Significant main effects and interactions are indicated in bold
*p < .05, **p < .01, **p < .001

greater synchronization over the left hemisphere in the
non-stuttering group.

Changes in phase synchronization around button press
response (200 ms window after button press minus 200
ms window before button press) were analyzed with
mixed-model ANOVAs in each band (Fig. 4B, Table 3).
In the delta and theta bands, we found a main effect of
group, confirming that phase synchronization increased
in the non-stuttering more than in the stuttering group
(delta: F(1,946) = 9.84; p = .002, Theta: F(1,946) = 4.81; p

=.029). In the theta band, we also observed a significant
interaction between group and location (F(2,946) = 4.15;
p = .016). Post-hoc comparisons showed that the differ-
ence between non-stuttering and stuttering groups was
larger over the left hemisphere (p = .01; Table 4).

In the beta band, we found a significant interaction
between group and location, such that synchroniza-
tion was left-lateralized in the non-stuttering, but
not in the stuttering group (F(2,946) = 7.53; p < .001).
Post-hoc comparisons (Table 4) revealed stronger left
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Table 4 Results of post-hoc comparisons of phase synchronization in the theta and beta bands using adjusted p values (Benjamini

and Hochberg correction)

Between group comparison

Children who do not stutter

Children who stutter

L R | LvsR Lvsl Rvs| LvsR Lvsl Rvsl
Theta .01* 38 .20 .04* 38 08 30 .04* 35
Beta .28 A7 06 .01* <.007*** 59 065 47 .004**
Significant comparisons are indicated in bold
L over left hemisphere, R over right hemisphere, | interhemispheric, or between hemispheres
*p <.05, **p < .01, ***p < .001
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Fig.5 Phase locking to movement initiation. A Time course of average phase locking (ITPC) over the left and right hemispheres in the delta

and theta bands for children who do not stutter (CNS, blue) and children who stutter (CWS, red). Dotted lines indicate S.E. B Average changes

in phase locking around button press response. In the delta band, phase locking was left-lateralized only in the non-stuttering group. In the theta
band, phase locking was left lateralized in both groups. **p < .01, ***p < .001, L = over left hemisphere, R = over right hemisphere

hemisphere synchronization compared to synchro-
nization over the right hemisphere or between hemi-
spheres in children who do not stutter. In contrast, in
children who stutter, left hemisphere and interhemi-
spheric synchronization were comparable, and inter-
hemispheric synchronization was stronger than right
hemisphere synchronization. No significant differ-
ences in synchronization were observed between the
two groups over left, right, or between hemispheres,
but interhemispheric synchronization was marginally
greater in children who stutter compared to children
who do not stutter (Table 4).

Delta, but not theta, phase locking was less left-lateralized
in the children who stutter

To assess the cross-trial variability in oscillatory dynam-
ics, we analyzed changes in the slow oscillatory phase
locking to the button press. Figure 5A shows the time
course of the average delta and theta phase locking in
the left and right frontocentral regions. In both groups,
phase locking to button press increases starting a few
hundred milliseconds before the button press. Changes
in phase locking (200 ms after minus 200 ms before
the button press) were analyzed with a mixed-model
ANOVA in each band. In the delta band, there was a
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significant interaction between group and hemisphere
(F(1,268) = 5.40; p = .021), indicating that the change in
delta phase locking was left lateralized only in children
who do not stutter. A significant effect of hemisphere
(F(1,268) = 8.85; p = .003) was also observed, driven by
the hemisphere differences in the children who do not
stutter, as post-hoc analysis revealed left-lateralized delta
phase locking only in the non-stuttering group (adjusted
p value of 0.006). In the theta band, there was a main
effect of hemisphere (F(1,268) = 9.08; p = .0028) indicat-
ing that theta phase locking was left-lateralized in both
groups (Fig. 5B).

Correlation between stuttering severity and measures

of oscillatory dynamics

No correlation between stuttering severity (as measured
by SSI-4 scores) and oscillatory measures survived mul-
tiple comparisons, but uncorrected correlation analysis
suggested a negative relation between stuttering sever-
ity and the average delta phase synchronization over the
right hemisphere, such that children with more severe
stuttering tended to exhibit reduced phase synchroniza-
tion in the delta band over the right hemisphere (r = —
0.53, non-adjusted p = 0.03, adjusted p > 0.05).

