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Decreased occipital alpha oscillation in children who stutter during a visual Go/Nogo task

Johanna Piispala 2**, Tuomo Starck 2®, Eira Jansson-Verkasalo', Mika Kallio2®

2 Department of Clinical Neurophysiology, Oulu University Hospital, Finland
b Medical Imaging, Physics and Technology -Research Group, University of Oulu, Finland

* Department of Psychology and Speech-Language Pathology, Speech-Language Pathology, University of
Turku, Finland

*Corresponding author: Kajaanintie 50, 90029 OYS, Oulu, Finland. +358 40 7173850.

E-mail addresses: Johanna.Piispala@ppshp.fi (J. Piispala), Tuomo.Starck@oulu.fi (T. Starck), eira.jansson-

verkasalo@utu.fi (E. Jansson-Verkasalo), Mika.Kallio@oulu.fi (M. Kallio).

Keywords

Stuttering, children, EEG, alpha, theta, Go/Nogo

Highlights

* Children who stutter (CWS) exhibit less alpha activity than controls during a visual Go/Nogo task.

* Controls had clear occipital alpha between stimuli while CWS showed a shift to slower frequencies.

* CWS show atypical function of attentional gating possibly due to immaturity of the brain networks.

Abstract

Objective: Our goal was to discover attention- and inhibitory control- related differences in the main

oscillations of the brain of children who stutter (CWS) compared to typically developed children (TDC).

Methods: We performed a time-frequency analysis using wavelets, fast Fourier transformation (FFT) and
the Alpha/Theta power ratio of EEG data collected during a visual Go/Nogo task in 7-9 year old CWS and

TDC, including also the time window between consecutive tasks.


http://ees.elsevier.com/clinph/viewRCResults.aspx?pdf=1&docID=22401&rev=1&fileID=599645&msid={98946AA7-28E3-4B11-AC2E-0AD332DBBAE1}

Results: CWS showed significantly reduced occipital alpha power and Alpha/Theta ratio in the “resting” or

preparatory period between visual stimuli especially in the Nogo condition.

Conclusions: The CWS demonstrate reduced inhibition of the visual cortex and information processing in

the absence of visual stimuli, which may be related to problems in attentional gating.

Significance: Occipital alpha oscillation is elementary in the control and inhibition of visual attention and
the lack of occipital alpha modulation indicate fundamental differences in the regulation of visual
information processing in CWS. Our findings support the view of stuttering as part of a wide-ranging brain

dysfunction most likely involving also attentional and inhibitory networks.

1. Introduction

In developmental stuttering speech is dysfluent due to interruptions, repetitions and prolongations that
complicate communication, often causing anxiety or fear of speaking. Many theories have associated
stuttering severity with temperamental factors as high emotional reactivity (Conture et al., 2006;
Bloodstein and Bernstein Ratner, 2008; Eggers and Van den Bergh, 2010) and self-regulation and
inattention (Eggers et al., 2012; Eggers et al., 2013; Eggers and Jansson-Verkasalo, 2017; please see also
review by Alm, 2014). Although the biological origin of stuttering is still uncertain, recent imaging studies
have shown widespread structural and functional brain abnormalities in individuals who stutter when
compared to fluently speaking controls (Belyk et al., 2015; Beal et al., 2007; Brown et al., 2005; Budde et
al.; 2014; Chang et al.; 2009; Giraud et al., 2008; Jansson-Verkasalo et al., 2014; Neef et al., 2011; Preibisch
et al., 2003; Salmelin et al., 2000; Sommer et al., 2002; Sowman et al., 2017; Watkins et al., 2008; for an
overview, see reviews by Alm, 2004; Neef et al., 2015; Etchell et al., 2017). In addition or instead of
implicating particular cortical areas, there is evidence of reduced connectivity in various white matter tracts
such as tracts between auditory and motor areas, the corpus callosum or the frontal aslant tract (Cai, S. et
al.; 2014; Civier et al., 2015; Kronfeld-Duenias et al., 2016). Similar, but not identical brain irregularities
have been discovered in children who stutter (CWS) (Beal et al., 2013; Chang et al., 2008; Chang and Zhu,
2013; Chang et al., 2015; Misaghi et al., 2018). Chang et al. also recently described atypical functional brain
network connections involving attentional and executive control related networks in CWS in a large fMRI

study (Chang et al., 2017).

