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Abstract

Objective—Developmental stuttering is characterized by fluent speech punctuated by stuttering 

events, the frequency of which varies among individuals and contexts. Most stuttering events occur 

at the beginning of an utterance, suggesting neural dynamics associated with stuttering may be 

evident during speech preparation.

Methods—This study used EEG to measure cortical activity during speech preparation in men 

who stutter, and compared the EEG measures to individual differences in stuttering rate as well as 

to a fluent control group. Each trial contained a cue followed by an acoustic probe at one of two 

onset times (early or late), and then a picture. There were two conditions: a speech condition 

where cues induced speech preparation of the picture’s name and a control condition that 

minimized speech preparation.

Results—Across conditions stuttering frequency correlated to cue-related EEG beta power and 

auditory ERP slow waves from early onset acoustic probes.

Conclusions—The findings reveal two new cortical markers of stuttering frequency that were 

present in both conditions, manifest at different times, are elicited by different stimuli (visual cue, 

auditory probe), and have different EEG responses (beta power, ERP slow wave).

Significance—The cue-target paradigm evoked brain responses that correlated to pre-

experimental stuttering rate.
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1. Introduction

From the perspective of the brain, speech is not free. Even simple speech utterances require 

the orchestration of high-level cognition, in the form of the intended message, which is 

mapped onto the corresponding lexical and phonological representations, which are then 

expressed by precisely timed muscle contractions of the vocal articulators (Indefrey and 

Levelt 2004; Indefrey 2011). This complexity provides many opportunities for speech to fail, 

which is evident in developmental stuttering as well as other speech disorders. 

Developmental stuttering originates in childhood, and is characterized by the presence of 

intermittent dysfluencies that disrupt the natural flow of speech (Bloodstein and Bernstein 

Ranter 2008). Developmental stuttering is considered persistent if stuttering continues into 

adulthood.

Convergent evidence from lesion (Grant et al. 1999; Fawcett 2005), neuroimaging (Brown et 

al. 2005), and neurophysiological (Salmelin R, Schnitzler A, Schmitz F, Jancke L, Witte OW 

et al. 1998; Biermann-Ruben et al. 2005; Salmelin 2007) studies show that coordination 

within a network of perisylvian sensorimotor systems is vital for fluent speech (Guenther, 

2006; Hickok, 2012; Indefrey, 2011). Interactions among motor and sensory (auditory, 

somatosensory) areas are one aspect of this network’s coordination, and are thought to 

instantiate feedforward (motor to sensory) and feedback (sensory to motor) control. Many 

imaging studies have found that adults and children who stutter have anatomical and 

functional differences throughout sensorimotor speech networks (Fox et al. 1996; Sommer et 

al. 2002; Foundas et al. 2004, 2013a; Beal et al. 2007, 2013; Watkins et al. 2008; Chang et 

al. 2008, 2011, 2015; Kikuchi et al. 2011; Mock et al. 2012). Resting-state fMRI studies 

have shown that adults and children who stutter have functional connectivity deficits 

between sensorimotor regions even when they are not speaking (Xuan et al. 2012; Chang 

and Zhu 2013).

Most prior work on the neural mechanisms of stuttering compares people who stutter 

relative to fluent controls at the level of group analyses. Yet it is well-established that 

stuttering frequency varies from individual to individual and situation to situation, ranging 

from being nearly imperceptible to debilitating. Factors such as anticipation of public 

speaking and message complexity can further impair fluency in people who stutter (Siegel 

and Haugen 1964; Young 1965; Wells 1979). Conversely, unusual forms of auditory 

feedback or speech behaviors can improve fluency. Such examples include altered or 

delayed auditory feedback (Lincoln et al. 2006; Foundas et al. 2013b), sound masking (Barr 

and Carmel 1969; Conture 1974; Brayton and Conture 1978), and using an unusual/novel 

speaking style (Azrin et al. 1968; Wingate 1969). Fluency can also be improved by 

manipulating tactile feedback (Waddell et al. 2012) or by having subjects perform a manual 

tracking task while speaking (Arends et al. 1988). There is one characteristic of stuttering 

that is extremely consistent across situations: over 90% of stuttering events occur on the 

initial sound or syllable of the utterance (Sheehan 1974; Bloodstein and Bernstein Ranter 

2008). This observation strongly suggests that neurological markers of stuttering will likely 

be present before the initial syllable is ever attempted, i.e. during speech preparation.
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The current study examined speech preparation in men who stutter (MWS) by recording 

