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Abstract

The aim of the present study was to investigate the speech preparation processes of adults
who stutter (AWS). Fifteen AWS and fifteen adults with fluent speech (AFS) participated in
the experiment. The event-related potentials (ERPs) were recorded in a foreperiod para-
digm. The warning signal (S1) was a color square, and the following imperative stimulus
(S2) was either a white square (the Go signal that required participants to name the color of
S1) or a white dot (the NoGo signal that prevents participants from speaking). Three differ-
ences were found between AWS and AFS. First, the mean amplitude of the ERP component
parietal positivity elicited by S1 (S1-P3) was smaller in AWS than in AFS, which implies that
AWS may have deficits in investing working memory on phonological programming. Second,
the topographic shift from the early phase to the late phase of contingent negative variation
occurred earlier for AWS than for AFS, thus suggesting that the motor preparation process is
promoted in AWS. Third, the NoGo effect in the ERP component parietal positivity elicited by
S2 (S2-P3) was larger for AFS than for AWS, indicating that AWS have difficulties in inhibiting
a planned speech response. These results provide a full picture of the speech preparation
and response inhibition processes of AWS. The relationship among these three findings is dis-
cussed. However, as stuttering was not manipulated in this study, it is still unclear whether the
effects are the causes or the results of stuttering. Further studies are suggested to explore the
relationship between stuttering and the effects found in the present study.

1 Introduction

Stuttering is manifested by involuntary hesitations, interruptions, prolongations and repeti-
tions of phonemes during speech [1]. To produce a word, people first generate a speech pro-
gram, which includes the phonological and phonetic encoding processes then, they initiate the
articulatory motor process [2]. It is argued that stuttering might occur when either process is
advanced or delayed [3]. Many studies have shown that adults who stutter (AWS) have deficits
in phonological encoding and speech motor control, but few have observed the dynamic inter-
action of the two processes during speech preparation.

Because speech preparation occurs rapidly, researchers usually use a foreperiod (FP) para-
digm in a laboratory to magnify this process [4]. In this paradigm, the FP is the time interval

PLOS ONE | DOI:10.1371/journal.pone.0168836 January 9, 2017

1/17


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0168836&domain=pdf&date_stamp=2017-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0168836&domain=pdf&date_stamp=2017-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0168836&domain=pdf&date_stamp=2017-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0168836&domain=pdf&date_stamp=2017-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0168836&domain=pdf&date_stamp=2017-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0168836&domain=pdf&date_stamp=2017-01-09
http://creativecommons.org/licenses/by/4.0/
http://jspopss.jschina.com.cn/
http://jspopss.jschina.com.cn/
http://www.sinoss.net/

@° PLOS | ONE

Speech Timing and Stuttering

Competing Interests: The authors have declared
that no competing interests exist.

between a warning stimulus (S1) and a following imperative stimulus (52), which requires
motor response[5]. Typically, the S1 evokes a sequence of event-related potentials (ERP), such
as S1-N1, S1-P2, S1-N2, S1-P3, and a slow negative potential (i.e., the contingent negative vari-
ation, CNV) [6]. The CNV has at least two phases. The early phase presents maximum activity
over the frontal sites and has generators in the supplementary motor area (SMA) and the ante-
rior cingulate cortex (ACC) [7, 8]; it appears to reflect orientation, attention and temporal
expectation [9, 10]. The late phase usually has a central-parietal distribution with origins in the
pre/primary motor cortex, SMA, posterior parietal and secondary sensory cortex; it is related
to advanced motor/sensory preparation for coming movements [8, 11].

Early studies using the FP paradigm to investigate the speech preparation process of AWS
concentrate on the laterality of the late CNV [12-18]. However, the results were inconsistent.
Achim, Braun and Collin (2007) noted that the “left hemisphere under-activation and right
hemisphere over-activation” pattern of the late CN'V might only relate to dysfluent speech. In
a recent case study on acquired stuttering, Vanhoutte et al. (2014) found that the amplitude of
the late CNV, which should reflect the degree of speech motor preparation, was inversely pro-
portional to stuttering frequency. Later, Vanhoutte et al. (2015) observed a positive correlation
between the slope of the late CNV and stuttering frequency/severity in adults with develop-
mental stuttering. They argued that the abnormal CNV they obtained in AWS reflected the
malfunctioning of the basal ganglia-thalamo-cortical network in stuttering.

Prescott and Andrews (1984) were the first to separately examine the early and late CN Vs,
but they found no significant group difference in the two CNV phases. This line of study was
limited until 2000, when a magnetoencephalography (MEG) study revealed that AWS and
adults with fluent speech (AFS) had different time sequences of brain activations [19]. They
found that within the first 400 ms of speech preparation, AFS showed earlier activation in the
left frontal lobe (articulatory programming) than in the left premotor area (motor prepara-
tion), whereas AWS exhibited the opposite pattern. The result implies that the motor process
of AWS might be initiated too early, that is, before the articulatory program is ready. To test
this hypothesis, a group of researchers examined the optimal FP (the FP that would lead to the
fastest speech reaction time when the FP is fixed in a block) [20]. The results revealed that the
optimal FP was approximately 200~400 ms for AWS and approximately 800 ms for AFS. The
authors attributed the short optimal FP of AWS to the early initiation of the speech motor
preparation process. They explained that if AWS were used to initiate the motor preparation
process early at 200~400 ms, they would have difficulties in maintaining or improving their
naming speed when the FP increased from 400 ms to 800 ms.

The optimal FP, although suggestive, is not a direct index of motor preparation. Studies
found that the distribution of CNV is related to the momentary cognitive process [21]. More
specifically, the distribution of CNV is more frontally located when people prepare to encode
words into long-term memory, but it is more centrally distributed when the tasks are predomi-
nantly motor specific. Therefore, tracing the topographic shift of CNV may be a speculative
approach to study the time course of motor preparation. The topographic characteristics of
the early and late CNV's have been studied in patients with schizophrenia [22], migraines [23]
and dementia [24]. However, these studies only employed a one-time window for each CNV
phase, and therefore, the topographic shift between the two phases was not observed. In the
present study, we compared the topographic features of the CNV interval-by-interval between
AWS and AFS [8, 21] and examined whether the topographic shift of the CNV from the early
to the late phase occurred earlier for AWS than for AFS.

To obtain a complete picture of the speech preparation process, the ERP components evoked
by the S1 and S2 were also examined. Among the ERP components evoked by S1, we were most
interested in the parietal P3 (S1-P3) because a larger S1-P3 amplitude is associated with a greater
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investment in working memory and better performance [25], and the relationship between work-
ing memory and stuttering has long been discussed [26-28]. Maxfield et al. (2005) reported a
larger P280, which exhibited a similar latency and topographic distribution to S1-P3, in AWS
when S1 (the cue) provided no phonological information about S2 (the picture to name). They
suggested that AWS lacked focal attention during speech preparation. Hence, a weak S1-P3 is
expected if AWS have difficulties putting enough working memory resources into speech
preparation.