Considering the abovementioned findings, the CWS are likely to exhibit also attentional and inhibitory
control problems. Posner and Petersen divided the attentional systems to subsystems (Posner and
Petersen, 1990) that operate through several interacting functional brain networks (Visintin et al., 2015;

Xuan et al., 2016; see review by Petersen and Posner, 2012). The vigilance network maintains alertness



while the orienting network selects the crucial information produced by sensory systems. The executive
control system, on the other hand, provides top-down control and deals e.g. with conflicting responses. A
part of executive control, inhibitory control is a key factor in the regulation of impulsivity and enables
attending to relevant stimuli only and thus accurate responses (Eggers and Jansson-Verkasalo, 2017;

Rothbart, 1989; Rothbart and Posner, 1985).

We recently explored the inhibitory control of children who stutter by utilizing a visual Go/Nogo paradigm
with simultaneous EEG and event-related potential measurement (Piispala et al., 2016; Piispala et al.,
2017). In this task the Go-signal is to be reacted to while the Nogo-signal requires inhibition of response. In
our studies the CWS showed significantly delayed Go-N2 component peak latency (Piispala et al., 2016) as
well as atypically distributed and prolonged Nogo-N2 and diminished Nogo-P3 components when
compared to typically developed children (TDC) (Piispala et al., 2017). These findings indicate problems in
stimulus evaluating and classification and response selection as well as inhibitory control, despite similar

accuracy and reaction times in the task.

However, ERPs can only give a narrow representation of the phase-locked neural activity in the task since
ERPs usually contain parallel activity on multiple oscillatory frequencies, such as the alpha and theta band
oscillations. With time-frequency analysis it is possible to gain a fuller insight into the spectral dynamics
involved in the Go/Nogo task (Cavanagh and Frank, 2014; Cooper et al.; 2016; Harper et al., 2014; Kirmizi-
Alsan et al., 2006). Alpha and theta are the major pre-stimulus oscillations that individually affect the main
ERP amplitudes (De Blasio and Barry, 2013b; De Blasio and Barry, 2013a). High pre-stimulus alpha activity
increases the P3 amplitudes in a Go/Nogo task independent of condition (De Blasio and Barry, 2013b). On
the other hand, low pre-stimulus theta power produced higher Nogo-N2 and Go-P3, but reduced Nogo-P3,
linking low pre-stimulus theta to improved cognitive processing (De Blasio and Barry, 2013a). Theta
oscillation has been shown to specifically participate in the generation of the N2 component in Go/Nogo
tasks (Cavanagh et al., 2012; Harper et al., 2014). In contrast, beta frequencies only influenced the early
exogenous components (De Blasio and Barry, 2013b) and delta affected all components globally (De Blasio

and Barry, 2013a).

Alpha-band oscillation between 8-12 Hz is the dominant rhythm in the brain (Berger, 1929; Klimesch, 1999;
Klimesch, 2012). By many theories, alpha modulation operates as an attentional suppression and control
mechanism operating via inhibition; high alpha activity or synchronization inhibits the processing of
competing irrelevant information or distractors (Jensen and Mazaheri, 2010; Foxe and Snyder, 2011;
Klimesch et al., 2007; see also reviews by Freunberger et al., 2011; Frey et al., 2015). Desynchronization of
alpha oscillation is usually seen in the brain areas responsible for the processing of relevant, attended

information (see reviews by Frey et al., 2015; Klimesch, 2012). Pre-stimulus alpha modulation targets



attentional resources to the need-to-be-attended stimulus when cues are used. In those situations alpha is
desynchronized over areas processing the attended stimuli and enhanced on other, task-irrelevant areas
(Slagter et al., 2016; see reviews by Frey et al., 2015; Klimesch, 1999). In particular, high alpha amplitude or
synchronization prior to a visual stimulus correlates negatively with visual perception and discrimination
while desynchronization predicted good performance (Van Dijk et al., 2008; see also review by Hanslmayr

etal., 2011).