EEG while participants performed a delayed naming task. In our delayed naming paradigm a 

one or two syllable cue word is presented first and then followed by a picture that usually 

corresponds to the cue. The cue is a reliable predictor of the upcoming picture, and thus can 

be used to prepare a vocal response to the upcoming picture. A control condition used the 

same stimuli except that the cue did not spell a word, and therefore does not elicit speech 

preparation of a specific word. Two neuronal responses were examined: event-related 

potentials (ERPs) to auditory stimuli delivered between the cue and target, and evoked 

changes in EEG oscillatory power after cue onset. The auditory stimuli probed engagement 

of the auditory system during speech preparation, which is evident by larger auditory ERP 

slow waves during speech preparation vs. the control task (Mock et al. 2011). Our previous 

study using the same subjects and paradigm found the difference in auditory probe slow 

waves between conditions was smaller in all MWS vs. fluent adults (Mock et al. 2015). The 

findings supported the hypothesis that MWS showed diminished auditory processing during 

speech preparation. In contrast, the current paper focused on indexing stuttering severity by 

using neurophysiological measures, regardless of any relations to motor efference.

The main objective of this study was to determine whether cortical measures (ERP 

amplitude and EEG power) during speech preparation would correlate to individual 

differences in stuttering rate. We rationalized that during speech preparation, cortical activity 

within sensorimotor regions would show differences in relation to an individual’s stuttering 

rate. Both auditory ERPs and cue-related EEG power reductions in the alpha (8–12 Hz) and 

beta (12–30 Hz) bands can index sensory and motor activity within speech networks (Crone 

1998; Szurhaj et al. 2003; Chevillet et al. 2013; Möttönen et al. 2013). Thus, we 

hypothesized that EEG power in the alpha and beta bands would show greater 

desynchronization within sensorimotor regions during speech preparation and would 

correlate to stuttering rate. We also hypothesized increased auditory processing in the MWS 

during speech preparation, as indexed by the auditory probe ERP amplitudes, would 

correlate to an individual’s stuttering rate.

2. Methods

2.1. Participants

The study participants were twenty-four males (MWS = 12, fluent adults = 12, all right 

handed) that participated in a previous study (Mock et al. 2015). The current study presents 

new results using EEG measures to examine associations to individual differences in speech 

fluency. The previous report focused on group differences with respect to motor efference 

copy during speech preparation. All participants reported normal neurological and 

psychiatric health, spoke English as their first and primary language, and were in the normal 

range of hearing thresholds (≤ 25 dB, 0.5–8.0 kHz). Stuttering rate was obtained for all 

MWS by transcribing two videotaped speech samples (conversation, reading passage). To 

obtain a stuttering rate for each MWS the percent of dysfluent syllables was quantified by 

adding the number of stuttering-like dysfluencies (monosyllabic word repetitions, part-word 

repetitions, blocks and prolongations) from the first 300 syllables of each speech sample and 

dividing by the total number of spoken syllables. The percent of dysfluent syllables from the 
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conversation and reading passages were averaged to obtain a stuttering rate (mean=9.8 

± 1.3%, range=3.5 to 19.5%). Stuttering rate was independently coded by both the first 

author and a certified speech-language pathologist, and was reliable (intraclass correlation 

coefficient = 0.89). Each participant signed a consent form, and all experimental procedures 

followed a protocol approved by the Tulane University Institutional Review Board that was 

consistent with the Declaration of Helsinki.

2.2. Experimental Design and Task

This study used the same cue-target paradigm with two conditions (speech and control) that 

was used in our previous studies (Mock et al. 2011, 2015) Figure 1). Trials in the speech 

condition presented a one or two syllable cue word that corresponded to the target picture on 

90% of the trials (termed “same trials”). In 10% of the trials the cue did not match the target 

picture (termed “different trials”). The behavioral results verified that subjects in both 

groups used the cue to prepare their naming response because reaction times were much 

slower on the “different” trials (see Results section). The participants were asked to use the 

cue to prepare a vocal response to the target picture, to be fast but accurate, and to only use 

one word responses. The interval between the target and cue of the next trial was 3.0 sec.

In the control condition all cues were “XXXX” which provided timing on when the 

upcoming target would appear but did not allow the subject to prepare a specific vocal 

response. On most control trials the participants passively viewed the stimuli without 

naming the picture (90% of trials). To control for attentiveness, on 10% of the control trials a 

visual prompt was given 1,000 ms after the target that instructed the participant to name the 

previous target (catch trials). The cues (3 cm height) and targets (picture 7 × 7 cm) were 

presented in the middle of a computer screen for 500 ms at a distance of 100 cm from each 

participant.

An auditory probe was presented between the cue and target to measure the impact of 

speech motor preparation on auditory cortical processing. For each trial one auditory probe 

was delivered between the cue and target at either an early (600 ms) or late (1200 ms) time 

point relative to cue onset (p =.50 for early/late time point). The auditory probes (~60 dB 

nHL, ~200 ms duration) were either a consonant-vowel or pure tone (1,000 Hz, 5 ms rise/

fall time). In the speech condition the consonant-vowel probes were subdivided into two 

classes (match, mismatch). The only difference between the match and mismatch probes was 

their relationship to the cue on a given trial. The sound of the match probes corresponded to 

the first consonant-vowel of the cue word, while the mismatch probes did not. Each sound 

type (match, mismatch, tone) was randomly presented in 20 trials/block (p=.33), yielding 60 

different words and pictures per block. Pictures were selected from a standardized set 

(Snodgrass and Vanderwart 1980). Six blocks were given for each condition (360 trials/

condition). All words began with a consonant-vowel and the order of conditions was 

counterbalanced across participants in each group.