For the S2-evoked potentials, a Go/NoGo task was incorporated into the FP paradigm. Thus,
there were two types of S2: one type (the Go signal) permitted participants to speak, and the
other type (the NoGo signal) prevented them from speaking. The NoGo S2-N2 and S2-P3 are
the indices of inhibitory control ability [29, 30]. The inhibitory control ability of people who stut-
ter has only been tested in children by using the Amsterdan Neuropsychological task (a speech-
unrelated Go/NoGo task) [31, 32]. The results were controversial. A behavioral study found that
children who stutter had more false alarms in the Go/NoGo task [31], but an ERP experiment
found no group difference in the NoGo S2-N2 and S2-P3 [32]. Considering that task complexi-
ties and the age of participants can influence the neural responses in the Go/NoGo tasks [29, 30,
33], the inhibitory control ability of AWS is still unclear. The third aim of this study was to pre-
liminarily test the inhibitory control ability of speech for AWS.

2 Materials and Methods

2.1 Participants

The study was approved by the Ethics Committee of Soochow University. All participants pro-
vided a written informed consent to participate in this study. Fifteen AWS (2 females, mean

age = 28.5 years, SD = 9.8) and fifteen AFS (2 females, mean age = 27.8 years, SD = 7.9) partici-
pated in the experiment (Table 1). The AWS were recruited from the Stuttering Association of
China. All AWS began to stutter before they were seven-years-old and were diagnosed as mild to
severe stutterers based on the Stuttering Severity Instrument, third edition (SSI-3) [34]. The mean
severity score was 23.9 (SD = 4.7), ranging from 18 (mild) to 35 (severe). The AFS reported no
history of speech impairments. All participants were native Mandarin speakers, righted-handed
[35], had normal color vision [36], and had no history of hearing problems or neurologic or psy-
chiatric disorders. The two groups were matched according to their gender, age (¢ (28) = 0.23,

p > 0.05), and level of education (* (2) =048, p > 0.05).

2.2 Design and Procedure

Participants were seated in a comfortable armchair and wore a Neuroscan QuikCap with 32
channels. A microphone was set 5 cm in front of the participant’s mouth to record their voice
responses. Stimuli were presented with black background via a 14” monitor from a distance of
approximately 140 cm. The experiment was controlled by the E-Prime 2.0 software (http://
www.pstnet.com/products/e-prime/).

A color naming Go/NoGo task was applied. The NoGo trials accounted for one-fourth of the
total trials. The experiment included 10 experimental blocks. Each block consisted of 24 Go tri-
als and 8 NoGo trials, and their order was randomly arranged. In each trial, a color square (S1,
visual angle = 1.6°x1.6") was presented for 100 ms and then replaced by the black screen. After
1500 ms (the FP duration was 1600 ms), a Go/NoGo stimulus (S2, visual angle = 0.4°x0.4°) was
presented for 1000 ms. The Go stimulus, which was a white triangle, required the participant to
name the color of S1 with one syllable as soon as possible. The NoGo stimulus was a white dot,
to which the participant was required to make no response. The response window was 3000 ms,
and the inter-trial interval (ITI) varied randomly between 2800 ms and 3600 ms. The naming
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Table 1. Participants, biographical data.

Id Group Gender Age Academic degree Stuttering severity, SSI-3
Percentile | Category

1 AWS M 31 B 21 mild
2 AWS F 19 B 18 mild
3 AWS M 30 D 24 moderate
4 AWS M 19 B 22 mild
5 AWS M 40 B 27 moderate
6 AWS M 20 B 20 mild
7 AWS M 18 B 29 moderate
8 AWS M 21 B 23 moderate
9 AWS M 29 D 19 mild
10 AWS F 18 B 23 mild
11 AWS M 22 B 20 mild
12 AWS M 38 M 30 moderate
13 AWS M 46 B 35 severe
14 AWS M 43 M 22 mild
15 AWS M 34 M 25 moderate
1 AFS M 19 B

2 AFS M 32 M

3 AFS M 22 B

4 AFS M 36 B

5 AFS M 38 B

6 AFS F 23 M

7 AFS M 18 B

8 AFS M 22 B

9 AFS M 29 M

10 AFS M 28 B

11 AFS M 41 B

12 AFS M 36 M

13 AFS M 19 B

14 AFS F 20 B

15 AFS M 34 D

Note. Gender: M = male; F = female.

Academic degree: B = Bachelor's degree; M = Master’s degree; D = Doctor’s degree.

doi:10.1371/journal.pone.0168836.t001

onset time was recorded when a voice response triggered a voice key during the response win-
dow. The color of S1 was randomly selected from four color choices (i.e., red, yellow, blue and
green). Twelve trials of practice blocks were administered before the formal experiment.

2.3 EEG recording and analysis

EEGs were recorded at the sites of FP1/FP2, F7/F8, F3/F4, FZ, FT7/FT8, FC3/FC4, FCZ, T7/T8,
C3/C4, CZ, TP7/TP8, CP3/CP4, CPZ, P7/P8, P3/P4, PZ, 01/02, and M1/M1 according to the
International 10-20 system with reference to the left mastoid. Horizontal and vertical electro-
oculographs (HEOG and VEOG) were recorded with two bipolar electrodes attached laterally
to the outer canthi of the eyes and 1 cm above and below the left eye. Electrode impedances
were kept below 5kQ. The EEG and EOGs were amplified (Synamps2, Neuroscan) with a sam-
pling rate of 500 Hz and low-pass filtered at 100 Hz.
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The EEGs were first transformed offline to an average reference of unlinked bilateral mas-
toids and filtered with a 30 Hz low pass cut-off. The VEOG artifacts were removed from the
data by applying an eye-movement correction algorithm (Semlitsch et al., 1986). Then, the
EEGs were segmented with time-locked to SI and S2, respectively. For the S1-evoked ERPs,
the EEGs were segmented into epochs of 1800 ms with 200 ms prior to the S1 as baseline. As
there is no accepted method for removing the possible overlap of the CNV resolution with
S2-evoked potentials, we simply used the 100 ms prior to the S2 as baseline for comparison
with other studies [32]. Therefore, with respect to the S2-evoked ERPs, the EEGs were seg-
mented into epochs of 1100 ms with 100 ms prior to the S2 as baseline. Any epochs containing
artifacts or horizontal eye movements exceeding 100 1V in any channel were automatically
rejected. Trials with incorrect responses were also rejected from further analysis.