Theta band is usually defined as oscillations within the 4-7 Hz frequency range and it has been connected to
many cognitive functions, e.g. encoding new information, learning and working memory function (Chaieb et
al., 2015; see reviews by Benchenane et al., 2011; Freunberger et al., 2011; Klimesch, 1999). In regard to
inhibitory control, theta oscillation particularly in the frontal midline area may be crucial in cognitive
control (Kirmizi-Alsan et al., 2006; Nigbur et al., 2011; for an overview, see review by Cavanagh and Frank,

2014).

Few studies have implemented EEG and time-frequency analysis in people with stuttering and mostly using
speech paradigms (Sengupta et al. 2016; Sengupta et al., 2017; Salmelin et al., 2000; Mersov et al., 2016). In
a resting state EEG study increased connectivity between motor speech and premotor areasat theta and
alpha range oscillations was correlated to stuttering severity (Joos et al, 2014). Metzger et al. implemented
a motor Go/Nogo task and discovered atypical network activation involving the basal ganglia in the

preparation of the task in adults who stutter (Metzger et al., 2018).

These aforementioned studies used adult subjects, who may actually show major compensatory changes in
response to years of dysfluency. Studies on children are thus highly valuable as they represent the early
years of the clinical symptoms. Therefore, in this study on 7-9 year old children who stutter, we extended
the evaluation of the EEG data collected previously and additional data during a visual Go/Nogo task
(Piispala et al., 2016; Piispala et al.2017) from time domain ERP-analysis to time-frequency domain analysis
in order to further differentiate the underlying parallel neuronal activations. We also expanded the
exploration to a wider time frame including the pre-stimulus and late post-stimulus time windows to
identify possible cue-related and preparatory as well as resting state differences. Considering the
association between the N2 and P3 ERP-components and alpha and theta oscillations in inhibitory tasks, it
is likely that the groups differ also by the magnitude, ratio and/or distribution of these oscillations. We
focused on alpha and theta oscillations for their particular and relatively well-defined role in attention and
cognitive control. So far there are no studies that we are aware of, on brain oscillations related to the

Go/Nogo task in CWS.



2. Materials and methods

2.1 Participants

Twelve children with stuttering (mean age 7.97 years, range 6.3-9.5 years; right-handed boys) and 12
typically developed, fluently speaking boys (mean age 8.01 years, range 5.8-9.6 years; one left-handed)
participated in the study. The stuttering group consisted of 11 children already included in our previous
studies (Piispala et al., 2016; 2017) and one new subject. In order to prevent sex-related confound only
boys from the previous control group were now included. Stuttering was assessed using the Stuttering
Severity Instrument SSI-3 and was graded very mild in 2, mild in 5 and moderate in 4 participants and
severe in 1 participant. The groups did not differ significantly by age (p=.938, t-test) or their performance in
the Vocabulary (p = .163, t-test) and Block Design (p =.636, t-test) subtests of the Wechsler Intelligence
Scale for Children, Third Edition (WISC-1ll, Wechsler, 1991). Prior to the study, all participants and their
parent(s) received information about the study. A verbal approval was obtained from participants and the
parent(s) gave an informed, written consent. The ethical committee of the Oulu University Hospital

accepted the study in accordance with the declaration of Helsinki.

2.2 Stimuli and procedure

All children performed a visual Go/Nogo task, described in more detail earlier (Piispala et al., 2016). The
task begins with a non-informative cue (a small white cross) for 500 ms, then either a Go (green, walking
figure) or Nogo (red, standing figure) stimulus for 800 ms, followed by an empty, black screen for the
remaining 1500 ms of a trial, resulting in a 2800 ms fixed inter-stimulus interval. One block contains 24 Go
and 24 Nogo stimuli in a pseudo-random order and each child performed 4-6 blocks, depending on the
quality of the EEG. The child was instructed to press a mouse button for the Go stimulus and to refrain from
pressing for Nogo stimulus. Correct Go responses (press within 250-3200 ms after a Go-stimulus) and Nogo

responses (no press after a Nogo stimulus) were recorded.

2.3 EEG recording and analysis

During the task, EEG was continuously recorded with Brain Products software, a BrainAmp DC amplifier and

an Acticap electrocap containing 64 Ag/AgCl electrodes. Sampling rate was 5000 Hz with 0.1 pV resolution



and a 0.016-1000Hz on-line band pass was used. For eye movement recording, two electrodes were
attached below and above the outer canthi of the left and right eye, respectively. Fcz was used as a

common reference during the recording.