2.3. Electrophysiological recordings

Scalp EEG recordings were conducted in an electrically shielded sound booth using a 64 

Ag/AgCl electrode cap (reference between Cz and CPz, impedances ≤ 10 kΩ, 500 Hz 
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digitization rate, DC-100 Hz). Four electrodes were used to monitor eye movements, one 

above and one below the left eye and one lateral to each eye. Acoustic stimuli were 

presented binaurally with etymotic headphones. The electrodes were corrected for DC drift 

and eye blink artifacts (Gratton et al. 1983). Acoustic ERPs were re-referenced offline in a 

linked mastoid configuration and epoched into 1,200 ms segments (−200 to 1000 ms relative 

to stimulus onset). Each ERP epoch was visually inspected for additional artifacts before 

being included in the ERP averages. Each auditory ERP average was digitally filtered (band 

pass 0.1–16 Hz, 12 dB down) to attenuate slow shifts, and baselined from −100 ms to 0 ms 

relative to stimulus onset.

Changes in EEG power, termed event-related spectral perturbations (ERSPs), were 

examined using EEGLAB version 11.054 (Delorme and Makeig 2004) running in Matlab 

8.0 (The Mathworks, Inc., Natick, MA U.S.A.). ERSPs are measurements of event-related 

power increases (synchronization) or decreases (desynchronization) in oscillatory power 

within a given frequency band relative to a prestimulus baseline period. EEG data were re-

referenced to the average of all scalp electrodes and bandpass filtered from 1 to 50 Hz. 

Continuous data were segmented into epochs lasting from 1000 ms before the cue to 100 ms 

after the target. ERSP plots were generated by computing the spectral power within equally-

spaced frequency bins from 5 to 50 Hz using a short-time Fourier transform with sliding 

Hanning windows. ERSP plots indicated power (dB) at a given time and frequency by 

subtracting the trial-averaged pre-stimulus spectral activity (−1000 ms to 0 ms) from post-

stimulus activity in each frequency band (Tallon-Baudry et al. 1999; Grandchamp and 

Delorme 2011). The ratio of power after stimulus onset relative to baseline is expressed in 

decibels. The cue was presented at 0 ms, onset of the auditory probe was at either 600 ms 

(early) or 1200 ms (late), and targets were given 1,500 ms after the cue.

Both ERPs and ERSPs index stimulus-induced changes in EEG power relative to a 

prestimulus baseline. The main difference is that ERPs index changes in EEG power that 

occur at both a consistent latency and phase across trials. In contrast, ERSPs reflect EEG 

power changes at a consistent latency across trials, but the phase does not have to be 

consistent (Makeig 1993). Thus, ERSPs provide an index of change in oscillatory activity 

that may not be evident in phase-locked responses such as ERPs.

2.4. Data analysis

The current study will focus on ERPs to auditory probes and ERSPs following visual cues, 

and both measures will be compared to stuttering rate. Activity at frontal midline (FCz), 

frontal lateral (FC5, FC6) and lateral parietal sites (P5, P6) were quantified. Selection of 

sites was based on maximum amplitudes in topographic plots of ERP and ERSP activity. 

ERSPs in the conventional theta (4–8 Hz), alpha (8–12 Hz), and beta (12–30 Hz) bands were 

examined. For each participant, ERSP power was calculated at a given frequency band and 

time point, which yielded a 2-dimensional time-frequency plot between presentation of the 

cue and target stimuli.
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2.5. Statistical analysis

The ERP and ERSP analyses used repeated measures analysis of variance (ANOVA; p < .

05), with the Greenhouse-Geisser correction for any violations of sphericity. For clarity, 

when the Greenhouse-Geisser was used the text will retain the original degrees of freedom. 

Pearson’s correlation coefficient (r) was used to test the association between stuttering rate 

and ERP or ERSP measures. To better illustrate the associations between stuttering rate and 

neurophysiological measures within the figures, the 12 MWS were separated into stuttering 

rate subgroups of mild/moderate MWS (< 10%; avg. = 6.4% ± 0.7%) or severe MWS (≥ 

10%; avg. = 13.4% ± 1.4%) (n=6/subgroup, median split). Tukey HSD was used for post hoc 

comparisons of subgroups (fluent, mild/moderate MWS, severe MWS).