2.4 Data analysis

2.4.1 Behavioral data. For each participant, the naming accuracy (ACC) and the mean
reaction time (RT) of correct responses in the Go trials, and the percentage of false alarms (FA)
to the NoGo stimulus were computed. Naming on each trial was correct if the participant named
the color square correctly and fluently within the response window. The disfluent responses,
which were defined as whole-word substitutions, phonological errors or multi-word responses,
were judged and counted offline by an experienced research assistant [27]. The ACCs and FAs
were transformed into arcsin values. Independent sample #-tests were used to compare the mean
RTs, transformed ACCs and FAs between the two groups. The cohen’s d was used for effect size
estimation in all ¢-tests of the present study.

2.4.2 Sl-evoked potentials. Considering that the occurrence of S2 could not be predicted,
the S1-evoked ERPs were averaged by collapsing the Go and the NoGo trials for each partici-
pant. Four S1-evoked components (i.e., SI-N1, S1-P2, S1-N2 and S1-P3) were recognized and
quantified with baseline-to-peak amplitudes and latencies. For peak detection, a computer
algorithm selected the maximum (for S1-P2 and S1-P3) or minimum (for S1-N1 and S1-N2)
within a fixed latency range at a midline channel that is traditionally used to measure each
component [29]. For both groups, the S1-N1 was searched at Fz in the time window of 50-170
ms, the S1-P2 was searched at Pz in the time window of 90-320 ms, the S1-N2 was searched at
Fz in the time widow of 180-320 ms, and the S1-P3 was searched at Pz in the time window of
240-600 ms. Then, amplitude measurements were performed at the same latency at all other
sites [37].

The statistical analysis of amplitudes was restricted to the midline sites used in peak detec-
tion and two adjacent sites on the left and right (i.e., F3/Fz/F4 for S1-N1, P3/Pz/P4 for S1-P2,
F3/Fz/F4 for S1-N2, and P3/Pz/P4 for S1-P3). Separate repeated measure ANOVAs in a 3 (Lat-
eral: left, midline and right) x 2 (Group: AFS and AWS) matrix was applied to the amplitudes
for each component. Planned contrasts for the Lateral factor compared the left with the right
hemisphere (L vs. R), and the mean of these with the midline (Hemisphere vs. Midline). As
these contrasts were planned and no post-hoc comparison was applied, the Bonferroni-type
adjustment to alpha was not necessary [38]. The partial Eta squared was used for effect size
estimation in all ANOVAs of the present study. As the latency of each component was locked
at either Fz or Pz in the analyses, the latencies between the two groups were compared by inde-
pendent sample t-tests.

2.4.3 CNVs. Two approaches were used to analyze the CNV data. First, we explored the
topographic shift between early and late CNV's by comparing the activations at frontal and
central sites [8]. The course of the CNV was traced by computing the mean amplitude of each
successive 100 ms interval from 400 ms to 1600 ms after S1. Nine electrodes (F3/Fz/F4, FC3/
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FCz/FC4, and C3/CZ/C4), which cover the frontal-to-central area, were included in the statis-
tical analysis. The mean amplitudes for each CNV interval were subjected to a repeated mea-
sures ANOVA with Group (AWS, AFS) as a between-subject factor and Sagittal [Frontal (F3,
Fz, F4) x Frontal-Central (FC3, FCz, FC4) x Central (C3, Cz, C4)] and Lateral [Left (F3, FC3,
C3) x Midline (Fz, FCz, Cz) x Right (F4, FC4, C4)] as within-subject factors. Planned contrasts
for the Sagittal factor compared frontal with frontal-central activation (F vs. FC), and frontal-
central with central activation (FC vs. C), and for the Lateral factor compared the left with the
right hemisphere (L vs. R), and the mean of these with the midline (Hemisphere vs. Midline).
Such contrasts were optimal for deriving information about the topographic distributions of
each CNV interval [29]. The false discovery rate procedure was applied to p-values generated
in each time-interval to correct for multiple comparisons [39].

Second, the slope analysis was applied to compare the CNV slopes in AFS and AWS. The
procedure was similar to that in Vanhoutte et al.’s study (2015).The time window of interest
(TOI) was defined as 500 ms preceding S2. The CNV slope for each participant was computed
by subtracting the mean amplitudes of the first (-500 to -400 ms) and the last (-100 to 0 ms)
100 ms of the TOI. Nine electrodes (F3/Fz/F4, C3/Cz/C4, P3/Pz/P4) were included in statisti-
cal analysis. The slope data were subjected to a repeated measure ANOVA with Group (AWS,
AFS) as a between-subject factor and Sagittal [Frontal (F3, Fz, F4) x Central (C3, Cz, C4) x
Parietal (P3, Pz, P4)] and Lateral [Left (F3, C3, P3) x Midline (Fz, Cz, Pz) x Right (F4, C4, P4)]
as within-subject factors. Planned contrasts for the Sagittal factor compared frontal with parie-
tal activation (F vs. P), and the mean of these with the central activation (F/P vs. C), and for
the Lateral factor compared the left with the right hemisphere (L vs. R), and the mean of these
with the midline (Hemisphere vs. Midline). In addition, a Spearmen correlation was calculated
between the CNV slope at Cz and the overall percentile score of the SSI-3.

2.4.4 S2-evoked potentials. The S2-evoked ERPs were averaged separately for the Go and
the NoGo trials. The S2-N2 and the S2-P3 were recognized and measured with baseline-to-peak
amplitudes and latencies. For peak detection, a computer algorithm selected the greatest nega-
tivity in the range of 200-300 ms at Fz as the S2-N2, and the greatest positivity in the range
280-550 ms at Pz as the S2-P3. Then, amplitude measurements were performed at the same
latency at all other sites [37].

Nine sites that are traditionally used in Go/NoGo studies (i.e., F3/Fz/F4, C3/Cz/C4, P3/Pz/
P4) were included in the statistical analysis. The amplitudes of S2-N2 and S2-P3 were subjected
to a 2 (Condition: Go and NoGo) x 3 (Sagittal: frontal, central and parietal) x 3 (Lateral: left,
midline and right) x 2 (Group: AWS and AFS) repeated measure ANOVA respectively. Planned
contrasts for the Sagittal factor compared frontal with central activation (F vs. C), and central
with parietal activation (C vs. P), and for the Lateral factor compared the left with the right
hemisphere (L vs. R), and the mean of these with the midline (Hemisphere vs. Midline). As the
latency of each component was locked at either Fz or Pz in the analyses, the latencies of S2-N2
and S2-P3 were subjected to a 2 (Condition: Go and NoGo) x 2 (Group: AWS and AFS) repeated
measure ANOVA separately.