For the time-frequency analysis, the 4 most lateral channels were discarded due to the high likelihood of
EMG-artifacts and the analysis was continued with 60 channels. The data was digitally filtered with a 0.1-25
Hz band pass filter to exclude EMG artifacts. After ocular correction all epochs containing higher than 250
MV voltages were excluded. The data was re-referenced to the linked mastoids and segmented from 700
pre-stimulus to 2100 ms post-stimulus, separately for correct Go and Nogo responses. After segmentation,
the segments were inspected and any segment with excessive EMG or other artifacts was rejected from
further analysis. The segments were averaged separately for each condition and at this point, the data were
downsampled to 64 Hz. For the determination of an appropriate baseline period, a combined TDC and CWS
group mean wavelet graph was visually analyzed and the period between -600-(-500) ms was chosen as this
period contained the least activity. Then a baseline corrected continuous wavelet transformation was
performed for the averaged data of each child. The transformation was carried out with complex Morlet
wavelet (Morlet parameter = 5) using Gabor normalization. Frequency range of interest was limited to 3-20
Hz with 1 Hz steps resulting 18 frequency bins. The individual as well as the grand average wavelet graphs

were inspected visually in both conditions (Fig 1.).

[Fig. 1.]

2.4 Statistical analysis

The statistical analysis space of time-frequency wavelet data over channels defined by Acticap electrode
layout was analyzed using the FieldTrip MATLAB toolbox (Oostenveld et al., 2011). The T-statistics of every
channel-frequency-time — triplet is computed by non-parametric test for independent samples. Applied
statistical approach is permutation resampling with 1000 permutations. The cluster permutation procedure
was used to control for multiple comparisons over 192240 elements (60 channels x 18 frequency bins x 178
time points). Clusters are adjacent samples in this analysis space and are formed by thresholding the
samples with p=0.05 that yields 2.5-percentile per tail for two-sided test. The cluster permutation
procedure calculates cluster-level statistics by taking the sum of t-values over each cluster. Then the
cluster-level significance level between CWS and TDC groups is calculated by permutation method where p-
value is based on comparing the observed cluster statistics to the Monte-Carlo reference statistics. This p-

value controls the false alarm rate and the threshold was set to p=0.025 for two-sided test.

For further examination of the differences seen in the wavelet graphs and the cluster analysis we carried

out a fast Fourier transformation (FFT) in the Nogo condition. The time frame was narrowed to the 900-



1800 ms time period, when the combined wavelet graph of both groups showed the most alpha activity.
The visual stimulus has ended at 800 ms post-stimulus and during the selected time window the computer
screen is empty, thus not requiring any visual processing. The first 100 ms and last 200 ms were left out to
avoid technical artifacts and/or contamination from the stimulus processing. Both the grand average and

individual FFT graphs were evaluated visually.

For a further statistical analysis an Alpha/Theta ratio was calculated from the mean power within the 7.5 -
12.5 Hz frequency range for alpha and 4 — 7.49 Hz for theta band in this time window. For comparison of
the Alpha/Theta ratio between groups we used 12 frontal, central, parietal and occipital electrodes
(F3,Fz,F4,C3,CZ,C4,P3,PZ,P4,01,02,02) and a linear mixed model analysis with the SPSS statistical analysis
program ((IBM Corp. IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp). In the model
Alpha/Theta ratio was used as dependent variable and Laterality (Left, Midline, Right) and Anterior-
Posterior (Frontal, Central, Parietal and Occipital) as fixed effects and subject ID as a random effect. For the
post hoc analysis of the significantly differing areas between and within groups two variables, Group
(CWS/TDC) and Anterior-Posterior were combined into one variable. The Group-Anterior-Posterior variable

was then used as a factor in the linear mixed model.