The ERP analyses combined the match, mismatch, and tone probe types because preliminary 

analyses showed no group differences as a function of probe type. Midline electrode sites 

were examined first, and then followed by comparison of sites in the left vs. right 

hemisphere. The ANOVA tests used factors of group (fluent, mild/moderate MWS, severe 

MWS), condition (speech, control) and probe onset (early, late), and for hemispheric 

comparisons included the factor of electrode site (left, right). The specific sites depended on 

the topographic distribution of the specific ERP component, and were chosen on the basis of 

which sites had the largest amplitudes. Auditory ERPs evoked from the early and late probes 

were analyzed at frontal (FCz, FC5, FC6) and parietal (Pz, P5, P6) electrodes by calculating 

the mean voltage within a 100–400 ms window. Due to the onset of the picture stimulus 

which elicited a visual ERP evident by ~100 ms, the main analysis between auditory probes 

was restricted to a 100–400 ms time window. To further determine if early auditory probe 

ERP amplitudes correlate to stuttering rate past 400 ms, 100 ms blocks from 400 to 700 ms 

were analyzed. Each of the ERP conditions had an average of 160 epochs, with no difference 

between groups (p = 0.9).

The cue ERSP was separately analyzed in three conventional frequency bands (theta 4–8 Hz, 

alpha 8–12 Hz, beta 12–30 Hz), according to group, condition, and probe onset. The analysis 

quantified power from 100–700 ms after cue onset because this time period had the greatest 

power reductions in both the alpha and beta bands. Increases in theta power are not 

presented because they largely reflected activity indexed by the ERP measures. Also, when 

deemed necessary, the alpha band was broken into low (8–10 Hz) and high (10–12 Hz) 

alpha. As with the ERP analyses, ANOVA tests used factors of group fluent, mild/moderate 

MWS, severe MWS), condition (speech, control), and probe onset (early, late), but also 

included a factor of time window (six 100 ms windows: 100–198, 200–298, 300–398, 400–

498, 500–598, 600–698 ms). The purpose of the time windows was to quantify the time 

course of power decreases which then return towards baseline. Anterior and posterior 

hemisphere analyses were analyzed separately and included within-subject variables of 

condition, probe onset, window and hemisphere (left, right) with group as the between-

subjects factor. Each of the ERSP conditions had an average of 148 epochs with no 

difference between groups (p = 0.7).
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3. Results

3.1. Vocal Reaction Times

In both groups vocal reaction times were much slower on trials where the cue and target 

differed (same = 483 ± 33 ms, different = 719 ± 37 ms; F(1,22) = 280.8, p < 0.0001), 

indicating that cue information was used to prepare vocal responses to the target. Vocal 

reaction times in the MWS were slower than fluent adults only when the cue and target 

differed (MWS = 787 ± 48 ms, fluent = 651 ± 26 ms; F(1,22) = 11.7, p = 0.002), suggesting 

the MWS were slower at rapidly updated their speech plan. During the speech trials, the 

MWS on average produced a stuttering event in 5% of the trials (212 dysfluent responses out 

of 4,320 trials). Three out of 12 MWS did not register any stuttering events and another 4 

out of 12 MWS had < 6 total stuttering events (out of 360 speech trials/participant). Thus, 

the MWS were more fluent during the experimental task than pre-experiment assessment 

(9.8%). The above behavioral results were previously reported in (Mock et al. 2015).

3.2. Auditory event-related potentials

A plot of stuttering rate vs. early probe onset ERP amplitude at the FCz site is shown in 

Figure 2. Stuttering rate was negatively correlated to amplitude at the early (100–400 ms; r = 

−.952, p = 0.000002), but not late probe onset time (r = −0.355, p = 0.26). When the most 

severely dysfluent subject was removed stuttering rate maintained a significant correlation to 

early probe amplitude (r = −.928, p = 0.00004). The negative correlation between early ERP 

amplitude and stuttering rate was found in both the control (r = −.926, p = 0.00001) and 

speech conditions (r = −.880, p = 0.000 2) and for the N100 (r = −.640, p = 0.025) and P200 

peak amplitudes (r = −.633, p = 0.027). The correlation extended up to 600 ms after early 

auditory probe onset (400–500 ms, r = −.723, p = 0.008; 500–600 ms, r = −.663, p = 0.019). 

Significant correlations to early ERP amplitudes were also seen at the FC5 (r = −.760, p = 

0.004) and FC6 sites (r = −.861, p = 0.0003). At FCz there was no group difference in early 

auditory probe amplitudes when comparing fluent men to all MWS (p = 0.28), fluent men 

vs. severe (p = 0.052) or fluent men vs. mild/moderate MWS (p = 0.7). There was a group 

difference when comparing mild/moderate vs. severe MWS (p = 0.046). Also, an effect of 

probe onset was found were auditory ERP amplitudes were more negative in the late (−.962 

± 0.41 μV) vs. early (0.395 ± 0.36 μV) auditory probes.