3 Results
3.1 Behavior results

All participants were mainly fluent in the experiment. Only ten disfluent responses were found
in two AWS. The ACCs were higher in AFS than in AWS, t (28) = -2.57, p < 0.05, d = 0.94
(Table 2). The mean RT's for the two groups were not significantly different, ¢ (28) = 0.28,

p > 0.05, d = 0.10, nor were the percentages of false alarms for the two groups, ¢ (28) = -1.02,
p>0.05,d=037.
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Table 2. Mean RTs, ACCs, FAs and their standard deviations for AWS and AFS.

Group ACC (%) RT (ms) FA (%)
AWS 98.87 (0.74) 576 (77) 5.33(2.13)
AFS 99.47 (0.52) 567 (100) 4.60 (2.61)

doi:10.1371/journal.pone.0168836.t002

3.2 S1 evoked ERPs

No group difference was found in the latencies of each S1-evoked potential (Table 3). Signifi-
cant midline > hemisphere effects were observed in the amplitudes of all S1 evoked ERPs,
S1-N1: F(1,28) = 18.87, p < 0.001, 77°, = 0.40; S1-P2: F(1,28) = 4.53, p < 0.05, 7°, = 0.14; S1-N2:
F(1,28) = 20.23, p < 0.001, 77°, = 0.42; S1-P3: F(1,28) = 14.12, p < 0.01, 77°, = 0.34.

The S1-P3 was left lateralized; its amplitude was larger at P3 than at P4, F(1,28) = 10.31,
p < 0.01, 17°, = 0.27. More importantly, a significant group main effect was found in the S1-P3;
the mean amplitude of S1-P3 was smaller for AWS than for AFS, F(1,28) = 6.18, p < 0.05, nzp =
0.18 (Figs 1 and 2).

3.3CNVs

3.3.1 The topographic shift of CNVs. Approximately 400 ms after S1, the potential slowly
shifted towards the negative pole, and its negative center moved from the frontal sites to the
central sites. Though the magnitudes of the slow wave were slightly more negative for AWS
than for AFS in the early phase, the differences were not significant. Interestingly, significant
Sagittal (F vs. FC) x Group interactions in the two intervals between 500 and 700 ms indicated
that the trend of this topographic shifting differed between the two groups (Fig 3 and Table 4).
Regarding AFS, the negative center of the slow potential was still in the FZ between 500-700
ms; but for AWS, it began to spread into the FCZ between 500-600 ms, and moved to FCZ
between 600-700 ms. It showed that the shifting point from the FZ to the FCZ occurred much
earlier for AWS than for AFS.

The CNV amplitudes between the left and right hemispheres were not found to be signifi-
cantly different for both groups. No significant difference of laterality was found between the
two groups, neither.

3.3.2 The CNV slope. For both groups, the CNV slope showed a central-midline maxi-
mum, with a midline > hemisphere effect, F(1,28) = 23.82, p < 0.001, 7]21, =0.46,a C > F/P
effect, F(1,28) = 98.68, p < 0.001,7°, = 0.78, and a F > P effect, F(1,28) = 5.78, p < 0.05, °, =
0.17. A significant Sagittal x Group interaction showed that the midline > hemisphere effect
was larger for AFS than for AWS, F(1,28) = 5.34, p < 0.05, 772}, =0.16 (Table 5). The correlation
between the CNV slope and stuttering severity was not significant, r = -0.24, p > 0.05.

3.4 S2 evoked Go/NoGo ERPs

3.4.1 The S2-N2. The S2-N2 emerged at approximately 255 ms after the S2 with no differ-
ences between the two groups and conditions in the latencies (Table 6). The highest peak of

Table 3. Mean latencies and their standard deviations (ms) of each S1-evoked potential for AWS and AFS and the results of t-tests.

Component
S1-N1
S1-P2
S1-N2
S1-P3

doi:10.1371/journal.pone.0168836.t003

AFS
74 (20)
178 (40)
259 (27)
361 (98)

AWS t(28) P Cohen’s d
80 (26) -0.73 0.473 0.27
187 (20) -0.72 0.479 0.26
257 (26) 0.28 0.785 0.10
353 (77) 0.24 0.810 0.09
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Fig 1. The S1-evoked ERPs for AWS (red line) and AFS (black line). The mean amplitudes of ERPs at different electrodes are presented.
Examples of S1-N1 and S1-N2 are shown at Fz, and examples of S1-P2 and S1-P3 are shown at Pz.

doi:10.1371/journal.pone.0168836.9001

N2 was at Fz, F > C: F(1,28) = 17.91, p < 0.001, 1721, =0.39; C > P: F(1,28) = 23.96, p < 0.001,
1°, = 0.46; Midline > Hemisphere: F(1,28) = 14.83, p < 0.01, 77°, = 0.35. The $2-N2 was more
left lateralized at the parietal sites than at the frontal sites, (C vs. P) x (L vs. R): F(1,28) = 9.97,
p <0.01, nzp =0.26. A significant Group x Sagittal (C vs. P) x Lateral (Midline vs. Hemisphere)
interaction was observed, F(1,28) = 8.85, p < 0.01, 1721, = 0.24. It indicated that the
Midline > Hemisphere effect of S2-N2 increased from the central sites to the parietal sites for
AFS, but decreased or even inversed for AWS.
A significant NoGo > Go effect was found in the S2-N2 amplitude, F(1,28) = 55.55,
p <0.001, nZP =0.67 (Figs 4 and 5). This effect was larger at the frontal sites than at the
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Fig 2. Peak amplitudes for AWS and AFS. The mean peak amplitudes and the standard deviations of S1-N2 and S1-P3 elicited by S1 are

shown for AWS and AFS.
doi:10.1371/journal.pone.0168836.g002

central sites, F(1,28) = 7.49, p < 0.05, n°, = 0.21, and also larger at the right sites than at the
left sites, F(1,28) = 19.09, p < 0.001, nzp =0.41.

3.4.2 The S2-P3. For both groups, the latencies and distributions of S2-P3 significantly dif-
fered between the two conditions. The S2-P3 reached its highest peak about 44 ms later in the
NoGo condition than in the Go condition, F(1,28) = 11.64, p < 0.01, 1721, =0.29 (Table 6). In the
NoGo condition, the highest peaks of P3 were observed over the central and parietal area of the
midline sites; but in the Go condition, the distribution of S2-P3 was concentrated over the pari-
etal sites and more right-lateralized [Condition x Sagittal (F vs. C): F(1,28) = 12.98, p < 0.001,
1°, = 0.32; Condition x Sagittal (C vs. P) x Lateral (L vs. R): F(1,28) = 641, p < 0.05, 117, = 0.19;
Condition x Sagittal (C vs. P) x Lateral (Midline vs. Hemisphere): F(1,28) = 16.07, p < 0.001,
1, =0.37].