Due to the outliers seen in the individual FFT graphs, the Alpha/Theta ratio at Oz channel was compared
between groups by Mann-Whitney U-test with and without these two outliers. However, since there is no
valid methodological reason to leave these subjects out, their data is included in the final analysis using the

linear mixed model.
3. Results

Statistical testing between groups showed CWS group to present significantly suppressed (p=0.014) alpha
activity across a broad time window starting from around 600 ms after the Nogo - stimuli (Fig. 2.).
Decreased alpha activity cluster comprised mainly of parieto-occipital and frontal electrodes (for full
electrode layout result please see supplementary material). In Go - condition the difference between the

groups was not statistically significant.

[Fig. 2.]

The visual FFT analysis of the chosen “resting” period between 900 and 1800 ms post-stimulus revealed
high alpha band activity in the posterior areas of the TDC group, but not in the CWS (Fig 3 a.) where the
theta activity was more prominent. In the TDC the variability was wider with some individuals showing

particularly enhanced alpha, whereas in the CWS all subjects showed very little alpha activity (Fig 3 b.).

[Fig. 3 a.]



[Fig. 3 b.]

The boxplot of the Alpha/Theta ratio at Oz channel showed two distinct outliers as seen also in the
individual FFT graphs (Fig 4.). However, when the Alpha/Theta ratio at Oz channel was compared both
including (p=.001, Mann-Whitney U-test) and excluding (p=.005, Mann-Whitney U-test) these two subjects,
the difference remains statistically significant, indicating that the difference between groups is not due to

these outliers.

[Fig. 4.]

The mixed model analysis of the Alpha/Theta ratio supported the results of the visual analysis of the
wavelet and FFT graphs. There was a highly significant Group x Anterior-Posterior main effect (p<.000) with
higher Alpha/Theta ratio in TDC than CWS. In pairwise comparisons between regions the Alpha/Theta ratio

was significantly higher in the TDC than the CWS at the occipital leads (p<.000) (Fig. 5.).

[Fig. 5.]
4. Discussion

In our study the TDC showed distinct alpha band activity over the occipital areas from around 900 ms post-
stimulus when the visual stimulus had ended. However, in the CWS group this was significantly reduced
and virtually no alpha was seen. Occipital alpha rhythm is an expected observation in eyes-closed resting-
state EEG, but is also seen in eyes-open EEG although smaller in amplitude (Barry et al., 2007; Barry et al.,
2009). When judged by visual analysis of our wavelet graphs as well as the previous ERP and topography
analysis (Piispala et al., 2016; Piispala et al.,2017), the clear event-related activity fades off at around 600
ms. For that reason we assume that the EEG activity in the last post-stimulus time-window (900-2100 ms)
resembles eyes-open resting-state EEG. However, in our study situation the child is most likely also
concentrating on the upcoming task, in contrast to usual resting state studies. Therefore it may as well

contain some active preparatory procedures instead of pure resting state activity.

In previous EEG-studies occipital alpha power increase has been associated with the inhibition of
unnecessary or distracting visual information (van Dijk et al., 2008; Foxe and Snyder, 2011; Slagter et al.,
2016) and with reduced cortical excitability (Romei et al., 2007). In simultaneous fMRI-EEG-studies alpha
power has been linked to the blood oxygenation level dependent (BOLD) response to visual stimuli
(Mayhew et al., 2013; Mo et al., 2013) supporting the role of alpha synchronization in the gating of
attention. In our study the clear occipito-parietal alpha seen in the TDC during the black-screen stage likely
represents efficient disengagement of visual perception and inhibition of the visual cortex. In contrast, it

seems that in the CWS there is very little occipital alpha desynchronization and they maintain a highly



receptive state and increased visual attention throughout the waiting period. The CWS may not be able to
control and direct attentional resources proficiently to meaningful information only. From this point of
view, low alpha power in the pre-stimulus period in CWS could indicate atypical attentional preparation to
the upcoming task. One possible explanation is that the task induces more stress on the attentional abilities

of the CWS and demands the use of more effort in e.g. visual orienting.

In the FFT-analysis the CWS showed significantly diminished Alpha/Theta ratio at the occipital area when
compared to the TDC with CWS presenting higher theta power than alpha power. Developmental EEG
studies have shown a spectral power shift to higher frequencies, decreasing theta/alpha ratio and
increasing alpha peak frequency by age (Benninger et al., 1984; Clarke et al., 2001; Gasser et al., 1988;
Miskovic et al, 2015). There are also developmental changes of the brain networks indexed by
strengthening long-range alpha connectivity (Miskovic et al, 2015; Knyazev et al., 2017) and increasing EEG
variability with age, proceeding from the posterior to anterior areas of the brain (Miskovic et al, 2016). Our
findings of a shift towards slower oscillatory frequencies in the CWS could indicate more immature

development of the brain and functional brain networks when compared to age-matched TDC.