Stuttering rate was not correlated to posterior ERP amplitudes for either the early or late 

auditory probes (averaged across posterior electrodes Pz, P5 and P6; early: r = −0.32, p = 

0.33, late: r = −0.05, p = 0.53).

3.3. Event-related spectral perturbations (ERSPs)

Alpha and beta power during the baseline period (−1000 ms to 0 ms) did not differ between 

MWS and controls in any of the analyses (alpha band: p = 0.21; beta band: p = 0.58). There 

were also no baseline power differences among the MWS subgroups (mild/moderate vs. 

severe: alpha: p = 0.19; beta: p = 0.78). Moreover, stuttering rate was not correlated to either 

baseline alpha (r = 0.462, p =0.13) or beta (r = 0.332, p = 0.29) EEG power. The finding of 

comparable baseline power for the MWS and fluent controls indicates that any ERSP group 

differences are due to activity elicited by the stimuli rather than baseline differences.
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3.3.1. Anterior sites

Alpha band: Analysis of the FCz site in the alpha band showed a main effect of group 

(F(2,21) = 4.4, p = 0.026) Figures 3A,B). Tukey post hoc tests revealed that severe MWS had 

a larger power decrease relative to both fluent controls as well as mild/moderate MWS (both 

p-values < 0.05). There were also main effects of condition (F(1,21) = 10.6, p = 0.004; speech 

> control) and probe onset (F(1,21) = 4.3, p = 0.049; late > early)(Figure 4A). The main effect 

of window (F(5,17) = 12.6, p < 0.000) indicates that the cue induced a power decrease that 

gradually returned to baseline. When the analysis included left and right hemisphere sites 

(F5, F6) there were no significant effects involving hemisphere.

Beta band: The group effect did not attain significance (p = 0.13), but there was a group x 

window interaction (F(10,36) = 2.2, p = 0.042). The interaction was due to beta power taking 

longer to return to baseline in the severe group, as compared to fluent and mild/moderate 

MWS groups (Figures 3A, C).

There were main effects of condition (F(1,21) = 9.5, p = 0.006; speech > control), probe onset 

(F (1,21) = 4.8, p = 0.04; late > early), and window (F(5,17) = 10.4, p < 0.000). There were 

also interactions for condition x window (F(5,17) = 3.8, p = 0.016) and probe onset x window 

(F(5,17) = 3.7, p = 0.018)(Figure 4B). The condition x window interaction reflected greater 

power in the speech condition between ~300–600 ms, while the probe onset x window 

interaction was due to a power increase shortly after early auditory probe onset.

Comparison of left and right hemisphere sites had an interaction of condition x hemisphere 

(F(1,21) = 14.0, p = 0.001), which was qualified by a three-way interactions of condition x 

hemisphere x window (F(5,17) = 4.6, p = 0.008)(Figure 4C). This finding indicates that beta 

power reductions were larger in the left vs. right hemisphere in the speech condition, 

particularly ~300–600 ms after cue onset.

Stuttering rate: Stuttering rate was separately compared to alpha and beta ERSP power at 

FCz between 100–700 ms (Figure 3D). There was a significant negative correlation between 

stuttering rate and beta band power (r = −0.638, p = 0.026), with a similar trend in the alpha 

band (r = −0.543, p = 0.068). These same results were seen at FC5 (alpha: r = −0.551, p = 

0.063; beta: r = −0.701, p = 0.011) and FC6 (alpha: r = −0.424, p = 0.17; beta: r = −0.624, p 
= 0.030).

3.3.2. Posterior sites—The analysis of EEG power reductions at posterior locations 

focused on the lateral sites that had the greatest amount of desynchronization at left (P5) and 

right (P6) hemisphere sites.

Alpha band: There was a main effect of group (F(2,21) = 4.3, p = 0.027), and post hoc 

testing showed that the severe group had larger power decreases relative to fluent controls (p 
< 0.04), and similar trend for mild/moderate MWS (p < 0.06). There were also main effects 

of condition (F(1,21) = 9.3, p = 0.006; speech > control) and window (F(5,17) = 11.0, p < 

0.000), and condition x window interaction (F(1,21) = 3.2, p = 0.034). The condition x 

window interaction was due to the condition difference being most evident between ~300–

600 ms after cue onset.
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Beta band: The main effect of group was not significant (p = .15). There were main effects 

of condition (F(1,21) = 6.2, p = 0.021; speech > control) and window (F(5,17) = 7.0, p = 

0.001), along with condition x hemisphere (F(1,21) = 6.0, p = 0.023) and condition x window 

(F(5,17) = 6.2, p = 0.002) interactions. The condition x hemisphere interaction reflected a 

larger condition effect in the left hemisphere. The condition x window interaction was due to 

the condition effect being most evident within later time windows (~300–600 ms).