Importantly, a significant interaction was found between condition and group, F(1,28) =
4.58, p < 0.05, 17°, = 0.14 (Fig 4). Simple effect tests showed that the NoGo > Go effect was sig-
nificant for AFS, F(1,28) = 7.64, p < 0.05, nzp =0.21, but not significant for AWS, F(1,28) =
0.07, p > 0.05, 77°, = 0.00. The distributions of S2-P3 were also found to be different between
the two groups. The amplitudes of S2-P3 decreased greater from the central sites to the frontal
sites for AFS than for AWS, F(1,28) =9.49, p < 0.01, n2p =0.25.
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Fig 3. Topographic shifts of the CNV. The top panel presents the scalp voltage distribution of AFS and AWS, and the lower panel displays the mean
amplitudes of ERPs at the FZ (blue line), the FCZ (red line) and the CZ (green line).

doi:10.1371/journal.pone.0168836.9003

Table 4. The Sagittal main effects and the Sagittal x Group interactions for each CNV interval.

CNV interval Sagittal Sagittal x Group

Fvs. FC FCvs.C Fvs. FC FCvs.C

F n? F n? Fln? F n?

400-500 **15.28 | 0.35 ***35.16 | 0.56 4.20/0.13 0.00 | 0.00
500-600 **15.24 | 0.35 **% 36.87 | 0.57 *6.61]0.19 0.04 | 0.00
600-700 2.61|0.09 **%18.06 | 0.39 *6.790.12 0.17 | 0.01
700-800 0.53 | 0.02 **14.56 | 0.34 5.96 | 0.18 0.07 | 0.00
800-900 0.14 | 0.01 **13.97 | 0.33 5.08 | 0.15 0.12 | 0.00
900-1000 0.11|0.00 *10.79 | 0.28 4.39/0.14 0.09 | 0.00
1000-1100 0.96 | 0.03 *10.49 | 0.27 3.36 | 0.11 0.06 | 0.00
1100-1200 2.77 | 0.09 *9.41|0.25 2.35|0.08 0.02 | 0.00
1200-1300 *7.190.20 *7.06|0.20 1.09 | 0.04 0.08 | 0.00
1300-1400 **11.20 | 0.29 5.88|0.17 0.78 | 0.03 0.15|0.00
1400-1500 **15.28 | 0.35 4.22/0.13 0.51|0.02 0.13|0.01
1500-1600 *¥%19.34 | 0.41 3.24|0.10 0.41 | 0.01 0.12|0.00
Note.
*for p<0.05.

** for p<0.01.
***for p<0.001.

doi:10.1371/journal.pone.0168836.t004
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Table 5. The mean slope values and standard deviations at the nine electrodes for AFS and AWS.

Group Sagittal Left Midline Right
AFS Frontal 1.96 (1.18) 1.93(1.38) 1.61(1.27)
Central 2.42(1.37) 2.91 (1.60) 2.76 (1.30)
Parietal 0.86 (0.90) 1.56 (1.19) 1.19 (1.04)
AWS Frontal 1.31(1.18) 1.40 (1.33) 1.12(1.17)
Central 1.76 (1.41) 1.95 (1.47) 1.70 (1.22)
Parietal 0.70 (0.91) 1.12(0.79) 0.79 (1.43)

doi:10.1371/journal.pone.0168836.t005

4 Discussions

The time course of speech preparation is examined in AWS and AFS by using a modified FP
paradigm. Following S1, the S1-N1, S1-P2, S1-N2, S1-P3 and CNV sequentially emerged.
Three prominent differences were found between AWS and AFS. First, the amplitude of S1-P3
was significantly smaller in AWS than in AFS. Second, the topographic shift of the CNV from
the frontal to the central areas occurred earlier in AWS than in AFS. Third, the NoGo S2-P3
effect (NoGo-Go) was larger for AFS than for AWS.

4.1 The CNV as an index of stuttering

The CNV emerges when people are preparing and waiting for a response. If AWS have deficits
in speech preparation, there may be some indices of the CNV that distinguish AWS and AFS.
Thus, the results of this study are compared with the results of previous studies in terms of
those index candidates, i.e., the laterality, amplitude, slope and topography of CNVs.

AWS did not reveal different lateralizing patterns from AFS in the present experiment. A
early study with a small size reported that four of five of AFS showed a larger CNV shift in the
left hemisphere, but only 22% AWS showed the left-laterality tendency [18]. However, the
results were not repeated by later studies [13-15]. One explanation for the consistent cerebral
laterality of CNVs between AWS and AFS lies in the possibility that the right-lateralized pat-
tern of the CNV is more closely related with stuttered responses[12]. To control the artifacts
from motor responses in ERP studies on stuttering, the speech tasks, such as the color naming
task in the present study, are usually easy. Therefore, the vocal responses would be mainly flu-
ent, and ERPs with disfluent responses will be excluded from statistical analysis. Another
explanation is that the over-activation of the right hemisphere is regarded as compensations
for the low-efficiency of the left hemisphere [40]. Accordingly, the color naming task in the
present study might be so easy for ASW that they do not need to involve more neural activities
in the right hemisphere.

The amplitudes of the CNV were not significantly different between AWS and AFS, which
is consistent with the results of most previous studies that directly compared the amplitudes of
the CNV between AWS and AFS [12-18]. It seems that the amplitude of the CNV is not a sen-
sitive measure for distinguishing between AWS and AFS.

Table 6. Mean latencies and standard deviations (ms) of S-N2 and P3 for AWS and AFS.

Component Go NoGo
AFS AWS AFS AWS
N2 256 (35) 254 (24) 253 (27) 257 (21)
P3 382 (64) 409 (64) 437 (54) 449 (36)

doi:10.1371/journal.pone.0168836.t006
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Fig 4. The S2-evoked ERPs. The mean amplitudes of ERPs at different electrodes are presented for AWS (red solid line) and AFS (black solid line)
under the Go condition and for AWS (red dashed line) and AFS (black dashed line) under the NoGo condition. The mean RTs (speech onset time) are
indicated in vertical dashed lines. An example of S2-N2 is shown at Fz, and an example of S2-P3 is shown at Pz.

doi:10.1371/journal.pone.0168836.9004

With respect to the slope of the CNV, AWS did not exhibit a sharper late CNV in the present
experiment; and the slope of late CNV was not correlated with stuttering severity. Because the
task was different from that used in Vanhoutte et al.’s study (2015), more evidence is needed to
test the reliability of this index.

The advanced topographic shift of the CNV in AWS found in this experiment implies that
the early CNV is transient and the late CNV is promoted in AWS. The early CNV is found to be
related to the timing of responses [41], and its generator (SMA) is involved in time estimation
[40], linear sequence encoding of word production [41] and internal timing loops of AWS [40].
The transient early CNV is consistent with the hypothesis that AWS have deficits in speech tim-
ing. The late CNV correlates with motor preparation and has generators in the pre/primary
motor cortex [8]. The early arrival of the late CNV is consistent with the early optimal FP for
the naming response found in Ning et al.’s (2009) study [20]. Both imply that the motor prepa-
ration process is promoted in AWS. Additionally, the results support Selmelin et al.’s (2000)
finding that the premotor cortex was activated ahead of time during speech preparation [19].