Some brain regions show temporally connected activity in fMRI scans and/or coherent oscillation in EEG
recordings during resting state and are considered to form a functional default mode network (DMN) which
most likely reflects the ongoing intrinsic activity of the brain (Raichle et al; 2001; Laufs et al.; 2003, for an
extensive review, see Raichle 2015). In contrast, task-related of task-positive networks such as the control-
related frontoparietal network (FPN), the top-down attention regulating dorsal attentional network (DAN)
and stimulus-driven ventral attention network (VAN) are activated during inhibitory and attentional tasks
(Stevens et al., 2007; see also reviews by Corbetta et al, 2008; Parks and Madden, 2013; Vogel et al. 2010).
The resting state and task-related network activities are anticorrelated; i.e. the DMN activation is seen with
the concomitant inhibition of task-positive networks (Chai et al., 2012; Fox et al., 2005; Fox et al., 2009).
The balance between these systems is crucial for executive control and attention and (Fox et al., 2005; Fox

et. al, 2008; Raichle, 2015; reviews by Corbetta et al., 2008; Parks and Madden, 2013).

In the context of visual attention, high occipital alpha power in a resting state condition was positively
correlated with DMN activity particularly in eyes-open condition in a simultaneous EEG-fMRI study (Mo et
al., 2013). The authors suggested that DMN activation (and alpha activity) suppresses external visual input
and thus enables intrinsic mental processing. In eyes-closed condition this is not needed and such
activation was not seen. Furthermore, in the study by Mayhew et al, low pre-stimulus alpha-activity was
concurrent with the inhibition of auditory networks as well as the DMN and led to enhanced positive BOLD
responses to stimuli in the visual cortex (Mayhew et al., 2013). Knyazev et al have also coupled enhanced

alpha-activity to the function on the DMN and possibly to internal mental processing (Knyazev et al., 2011).



Thus the diminished alpha in the CWS in our study could reflect reduced activity of the DMN and less
internal mental processing, perhaps due to imbalance between the DMN and attentional networks. This
would corroborate the findings of Chang et al (Chang et al., 2017) and possibly present an
electrophysiological indicator of abnormal brain network architecture in CWS compared to TDC. However,
in some studies the parieto-occipital alpha power showed only weak or no correlation to the DMN
(Bowman et al., 2017; Laufs et al. 2003; Neuner et al., 2014) but to the dorsal attentional network instead
(Hacker et al., 2017). Then again, the DMN may act also in attentional tasks (Visintin et al., 2015; Popa et al,

2009). Therefore the exact relation of alpha activity, attention and the DMN activity remain indeterminate.

In regard to attention, children with ADHD or some subtypes of ADHD have frequently shown higher
relative theta power along with reduced alpha and beta power when compared to controls (Clarke et al.,
2011; Vollebregt et al., 2015; see review by Barry et al., 2003). Furthermore, children with ADHD exhibited
absent posterior alpha modulation in response to cuing in a visuospatial task (Vollebregt et al., 2016) and in
a cross-modality attentional task (Mazaheri et al, 2010). As the CWS in our study had parallel aberrations in
the alpha and theta power ratio as children with ADHD, it could implicate similar abnormalities, perhaps in
the brain network functions resulting in comparable attentional and cognitive control deficits. On the other
hand, in the study by Chang et al. (2017) almost 15% of the subjects with stuttering were diagnosed with
ADHD later during follow-up and more than 10% were given some other developmental or psychiatric
diagnosis. Our findings lend cautious support to the hypothesis that developmental stuttering and ADHD

involve some related malfunction of attentional control.

5. Caveats and confounds

One consideration is the effect of the processing of the task stimuli. As in Nogo condition, clear alpha
activity was indeed evident in the TDC in the same time window in the Go condition, too. However, the
difference to the CWS did not reach statistical significance. The motor response in the Go condition may
affect the oscillatory activity even in this later time window obscuring the differences in the statistical

analysis.