Stuttering rate: Stuttering rate was compared to alpha and beta ERSP power at P5 (left) 

and P6 (right) between 100–700 ms. There was a significant negative correlation between 

stuttering rate and alpha band power at P6 (r = −0.665, p = 0.018), and a trend at P5 (r = 

−0.551, p = 0.064). Within the beta band there was a significant negative correlation with 

stuttering rate at both P5 (r = −0.715, p = 0.009) and P6 (r = −0.696, p = 0.012). Follow up 

analysis found at P5 low alpha (8–10 Hz, r = −0.605, p = 0.037) but not high alpha (10–12 

Hz, r = −0.556, p = 0.06) to be negatively correlated to stuttering rate. At P5, both low beta 

(12–18 Hz, r = −0.671, p = 0.017) and high beta (18–24 Hz, r = −0.743, p = 0.006) were 

correlated to stuttering rate. At P6, all low and high frequency measures were negatively 

correlated to stuttering rate (low alpha (8–10 Hz), r = −0.694, p = 0.012; high alpha (10–12 

Hz), r = −0.667, p = 0.018; low beta (12–18 Hz), r = −0.697, p = 0.012; high beta (18–24 

Hz), r = −0.729, p = 0.007).

4. Discussion

This study tested the hypothesis that cortical activity during speech preparation is associated 

with individual differences in stuttering rate. The hypothesis was supported by the findings 

that a clinical measure of stuttering rate correlated to both ERSP power after cue onset and 

to early auditory probe ERP amplitude. We hypothesized such correlations would be specific 

to the speech preparation condition, but instead correlations to stuttering rate were seen in 

both the speech and control conditions. The two measures that correlated to stuttering rate 

were evident at different times relative to target onset, elicited by stimuli in different 

modalities, and were manifest as different types of EEG responses (decreased alpha/beta 

power, early ERP amplitude). See Figure 5. Taken together, the EEG responses that correlate 

to stuttering rate likely reflect different cortical mechanisms, which can provide insight into 

specific neuronal processes that may distinguish stuttering severity within individuals who 

stutter.

4.1. Auditory event-related potentials and stuttering severity

One of the best predictors of pre-experimental stuttering rate was the amplitude of fronto-

central auditory potentials after early auditory probe onset. The early auditory probes were 

presented 600 ms after cue onset and the evoked amplitude from 100–600 ms was negatively 

correlated to stuttering rate. The 100–600 ms window encompassed multiple ERP 

components (N100, P200) that also independently correlated to an individual’s pre-

experimental stuttering rate. The scalp ERP amplitudes to early auditory probes were 

comparable in MWS and fluent men, but amplitudes among MWS were more negative as an 

individuals’ pre-experiment stuttering rate increased. Within clinical populations, both 

neurophysiological (ERP/EEG) and behavioral measures can in tandem be outside of the 
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normal range and correlate to each other (Thatcher et al. 2001; Arciniegas 2011). Also, 

neurophysiological measures from normal healthy controls can be within normal ranges and 

still correlate to individual differences in cognitive measures (Polich 2007; Yurgil and Golob 

2010; Finnigan and Robertson 2011; Chen et al. 2015; Dong et al. 2015). Given the complex 

etiology of stuttering, multiple influences on scalp EEG/ERP measures are to be expected, 

and relatively, small experimental studies are not sufficient to tease apart such complex 

relations. Even in controls, for example, the auditory N100 amplitude is influenced by a host 

of stimulus features such as intensity and presentation rate (Naatanen et al. 1987) as well as 

cognitive factors such as attention (Hugdahl and Nordby 1994; Golob et al. 2002) and short-

term memory (Conley et al. 1999; Golob and Starr 2004).

The negative auditory ERP amplitudes in the severe MWS resemble the time course and 

topography of a negative slow present during auditory attention tasks (Hillyard et al. 1973; 

Naatanen et al. 1978; Golob et al. 2001). The ERP amplitudes were more negative for the 

late vs. early auditory probes for all groups, a result also found in our previous study (Mock 

et al. 2011); suggesting participants increase auditory cortex modulation as target onset 

approaches. We speculate that individuals with more severe stuttering rates have a greater 

tendency to modulate auditory attention earlier, right after cue onset. This conclusion fits 

with previous work that used a similar paradigm and found adults who stutter may differ in 

how they allocate attentional resources (Maxfield et al. 2010). A related possibility that has 

barely been explored in the context of stuttering is whether auditory imagery (Hubbard 

2010; Tian and Poeppel 2012), which may accompany speech preparation in this task, 

differs in those who stutter.