According to speech production models, a speech motor program is activated after phono-
logical encoding [2]. If the motor preparation process is activated but the phonological pro-
gram has not been generated yet, people should put more resources to maintain the high
neural activating status of motor preparing, otherwise, the degrees of neural activation would
decrease and upcoming motor responses would be influenced. The first case was not observed
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in the present study since the amplitudes of the ERPs during speech preparation were not
found to be higher in AWS than in AFS. The second case is supported by a MEG study, which
found that the brain activity before voluntary speech movement was lower for AWS than for
AFS [28]. According to the EXPLAN theory proposed by Howell and Au-Yeung (2002), if the
motor preparation process is promoted but the phonological program has not finished yet,
people may try to compensate for the mismatching by inserting a pause or a meaningless
sound (i.e. /a/), repeating the first phoneme, or prolonging the first phoneme then, stuttering
occurs. Therefore, the present results support the view that the promoted speech motor prepa-
ration is one of the proximal contributor of stuttering [1].

4.2 The S1-P3

The S1-P3 obtained by using the FP paradigm is related to the coordination of the stimulus pro-
cessing of S1 and the response preparation of S2 [42]. A larger S1-P3 amplitude was usually asso-
ciated with a better response to S2 [25, 43]. This is confirmed by the results of the present study,
as both the amplitude of S1-P3 and the response accuracy were lower for AWS than for AFS.

In addition to the working memory hypothesis, the S1-P3 is also proposed to reflect the
process when people retrieve a well-established stimulus-response mapping for a response
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[42]. This account was echoed by a study on stuttering. Maxfield et al. (2015) found that the
P280 (a morphologically similar ERP component to the S1-P3) was lower in AWS, but not in
AFS, when the S1 contained phonological information about S2 [27]. The authors explained
that P280 indexed the process of enhancing focal attention to facilitate the retrieval of specific
information, and this process was attenuated in AWS when the phonological information
about S2 was provided in advance. AWS have been reported to have difficulties in the phono-
logical memory and the phonological encoding processes [26]. Taken together, the weaker
amplitude of S1-P3 in the present paper might reflect the deficit of AWS in investing enough
working memory to form a well-established phonological program for an upcoming response.

4.3 Response inhibition

The Go/NoGo task directly tests the inhibitory ability of an initial prepared response. In the
present study, the group difference of the NoGo effect was found in the S2-P3, but not in the
S2-N2 and the number of false alarms. Smith Johnstone, and Barry (2007) found that the
S2-P3 was more sensitive in detecting response inhibition than the S2-N2 [30]. The smaller
NoGo effect of AWS in $2-P3 in the present study suggests that AWS have difficulties in inhib-
iting a planed speech response.

The present results did not accord with those of previous studies in children who stutter.
Egger et al. (2013) found that children who stutter have more false alarms than children who
do not stutter under the Go/NoGo Task. But in an ERP study, Piispala, Bloigu, and Jansson-
Verkasolo (2016) did not find group difference of the NoGo effect [32]. They only observed
longer S2-N2 and S2-P3 latencies in children who stutter than in children who do not stutter,
and suggested that children who stutter had deficits in attentional processing such as stimulus
evaluation and response selection rather than in inhibitory control. One possible explanation
is attributed to the inconsistent findings that the neural correlates of inhibitory control func-
tion differently for children than they do for adults [33]. This is especially true for the striatal
activity, which is aberrant in many neural image studies on stuttering [31]. Moreover, striatal
activity was found to be supportive and contributory to cognitive control in children but
obstructive in adults. Accordingly, the brain correlates of stuttering might not coincide with
those of cognitive control for AWS. Another reason for the inconsistent results is that the task
(i.e., color naming) we used is more challenging for AWS than the button pressing task used in
the two studies above [31, 32]. As the S2-P3 is sensitive to task difficulties, the deficits of inhibi-
tory control abilities of AWS might be more prominent in speech-related tasks [43].

4.4 Caveats, limitations and suggestions for future research

The most important findings for AWS in the present study are the low amplitude of S1-P3 and
the advanced topographic shift from the early CNV to late CNV. The former points to a low
investment of working memory on phonological encoding, and the latter implies an aberrant
timing of speech response. However, one should be cautious when considering their relation-
ship. The S1-P3 and the CNV can be simultaneously influenced by certain factors, such as
learning [43], but they can also be dissociated by different factors, such as monetary rewards
[25]. Hence, it is too early to say whether the atypical speech motor preparation process of
AWS is caused by their low investment in working memory or whether the two deficits just
coincidentally appear together. More elaborately designed studies are needed to address this
question. And more advanced neuro-image skills with high spatial-resolution are needed to
describe the dynamic brain activations during speech preparation for both AWS and AFS.
The second concern is about the NoGo S2-P3 effect in AWS. As an index of inhibitory con-
trol, the NoGo S2-P3 effect is not independent, but influenced by the information processing
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of S1 during FP. For instance, the NoGo S2-P3 effect is found to increase when S1 provided
more information about S2 [30]. And some of the neural correlates of inhibitory control over-
lap with the cortical-basal ganglia network. The latter is suspected to be related to the timing of
speech and play an important role in stuttering [40]. In the present study, the lower parietal
S1-P3 for AWS indicates that level of information processing of S1 is lower for AWS than for
AFS. Then it is possible that the smaller NoGo S2-P3 effect in AWS is caused by their atypical
speech preparation process. However, to clearly examine the causal relationship between the
S1-P3 and the S2-P3 in AWS, further studies are needed to dissociate the speech preparation
process and the inhibitory control abilities of AWS.

Lastly, this study is a quasi-experiment; stuttering was not manipulated. Although the dif-
ferences between AWS and AFS in the three indices ((i.e., the S1-P3, the topographic shift of
CNV, and the S2-P3) suggest that AWS have deficits in the investment of working memory
on phonological encoding, the timing of speech, and the inhibitory control of speech, it’s still
unclear whether they are the causes or the effects of stuttering. Studies that compare the neural
activities of AWS before and after treatments should pay more attention to evaluate the speech
preparation process.

Supporting Information

S1 File. Data for S1-evoked potentials.
(XLS)

S2 File. Data for CNVs.
(XLS)

S3 File. Data for S2-evoked potentials.
(XLS)

Acknowledgments

We thank the Stuttering Association of China for participating in the experiment. We also
thank Dr. Chunming Lu for support in collecting the ERP data.

Author Contributions
Conceptualization: NN DP.
Data curation: NN DP.
Formal analysis: NN.
Funding acquisition: NN SY XL.
Investigation: NN SY.
Methodology: NN DP.
Project administration: DP.
Resources: NN DP.