Discussion

We investigated the spatiotemporal dynamics of sensori-
motor oscillatory activity and connectivity around move-
ment initiation in children who stutter and children who
do not stutter. Children pressed a button in response to
rare auditory targets embedded in a stream of non-tar-
get tones. Although task performance in terms of speed
and accuracy was comparable between the two groups,
the spatiotemporal dynamics of oscillatory activity and
network connectivity during the non-speech movement
differed. This suggests that differences in general sensori-
motor control (non-speech) are present in children who
stutter and that the examination of oscillatory dynamics
is a sensitive tool to investigate them.

Behavioral performance

Given the simplicity of the task and required motor
movement (responses consisted of a simple one-finger
button press), we expected to find comparable behavio-
ral accuracy and response speed, but we speculated that
children who stutter might be more variable in response
timing across trials. Indeed, consistent with our expec-
tation and with previous studies that employed simple
motor tasks [44, 67], we found comparable accuracy and
mean response time between the two groups. Children
who stutter tended to be slightly more variable in their
response time, but the difference did not reach signifi-
cance (p = .07). This is consistent with previous reports
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of higher variability in the timing of movement initiation
in both speech and non-speech motor tasks, which may
result in significant group differences when performing
more challenging tasks [33, 87, 103].

Beta power modulation

In this study, we found a lack of left-lateralized peri-
motor beta power modulation in children who stutter.
After the button press, beta power increased over the
left hemisphere for children who do not stutter, while it
slightly decreased over both hemispheres in children who
stutter. This result is in general agreement with previous
studies of oscillatory activity in adults who stutter, which
have implicated altered modulation and lateralization of
beta oscillations in the preparation and execution of flu-
ent speech [45, 55, 56, 73, 77, 84, 85, 91]. However, pre-
vious studies reported variation in the direction of the
effect, with both stronger and weaker modulation of beta
power being reported (e.g., [45, 56]). In part, the incon-
sistencies in the results of previous studies with adults
who stutter may reflect the heterogeneity of the disorder
across individuals, including compensatory mechanisms,
which may develop in adults who stutter either sponta-
neously or through therapy. In contrast, we have investi-
gated children between 5 and 10 years of age, thus closer
to the onset of the disorder.

Our results of weaker modulation of left peri-motor
beta in the stuttering group are similar to results by Jen-
son and colleagues [45] for speech production in adults
who stutter, although methodological differences, includ-
ing the nature and timing of the tasks (slow speech pro-
duction vs. fast finger movement, adults vs. children)
preclude direct comparison. The reduced beta modu-
lation found by Jensen and colleagues [45] consisted
of reduced beta suppression before and during speech
movements over the left hemisphere, which was inter-
preted as reflecting reduced activation of the forward
model of speech; however, the post-movement beta
rebound was not evaluated. In contrast, in our investiga-
tion, the reduced beta modulation in children who stutter
was driven by a weaker rebound of beta activity after but-
ton press (see the time course of the beta power in Fig. 3),
although we cannot fully exclude that a difference was
also present before movement (given the lack of a resting
condition, it was not possible to independently estimate
the levels of pre-movement suppression and subsequent
rebound of beta activity). Indeed, studies of repetitive
movements have shown that beta modulation comprises
both a sustained suppression lasting the entire movement
period, as well as amplitude modulations around each
individual movement (e.g., [82]).

The role of post-movement beta rebound is not fully
understood, but studies suggest that its modulation
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is to some extent independent of pre-movement beta
decreases (e.g., [41]). According to two competing, but
not mutually exclusive hypotheses, the beta rebound may
reflect the active inhibition of the motor cortex to sup-
press further movement [66, 76, 80] and/or it may reflect
the post-movement processing of sensory feedback to
evaluate movement outcome (e.g., [78]). Furthermore, an
EEG study that manipulated task and sensory uncertainty
found that the amplitude of beta rebound decreased with
increasing uncertainty in feedforward predictions [93]).
Thus, reduced beta rebound is consistent with theories
on stuttering that suggest unstable internal models and/
or higher reliance on sensory feedback in people who
stutter compared to people who do not stutter (e.g., [23,
54]). Future studies are necessary to distinguish between
these hypotheses.