Our recent publication using the same subjects and task found auditory ERP conditional 

differences (speech vs. control) were smaller in all MWS regardless of pre-experimental 

stuttering rate (Mock et al. 2015). Comparing studies, there is an overlap of time range 

(100–400 ms) within the scalp auditory ERPs that both correlated to pre-experimental 

stuttering rate (current study) and was smaller in all MWS (Mock et al. 2015). However, 

major differences exist. First, stuttering rate was only correlated when auditory probes were 

presented shortly after cue onset, while Mock et al. (2015) showed that MWS had smaller 

differences between conditions throughout the delay between cue and target. Second, in 

Mock et al. (2015) the difference between conditions (control – speech) did not correlate to 

stuttering rate. Overall, the results from this pair of studies suggest that auditory processing 

in MWS is involved in both individual stuttering rate differences as well as overall group 

differences evident during speech preparation.

4.2. Cue-based event-related spectral perturbations (ERSPs) and stuttering rate

In this study the cues elicited transient reductions in alpha and beta band power over fronto-

central and posterior lateral electrodes, with larger reductions in the speech vs. control 

condition. Greater pre-experiment stuttering rates were accompanied by larger power 

reductions from 100 to 700 ms after cue onset, which was evident in both conditions. 

Intracortical recordings in humans and animal models show that alpha and beta EEG 

oscillations originate within reciprocal networks in cortex and thalamus (Steriade and Llinás 

1988), and are thought to be critical for coordinated information processing among networks 
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spanning a wide range of spatial scales (Varela et al. 2001). In general, higher frequencies 

such as the gamma band (> ~30 Hz) reflect smaller networks within cortical regions, while 

lower frequencies, such as the alpha and beta bands examined here, reflect integration 

between cortical regions. EEG power is proportional to both the magnitude of membrane 

potential fluctuations within neurons as well as the synchrony of fluctuations within a neural 

population (Nunez and Srinivasan 2006; Musall et al. 2014). Alpha and beta power 

reductions in sensory and motor areas have been related to heightened information 

processing (Haegens et al., 2011; Pfurtscheller and Lopes da Silva, 1999), and TMS studies 

directly show that this is accompanied by greater cortical excitability (Romei et al. 2008; 

Taylor and Thut 2012; Takemi et al. 2013). Thus, the relation between stuttering rate and 

power reductions following the cue may index activity enhancements within cortical 

networks that are not conducive to producing fluent speech.

The baseline EEG power used to calculate ERSP power did not differ between groups 

(MWS, fluent) or within the MWS group (mild/moderate, severe). This directly shows that 

group differences in ERSPs after cue onset are not an artifact of differences in baseline 

power. ERSP power changes are not always evident in ERPs because both the timing and 

phase of oscillatory activity must be consistent across trials in order for ERPs to be present 

(Pfurtscheller and Lopes da Silva 1999). The initial ERSP power decrease that correlated to 

stuttering rate occurred before the first probe was delivered, while later ERSP power was not 

associated with stuttering rate. Thus, the time period when stuttering rate correlated to ERSP 

measures did not have substantially overlap with the time period when stuttering rate 

correlated to ERP amplitudes from early auditory probes. See Figure 5.

Beta power reductions were similar to auditory ERP amplitude correlations in that no overall 

group differences reached significance, yet strong correlations to pre-experimental stuttering 

rate were still present. We speculate that the association between beta EEG power and 

stuttering rate reflects increased cortical excitability within sensorimotor regions, which may 

represent the efficiency of information transfer between sensory and motor regions (Fujioka 

et al. 2012). This interpretation is consistent with previous work showing the beta frequency 

is modulated during manual motor preparation (Doyle et al. 2005; Engel and Fries 2010; 

Tzagarakis et al. 2010). Also, previous manual movement tasks that compared novice vs. 

expert athletes found larger reductions in EEG power during movement preparation in the 

novices (Babiloni et al. 2010; Del Percio et al. 2010). Our study found that beta power 

reductions were left-lateralized only in the speech condition, which further suggests a strong 

role in left hemisphere sensorimotor networks being vital components during speech 

preparation and production (Hickok et al. 2011). Left lateralization in the speech condition 

did not relate to fluency as it was present in both the MWS and control groups (cf. Salmelin 

et al., 2000). Overall, these findings suggest that modulation of beta power represents the 

efficiency of coupling between sensory and motor regions, with potentially less efficient 

coupling as stuttering rate increases.

Greater alpha power reductions in the severe MWS was evident over both anterior and 

posterior brain regions, but only significantly correlated to stuttering rate at the right 

posterior electrode site. Alpha power reductions trended towards significant correlation to 

stuttering rate at frontal electrode sites. Alpha power is known to be influenced by a range of 
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factors such as attentional load (Van Winsum et al. 1984), expectancy (Pfurtscheller 1989), 

and level of expertise (Del Percio et al. 2009, 2010; Babiloni et al. 2010). Future work is 

needed to more precisely define the relation of alpha power reductions and stuttering, but 

attentional control is a likely avenue of work because it relates to the idea of a hypervigilant 

self-monitoring system in people who stutter (Lickley et al. 2005; Vasic and Wijnen 2005; 

Bloodstein and Bernstein Ranter 2008).