Software: NN.

Supervision: DP.

Visualization: NN SY.

PLOS ONE | DOI:10.1371/journal.pone.0168836 January 9, 2017 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168836.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168836.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0168836.s003

@° PLOS | ONE

Speech Timing and Stuttering

Writing - original draft: NN.

Writing - review & editing: SY.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

Conture E, Walden T, Graham C, Conture E, Walden T, Graham C. Communication-emotional model
of stuttering. In Ratner N. Bernstein, & Tetnowski J. (Eds.), Stuttering research and practice: Contempo-
rary issues and approaches (pp. 17—46). Mahwah: NJ: Lawrence Erlbaum Associates; 2006.

Levelt WJM. Models of word production. Trends in cognitive sciences. 1999; 3(6):223-32. PMID:
10354575

Howell P, Au-Yeung J. The EXPLAN theory of fluency control and the diagnosis of stuttering. In: E. F,
editor. Current issues in linguistic theory series: Pathology and therapy of speech disorders. Amster-
dam: John Benjamins; 2002. p. 75-94.

Brunia CHM, van Boxtel GJM. Wait and see. International Journal of Psychophysiology. 2001; 43
(1):59-75. PMID: 11742685

Niemi P, Naaténen R. Foreperiod and simple reaction time. Psychological Bulletin. 1981; 89(1):133-62.

Walter WG, Cooper R, Aldridge VJ, McCallum WC, Winter AL. Contingent negative variation: An elec-
tric sign of sensorimotor association and expectancy in the human brain. Nature. 1964; 203:380—4.
PMID: 14197376

Cui RQ, Egkher A, Huter D, Lang W, Lindinger G, Deecke L. High resolution spatiotemporal analysis of
the contingent negative variation in simple or complex motor tasks and a non-motor task. Clinical Neuro-
physiology. 2000; 111(10):1847-59. PMID: 11018502

Gomez CM, Marco J, Grau C. Preparatory visuo-motor cortical network of the contingent negative vari-
ation estimated by current density. Neurolmage. 2003; 20(1):216-24. PMID: 14527582

Kononowicz TW, Sander T, van Rijn H. Neuroelectromagnetic signatures of the reproduction of supra-
second durations. Neuropsychologia. 2015; 75:201-13. doi: 10.1016/j.neuropsychologia.2015.06.001
PMID: 26057434

Rohrbaugh JW, Gaillard AWK. Sensory and Motor Aspects of the Contingent Negative Variation.
Advances in Psychology. 1983; 10:269-310.

Loveless NE, Sanford AJ. Slow potential correlates of preparatory set. Biological Psychology. 1974; 1
(4):303-14. PMID: 4425714

Achim A, Braun CMJ, Collin I. Event-Related Potentials Distinguish Fluent and Stuttered Speech. Jour-
nal of Neurotherapy. 2007; 11(3):15-23.

Pinsky SD, McAdam DW. Electroencephalographic and dichotic indices of cerebral laterality in stutter-
ers. Brain and Language. 1980; 11(2):374—97. PMID: 7470855

Prescott J. Event-related potential indices of speech motor programming in stutterers and non-stutter-
ers. Biological Psychology. 1988; 27(3):259-86. PMID: 3254731

Prescott J, Andrews G. Early and late components of the contingent negative variation prior to manual
and speech responses in stutterers and non-stutterers. International Journal of Psychophysiology.
1984; 2(2):121-30. PMID: 6542914

Vanhoutte S, Santens P, Cosyns M, van Mierlo P, Batens K, Corthals P, et al. Increased motor prepara-
tion activity during fluent single word production in DS: A correlate for stuttering frequency and severity.
Neuropsychologia. 2015; 75:1-10. PMID: 26004061

Vanhoutte S, Van Borsel J, Cosyns M, Batens K, van Mierlo P, Hemelsoet D, et al. CNV amplitude as a
neural correlate for stuttering frequency: A case report of acquired stuttering. Neuropsychologia. 2014;
64:349-59. doi: 10.1016/j.neuropsychologia.2014.09.036 PMID: 25281310

Zimmermann GN, Knott JR. Slow potentials of the brain related to speech processing in normal speak-
ers and stutterers. Electroencephalography & Clinical Neurophysiology. 1975; 37(6):599-607.

Salmelin R, Schnitzler A, Schmitz F, Freund H-J. Single word reading in developmental stutterers and
fluent speakers. Brain. 2000; 123(6):1184—202.

Ning N, Yang S, Peng D-L, Ding G-S, Dong F-B. The Effect of Preparatory Interval on Verbal Response
of People Who Stutter. Acta Psychologica Sinica. 2009; 5(5):387—-96.

Leynes PA, Allen JD, Marsh RL. Topographic differences in CNV amplitude reflect different preparatory
processes. International Journal of Psychophysiology. 1998; 31(1):33—44. PMID: 9934619

Stevens A, Lutzenberger W, Bartels DM, Strik W, Lindner K. Increased duration and altered topography
of EEG microstates during cognitive tasks in chronic schizophrenia. Psychiatry Research. 1997; 66
(1):45-57. PMID: 9061803

PLOS ONE | DOI:10.1371/journal.pone.0168836 January 9, 2017 16/17


http://www.ncbi.nlm.nih.gov/pubmed/10354575
http://www.ncbi.nlm.nih.gov/pubmed/11742685
http://www.ncbi.nlm.nih.gov/pubmed/14197376
http://www.ncbi.nlm.nih.gov/pubmed/11018502
http://www.ncbi.nlm.nih.gov/pubmed/14527582
http://dx.doi.org/10.1016/j.neuropsychologia.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26057434
http://www.ncbi.nlm.nih.gov/pubmed/4425714
http://www.ncbi.nlm.nih.gov/pubmed/7470855
http://www.ncbi.nlm.nih.gov/pubmed/3254731
http://www.ncbi.nlm.nih.gov/pubmed/6542914
http://www.ncbi.nlm.nih.gov/pubmed/26004061
http://dx.doi.org/10.1016/j.neuropsychologia.2014.09.036
http://www.ncbi.nlm.nih.gov/pubmed/25281310
http://www.ncbi.nlm.nih.gov/pubmed/9934619
http://www.ncbi.nlm.nih.gov/pubmed/9061803

@° PLOS | ONE

Speech Timing and Stuttering

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.
37.

38.
39.

40.

41.

42,

43.