Oscillatory synchronization

The second main difference in oscillatory dynamics
concerns peri-movement changes in oscillatory phase
synchronization, a measure of the dynamic functional
organization of the sensorimotor network [31, 34, 97, 98].
Consistent with previous studies in unimanual motor
tasks [62, 71, 74], typically developing children displayed
a widespread increase in slow frequency synchronization
(delta/theta) and a left-lateralized pattern of beta syn-
chronization. In the stuttering group, we expected to see
less phase synchronization increase over the left hemi-
sphere compared to the non-stuttering group, reflecting
reduced functional connectivity within the left sensori-
motor network during movement planning and execu-
tion. We found a complex pattern of results that partially
agreed with our predictions. Relative to children who do
not stutter, children who stutter displayed a smaller peri-
movement increase in connectivity at slow frequencies
(delta/theta), but this difference was widespread, over
the left and right hemispheres as well as between hemi-
spheres. In the beta band, children who stutter displayed
less left-lateralized connectivity than children who do
not stutter, but the difference was driven by an increase
in interhemispheric synchronization rather than by a
decrease in left hemisphere synchronization.

Phase synchronization in delta/theta bands has been
linked to long-distance communication in the bilateral
sensorimotor network [74, 97]. Network coupling has
been proposed to rely on the interaction of two oscilla-
tory mechanisms: long-range, low frequency phase syn-
chronization and local hierarchical coupling between
slow oscillations and fast oscillations/neural spiking.
Within the cortical striatal network, invasive studies
in animal models [50, 100, 106] support this proposed
mechanism, particularly involving theta phase synchro-
nization and theta-gamma coupling, while evidence for
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delta phase synchronization and delta-beta/gamma cou-
pling is sparser [25, 57, 100]. Human non-invasive studies
have related changes in delta/theta interregional syn-
chronization with different phases of movements, such as
preparation and execution [74, 75, 105], and have high-
lighted the role of theta-gamma and theta-beta coupling
in sensory feedback processing during speech production
[83, 85]. In addition, a computational model of the corti-
cal striatal network has proposed that theta oscillations
(with nested gamma oscillations) may encode motor
sequences, similar to the encoding of spatial informa-
tion in the hippocampus [36]. Thus, reduced delta and
theta synchronization during movement in children who
stutter may indicate less efficient communication in the
motor network, which could particularly affect motor
planning in complex sequences, such as speech.

The smaller increase in global delta/theta synchroniza-
tion was accompanied by a larger interhemispheric beta
synchronization increase in children who stutter. Inter-
hemispheric beta synchronization has been shown to
transiently change with movement initiation, increasing
during coordinated bimanual tasks and decreasing dur-
ing unimanual tasks [27, 62, 86, 97]. The impact of fast
and slow oscillatory connectivity on motor control is
not fully understood, but the increased interhemispheric
beta synchronization suggests the possible recruitment
of the right hemisphere in children who stutter during
a unimanual simple task performance. This result was
unexpected as anomalous lateralization of motor func-
tion, which has been reported in adults who stutter both
in speech production tasks and a finger tapping task [60,
61], is generally thought to develop in time as a com-
pensatory mechanism [16]. Children in this study were
between 5 and 10 years of age, so they had been stutter-
ing for several years at the time of testing (years since
stuttering onset: average = 4.2 + .4, range from 1.5 to 6.9
years, according to parental reports of the age of stutter-
ing onset). Consistently, a study of neuroanatomical con-
nectivity has reported anomalous white matter fractional
anisotropy in the corpus callosum and right inferior fron-
tal gyrus in children who stutter between 3 and 10 years
of age [20]. More studies with younger children are nec-
essary to understand the role of the right hemisphere in
motor control in developmental stuttering.