Previous EEG studies found a negative correlation between stuttering severity and the 

topography of the auditory N100 ERP in adults (Liotti et al. 2010), and an earlier auditory 

component (the M50) to speech feedback in children who stutter (Beal et al. 2011). 

Functional neuroimaging studies that examined relations to stuttering severity are mixed. 

Positive correlations to stuttering rate have been found in basal ganglia regions (Giraud et al. 

2008; Kell et al. 2009; Ingham et al. 2012), motor cortex and cerebellum (Fox et al. 2000); 

while negative correlations have been found in the right prefrontal cortex (Preibisch et al. 

2003; Kell et al. 2009). The auditory cortex portion of the superior temporal gyrus had 

particularly complex results, with both positive (Kell et al. 2009; Ingham et al. 2012) and 

negative correlations (Braun et al. 1997; Fox et al. 2000; Ingham et al. 2012) to stuttering 

rate. Also, previous studies in children who stutter have found anatomical differences to 

correlate with stuttering severity in both anterior premotor/motor and posterior sensory areas 

(Mock et al. 2012; Chang et al. 2015). The present findings complement these imaging 

studies by revealing a precise time course of auditory processing differences in MWS that 

strongly correlates to clinically-relevant levels of dysfluency.

Lastly, we note three observations. First, the effect sizes in this small sample were large, and 

are likely at the limit of what would be expected given the reliability of the underlying 

measures. Thus, we expect regression to the mean in future work. Nonetheless, the 

neurophysiological indices of stuttering severity could be useful for the selection and 

evaluation of personalized therapies to improve fluency in those who stutter. Second, most 

studies that use a cue-target paradigm to study manual movement preparation examine 

ERSPs as a function of how much information S1 provides, but do not include a control 

condition without movement preparation. Thus, our study has also shown that just passive 

stimulus processing in the context of a cue-target paradigm can yield markers of stuttering 

severity. Third, these neurophysiological indices of stuttering severity are unlikely to have a 

1:1 relationship to the mechanism(s) of developmental stuttering, which may include 

multiple, non-exclusive factors such as sensorimotor integration, genetic risk, lexical 

processes, and emotional regulation (Smith 1999; Max et al. 2004; Conture et al. 2006; 

Civier et al. 2013). Overall, the new findings presented here fit with an emerging literature 

that shows, in various ways, that neural activity before speaking differs in people who 

stutter.
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Highlights

• Speech preparation in people who stutter was tested by recording EEG 

in a modified CNV paradigm.

• Beta desynchronization and auditory ERPs during speech preparation 

correlated to stuttering rate.

• Similar correlations were seen in a passive CNV task, show generality 

beyond speech preparation.
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Figure 1. 
A Schematic depicting the cue – target paradigm, separated according to the time of auditory 

probe onset (early, late).
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Figure 2. 
Early auditory probe ERPs and stuttering rate. (A) Early auditory ERP waveform at 

electrode FCz separated by group (fluent, mild/moderate, severe) and condition (control, 

speech). Early auditory probe ERP topography averaged from 100–400 ms for each 

condition and group are shown below the ERP waveforms. (B) Scatterplot of early auditory 

ERP amplitude (100–400 ms window) showing a negative correlation to stuttering rate in 

MWS.
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Figure 3. 
Event-related spectral perturbation (ERSP) time-frequency results between cues and targets. 

(A) Time-frequency plots of ERSPs as a function of group (fluent, mild/moderate, severe). 

Each plot is collapsed across condition (control, speech) and probe onset (early, late). The 

red circles on the far left topography plot indicate the electrode sites quantified. The time/

frequency plots shown are from electrode FCz. (B, C) Waveforms showing the severe MWS 

had greater ERSP power decreases in the alpha (B) and beta (C) frequency bands. (D) 

Scatterplot showing beta reductions are correlated to stuttering rate (100–700 ms time 

window).  = 100–700 ms time window used to compute ERSP topographic plots and 

measure ERSP power that was compared to stuttering rate.
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Figure 4. 
Separate ERSP waveforms between cues and targets showing effects of condition, probe 

onset, and hemisphere. (A, B) Waveforms of ERSPs showing greater ERSP power decrease 

in the speech vs. control condition in both the alpha (A) and beta (B) frequency bands. (C) 

Waveform showing beta ERSP as a function of condition and hemisphere (left, FC5; right, 

FC6). In the speech conditions ERSP reductions were greater in the left hemisphere, while 

comparable reductions were seen in both hemispheres in the control condition.
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Figure 5. 
Summary of the correlation results. Time plots showing the onset and offset of beta ERSP 

and auditory probe ERP measures that were significantly correlated to stuttering rate. Width 

of the beta ERSP bar indicates the range of correlations among three electrode sites (FCz, 

P5, P6). Early and late ERP correlations are show from electrode FCz.  = cutoff for 

Pearson’s r to be significant.
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