On the other hand, we cannot rule out the use of some compensating attentional mechanisms in CWS, as
the behavioural performance was equal between groups (Piispala et al., 2016). In a recent visual spatial

attention study comparing elderly and young subjects, the older subjects showed reduced occipital alpha
power during the task but also in the resting or baseline state (Van der Waal et al., 2017), similarly to the
CWS in our task. The elderly did not show a typical lateralization of alpha in this spatial task, either, as the

younger subjects did. Instead the older participants had excessive high-frequency lateralization possibly
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indicating the use of some other resources to complete the task. Also another study reported diminished
parieto-occipital alpha modulation by cue in the elderly when compared to young, but activation of
centrally located beta frequency activity as possible alternative coping mechanism (Deiber et al., 2013). In
our study, however, we did not analyze the higher frequencies in order to reduce artifact due to muscle
activity, as it may overlap especially the gamma, but also beta frequency brain activity. Typical of child data,

some children in our study still showed excessive muscle activity despite all efforts to record clean EEG.

The sample size in our study is small despite continuous recruiting due to the strict exclusion criteria. We
only accepted children with pure stuttering and no other neurological or developmental issues to avoid
confound. As commonly known and also seen in the study of Chang et al. (2017), stuttering is frequently
associated with concomitant neurological and neuropsychological problems and many candidates for our
study were rejected for this reason. However, the differences were clear even in this small group and in

children with no other diagnosis besides stuttering.

6. Conclusion

Our findings of significant differences in the key components of the brain’s oscillatory activity in a non-
speech related setting further stress the fact that stuttering is more than a speech related disorder. Our
results express the electrophysiological correlates of the extensive brain deviations found in earlier imaging
studies and support the role of EEG analysis as a useful and sensitive tool in discovering these group-level

differences.
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Captions

Fig. 1. Group mean wavelets in the Nogo condition from -700 ms prestimulus to 2100 ms poststimulus at
frontal (F3, Fz, F4), central (C3, Cz, C4), parietal (P3, Pz, P4) and occipital (01, Oz, 02) channels, children
who stutter (CWS) on the top and typically developed children (TDC) on the bottom. The TDC show
prominent alpha range activity especially in the posterior areas after the visual stimulus has ended. In CWS,
such alpha modulation is hardly visible. Please see the supplementary material for wavelet graphs in Go

condition.

Fig. 2. Significantly differing cluster (black) between children who stutter (CWS) and typically developed
children (TDC) in Nogo — condition from the full electrode set statistical analysis of wavelet time-frequency
space with cluster-level significance (p<0.025) determination. CWS group presents significantly (p=0.013)
diminished parieto-occipital and frontal alpha activity in post-stimulus phase. For full electrode layout

results please see supplementary materials.

Fig. 3 a. The fast Fourier transformation (FFT) grand average graphs in the time window between 900 and
1800 ms poststimulus in Nogo condition at frontal (Fz), central (Cz), parietal (Pz) and occipital (Oz) channels,
children who stutter (CWS) on the left and typically developed children (TDC) on the right. The TDC have a
distinct peak in the alpha frequency range between 7,5-12,5 Hz especially in the occipital area, but in CWS

theta range activity between 3,5-7,5 Hz is more prominent than alpha activity.
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Fig. 3 b. The overlaid individual FFT graphs at Oz channel, CWS on the left and TDC on the right. The
individual FFT graphs demonstrate a variable amount of alpha activity in the TDC, but a consistent lack of

alpha activity in the CWS.

Fig. 4. The boxplot of the Alpha/Theta ratio at Oz channel, CWS on the left and TDC on the right. The TDC
show more variance with two distinct outliers. However, the Alpha/Theta ratio is higher in TDC even

without these outliers.

Fig. 5. The 95 % confidence interval of mean graphs for the Alpha/Theta ratio at frontal (F), central (C),
parietal (P) and occipital (O) areas for typically developing children (TDC ) and children who stutter (CWS) in
the Nogo condition. In the TDC variability is higher particularly in the posterior areas. The TDC show a

significantly higher occipital Alpha/Theta ratio than the CWS.
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