To our knowledge, no other study has examined
changes in within-frequency, long-range phase syn-
chronization during motor tasks in stuttering. At rest,
high-frequency interhemispheric synchronization has
been reported to be smaller in adults who stutter than in
adults who do not stutter, and within the group of stut-
tering adults, more severe stuttering was associated with
stronger interhemispheric low-frequency synchroniza-
tion [47]. Methodological differences (adults vs. children
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and resting-state vs. task-evoked connectivity) preclude
a direct comparison between our results and those by
Joos et al. [47]; however, both studies point to altered
network organization in stuttering that merits further
investigation.

Low frequency phase locking

We predicted that children who stutter would exhibit
greater trial-by-trial variability in slow oscillatory dynam-
ics over the left hemisphere, as indexed by a weaker tran-
sient phase locking to button press in the delta and theta
bands. Results in the delta band but not in the theta band
followed our prediction. In children who do not stutter,
the transient increase in delta and theta phase locking
to the impending button press was stronger over the left
hemisphere (contralateral to the moving hand). These
patterns are consistent with previous studies of finger
movements in children and adults [3, 37, 69]. In children
who stutter, phase locking transiently increased with the
same dynamics in both delta and theta bands, but in the
delta band, it was not left lateralized; increases were simi-
lar across both hemipsheres. Although, as already noted,
children who stutter were only marginally more variable
in their response times than children who do not stutter,
the observed weaker phase locking over the left hemi-
sphere may reflect greater variability in the timing of
motor activity.

Limitations

This study has several limitations. The first is the number
of participants. Developmental stuttering is a disorder
with a complex etiology that involves the interaction of
multiple factors, hence even at the onset of the disorder,
children who stutter might differ in the neural process-
ing supporting motor behavior. A larger number of par-
ticipants is necessary to replicate and expand the results
reported here. A second limitation of this study is that we
did not collect data on the button press movement itself.
We cannot rule out that different oscillatory dynamics
between groups might have resulted from differences in
movement parameters, such as velocity, duration of the
press, and force applied to the button, which we did not
measure, as we focused on changes in oscillatory meas-
ures around movement onset. However, it is possible that
these aspects of movement may contribute to the dynam-
ics of oscillatory activity in complex ways. In addition,
classical studies of sensorimotor oscillations involved
isolated movements or slow sequences of movements
which allow the independent estimate of suppression and
rebound of beta activity relative to a resting level [65]. In
contrast, we characterized oscillatory dynamics in a fast-
paced stream of target and non-target sounds with short
inter-sound-intervals. While future studies with longer
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windows around each movement might uncover the full
dynamics of movement-related oscillatory activity, we
show that different oscillatory dynamics at movement
initiation can be detected in children who stutter even in
ecologically relevant fast-paced tasks.

Finally, it is important to note that the oscillatory activ-
ity in our task might reflect sensorimotor as well as other
cognitive processing, such as memory, attention, and
effort [97]. Although these cognitive operations cannot
be fully disambiguated, our results suggest that children
who stutter and typically developing children differ in
oscillatory dynamics around movement initiation, and in
particular in the balance between the different frequency
bands and the two hemispheres. Future studies involving
diverse tasks and multiple methodologies may clarify the
contribution of cognitive processes to these differences.

Conclusions

The onset of movement is reliably accompanied by
changes in oscillatory activity in the motor cortex, par-
ticularly in the hemisphere contralateral to the moving
hand. In this study, we identified several differences in
oscillatory dynamics between children who stutter and
children who do not stutter, indexed by reduced modu-
lation of power and phase synchronization over the left
hemisphere, reduced lateralization of phase locking to
movement initiation at slow frequencies, and altered
interhemispheric phase synchronization in the delta
and beta bands. Taken together, these results point to
deficits in the functioning of the left sensorimotor cor-
tex in stuttering that may not be limited to speech and
suggest that the right hemisphere may be recruited to
support sensorimotor processing even in childhood
developmental stuttering.

Abbreviations
CNS Children who do not stutter

[ Children who stutter
dwPLI  De-biased weighted phase-lag index
ITPC Inter-trial phase clustering
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