Bender S, Weisbrod M, Resch F, Oelkers-Ax R. Stereotyped topography of different elevated contin-
gent negative variation components in children with migraine without aura points towards a subcortical
dysfunction. Pain. 2007; 127(3):221-33. doi: 10.1016/j.pain.2006.08.017 PMID: 17027155

Zappoli R, Versari A, Arnetoli G, Paganini M, Muscas GC, Arneodo MG, et al. Topographic CNV activity
mapping, presenile mild primary cognitive decline and Alzheimer-type dementia. Neurophysiologie Clin-
ique/Clinical Neurophysiology. 1991; 21(5-6):473-83. PMID: 1808505

Capa RL, Bouquet CA, Dreher J-C, Dufour A. Long-lasting effects of performance-contingent uncon-
scious and conscious reward incentives during cued task-switching. Cortex. 2013; 49(7):1943-54. doi:
10.1016/j.cortex.2012.05.018 PMID: 22770561

Bajaj A. Working memory involvement in stuttering: Exploring the evidence and research implications.
Journal of Fluency Disorders. 2007; 32(3):218-38. doi: 10.1016/}.jfludis.2007.03.002 PMID: 17825670

Maxfield ND, Morris K, Frisch SA, Morphew K, Constantine JL. Real-time processing in picture naming
in adults who stutter: ERP evidence. Clinical Neurophysiology. 2015; 126(2):284-96. doi: 10.1016/j.
clinph.2014.05.009 PMID: 24910149

Walla P, Mayer D, Deecke L, Thurner S. The lack of focused anticipation of verbal information in stutter-
ers: a magnetoencephalographic study. Neurolmage. 2004; 22(3):1321-7. doi: 10.1016/j.neuroimage.
2004.03.029 PMID: 15219604

Smith JL, Johnstone SJ, Barry RJ. Effects of pre-stimulus processing on subsequent events in a warned
Go/NoGo paradigm: Response preparation, execution and inhibition. International Journal of Psycho-
physiology. 2006; 61(2):121-33. doi: 10.1016/j.ijpsycho.2005.07.013 PMID: 16214250

Smith JL, Johnstone SJ, Barry RJ. Response priming in the Go/NoGo task: The N2 reflects neither inhi-
bition nor conflict. Clinical Neurophysiology. 2007; 118(2):343-55. doi: 10.1016/j.clinph.2006.09.027
PMID: 17140848

Eggers K, De Nil LF, Van den Bergh BRH. Inhibitory control in childhood stuttering. Journal of Fluency
Disorders. 2013; 38(1):1-13. doi: 10.1016/j.jfludis.2012.10.001 PMID: 23540909

Piispala J, Kallio M, Bloigu R, Jansson-Verkasalo E. Delayed N2 response in Go condition in a visual
Go/Nogo ERP study in children who stutter. Journal of Fluency Disorders. 2016; 48:16—26. doi: 10.
1016/j.jfludis.2016.02.001 PMID: 27498891

Paulsen DJ, Hallquist MN, Geier CF, Luna B. Effects of incentives, age, and behavior on brain activation
during inhibitory control: A longitudinal fMRI study. Developmental Cognitive Neuroscience. 2015;
11:105-15. doi: 10.1016/j.dcn.2014.09.003 PMID: 25284272

Riley GD. Stuttering Severity Instrument for children and adults (SSI-3). Austin: TX: Pro-Ed; 1994.

Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia.
1971;9(1):97-113. Epub 1971/03/01. PMID: 5146491

Fletcher R. The City University Colour Vision Test. Windsor: Berks: Keeler Ltd.; 1980.

Picton TW, Bentin S, Berg P, Donchin E, Hillyard SA, Johnson R, et al. Guidelines for using human
event-related potentials to study cognition: Recording standards and publication criteria. Psychophysi-
ology. 2000; 37(2):127-52. PMID: 10731765

Tabachnick BG, Fidell LS. Using multivariate statistics. 5th ed. Boston: Pearson/Allyn & Bacon; 2007.

Benjamini Y, Hochberg Y. On the Adaptive Control of the False Discovery Rate in Multiple Testing With
Independent Statistics. Journal of Educational and Behavioral Statistics. 2000; 25(1):60-83.

Etchell AC, Johnson BW, Sowman PF. Behavioral and multimodal neuroimaging evidence for a deficit
in brain timing networks in stuttering: a hypothesis and theory. Frontiers in Human Neuroscience. 2014;
8(467):1-10.

Alario FX, Chainay H, Lehericy S, Cohen L. The role of the supplementary motor area (SMA) in word
production. Brain Research. 2006; 1076(1):129-43. doi: 10.1016/j.brainres.2005.11.104 PMID:
16480694

Verleger R, Hamann LM, Asanowicz D, Smigasiewicz K. Testing the S—R link hypothesis of P3b: The
oddball effect on S1-evoked P3 gets reduced by increased task relevance of S2. Biological Psychology.
2015; 108:25-35. doi: 10.1016/j.biopsycho.2015.02.010 PMID: 25797104

Rose M, Verleger R, Wascher E. ERP correlates of associative learning. Psychophysiology. 2001; 38
(3):440-50. PMID: 11352132

PLOS ONE | DOI:10.1371/journal.pone.0168836 January 9, 2017 17/17


http://dx.doi.org/10.1016/j.pain.2006.08.017
http://www.ncbi.nlm.nih.gov/pubmed/17027155
http://www.ncbi.nlm.nih.gov/pubmed/1808505
http://dx.doi.org/10.1016/j.cortex.2012.05.018
http://www.ncbi.nlm.nih.gov/pubmed/22770561
http://dx.doi.org/10.1016/j.jfludis.2007.03.002
http://www.ncbi.nlm.nih.gov/pubmed/17825670
http://dx.doi.org/10.1016/j.clinph.2014.05.009
http://dx.doi.org/10.1016/j.clinph.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24910149
http://dx.doi.org/10.1016/j.neuroimage.2004.03.029
http://dx.doi.org/10.1016/j.neuroimage.2004.03.029
http://www.ncbi.nlm.nih.gov/pubmed/15219604
http://dx.doi.org/10.1016/j.ijpsycho.2005.07.013
http://www.ncbi.nlm.nih.gov/pubmed/16214250
http://dx.doi.org/10.1016/j.clinph.2006.09.027
http://www.ncbi.nlm.nih.gov/pubmed/17140848
http://dx.doi.org/10.1016/j.jfludis.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23540909
http://dx.doi.org/10.1016/j.jfludis.2016.02.001
http://dx.doi.org/10.1016/j.jfludis.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/27498891
http://dx.doi.org/10.1016/j.dcn.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25284272
http://www.ncbi.nlm.nih.gov/pubmed/5146491
http://www.ncbi.nlm.nih.gov/pubmed/10731765
http://dx.doi.org/10.1016/j.brainres.2005.11.104
http://www.ncbi.nlm.nih.gov/pubmed/16480694
http://dx.doi.org/10.1016/j.biopsycho.2015.02.010
http://www.ncbi.nlm.nih.gov/pubmed/25797104
http://www.ncbi.nlm.nih.gov/pubmed/11352132

