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18The neural mechanisms underlying stuttering are not well understood. It is known that stuttering appears when
19persons who stutter speak in a self-pacedmanner, but speech fluency is temporarily increased when they speak
20in unisonwith external trigger such as ametronome. This phenomenon is very similar to the behavioral improve-
21ment by external pacing inpatientswith Parkinson's disease. Recent imaging studies have also suggested that the
22basal ganglia are involved in the etiology of stuttering. In addition, previous studies have shown that the basal
23ganglia are involved in self-pacedmovement. Then, the present study focused on the basal ganglia and explored
24whether long-term speech-practice using external triggers can inducemodification of the basal ganglia activity of
25stuttering speakers. Our study of functional magnetic resonance imaging revealed that stuttering speakers pos-
26sessed significantly lower activity in the basal ganglia than fluent speakers before practice, especially when
27their speech was self-paced. After an 8-week speech practice of externally triggered speech using a metronome,
28the significant difference in activity between the two groups disappeared. The cerebellar vermis of stuttering
29speakers showed significantly decreased activity during the self-paced speech in the second compared to the
30first experiment. The speechfluency and naturalness of the stuttering speakerswere also improved. These results
31suggest that stuttering is associated with defective motor control during self-paced speech, and that the basal
32ganglia and the cerebellum are involved in an improvement of speech fluency of stuttering by the use of external
33trigger.
34© 2015 Elsevier Inc. All rights reserved.
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39 Introduction

40 One of the most important observations regarding stuttering is that
41 it does not appear under certain conditions. For example, speechfluency
42 is temporarily improved when persons who stutter speak in unison
43 with the sound of a metronome or with other speakers, and also when
44 using masking or transformed auditory feedback (Andrews et al.,
45 1982). The frequency of stuttering also critically varies in a context-
46 dependent manner; stuttering does not appear when the stuttering
47 person talks to him- or herself, small children, inanimate objects, or
48 pets (Bloodstein and Ratner, 2007; DSM-5, 2013). Stuttering severity
49 also shows long-term fluctuations, whichmay be influenced by person-
50 al circumstances. Since persons who stutter can speak fluently under
51 certain conditions, this presumably suggests that stuttering speakers
52 do not have an inherent disability of the articulatory organs that

53produce speech. Rather, they may employ inadequate procedures
54when producing speech in the brain, or have a disorder in the neural
55systems that modify speech production in the brain. This means that a
56simple concept such asmotor area dysfunction, is not enough to explain
57the phenomenon of stuttering. The key neural substrates underlying
58malfunction presumably reside not only in the regions directly respon-
59sible for speech production, but also in other areas anatomically or func-
60tionally connected with the speech production areas. Recent studies
61have implicated the basal ganglia as one of these potential areas (Beal
62et al., 2013; Chang and Zhu, 2013).
63The behavioral characteristics associated with basal ganglia impair-
64ment have been well illustrated in patients with Parkinson's disease
65(e.g., Donaldson et al., 2012). Because stuttering exhibits similar clinical
66characteristics to Parkinson's disease, the two disorders have been
67compared (Alm, 2004). The observations regarding behavior that is
68common to the two disorders are as follows: 1)most stuttering appears
69at the first segment of a movement, that is, at the beginning of the
70first sound or syllable of a word, while patients with Parkinson's disease
71also experience difficulty initiating movement (Alm, 2004); 2) speech
72fluency in stuttering speakers is improved by external pacing using
73a metronome (Bloodstein and Ratner, 2007), while patients with

NeuroImage xxx (2015) xxx–xxx

Abbreviations:Self, self-pacedspeechcondition;Ext, externally triggeredspeechcondi-
tion; Lis, listening condition.
⁎ Corresponding author at: Graduate School of Health Science, Gunma University, 3-39-

22 Showa-machi, Maebashi, Gunma 371-8511, Japan.
E-mail address: toyomura@rcat.dendai.ac.jp (A. Toyomura).

YNIMG-11930; No. of pages: 11; 4C: 3, 7, 9

http://dx.doi.org/10.1016/j.neuroimage.2015.01.024
1053-8119/© 2015 Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r .com/ locate /yn img

Please cite this article as: Toyomura, A., et al., Effect of an 8-week practice of externally triggered speech on basal ganglia activity of stuttering and
fluent speakers, NeuroImage (2015), http://dx.doi.org/10.1016/j.neuroimage.2015.01.024

http://dx.doi.org/10.1016/j.neuroimage.2015.01.024
mailto:toyomura@rcat.dendai.ac.jp
http://dx.doi.org/10.1016/j.neuroimage.2015.01.024
http://www.sciencedirect.com/science/journal/10538119
www.elsevier.com/locate/ynimg
http://dx.doi.org/10.1016/j.neuroimage.2015.01.024


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

74 Parkinson's disease also show improvement of upper and lower limb
75 movement with external pacing (Howe et al., 2003; Jahanshahi et al.,
76 1995; Lewis et al., 2007; Lim et al., 2005). Considering the fact that dys-
77 function of the basal ganglia causes Parkinson's disease, these compara-
78 ble effects suggest that stuttering is also related to dysfunction of the
79 basal ganglia, as one of the neural mechanisms characterizing speech
80 dysfluency.
81 A number of previous studies support basal ganglia deficits as a
82 potential etiology for stuttering. For example, both aggravation and
83 disappearance of stuttering due to deep brain stimulation (DBS) of
84 the basal ganglia–thalamocortical motor circuit have been reported
85 (Bhatnagar and Buckingham, 2010; Burghaus et al., 2006; Nebel et al.,
86 2009; Walker et al., 2009). Stuttering was induced when DBS of the
87 subthalamic nucleuswas performed, but disappeared after this stimula-
88 tion was stopped in some types of patients with Parkinson's disease
89 (Toft and Dietrichs, 2011; Tsuboi et al., 2014). The degree of speech
90 dysfluency can also be changed by adjustments in thalamic stimula-
91 tion (Allert et al., 2010). Tani and Sakai (2010) reported neurogenic
92 stuttering following brain injury exclusively in the basal ganglia in five
93 speakers with no history of developmental stuttering (Tani and Sakai,
94 2010). Speech dysfluency is also frequently observed in patients with
95 Parkinson's disease (Donaldson et al., 2012).
96 Recent neuroimaging studies have supported the involvement of
97 the basal ganglia in stuttering. In addition to different patterns of activ-
98 ity in basal ganglia nuclei (Chang et al., 2009; Kell et al., 2009; Toyomura
99 et al., 2011;Watkins et al., 2008), differences in the strength of connec-
100 tivitywithin basal ganglia–thalamocortical circuitswere found between
101 stuttering and non-stuttering adults (Lu et al., 2009, 2010). Further-
102 more, Chang and Zhu (2013) demonstrated that children who stutter
103 already exhibit decreased connectivity within basal ganglia circuits
104 (Chang and Zhu, 2013), while Beal et al (2013) found that the graymat-
105 ter volume in the putamen and inferior frontal gyrus was decreased in
106 children who stutter relative to those who do not (Beal et al., 2013).
107 These studies suggest that children who stutter already have both func-
108 tional andmorphological abnormalities of the basal ganglia, whichmay
109 have a critical influence on the development of speech motor learning.
110 Among other species, songbirds also display stuttering-like dysfluent
111 singing after ablation of Area X, which is anatomically equivalent to
112 the basal ganglia in humans (Kobayashi et al., 2001).
113 Human movement can be classified into two categories according
114 to timing generation: self-paced (or self-initiated) and externally
115 triggered movements. The common effect of a metronome on both
116 stuttering andParkinson's disease is oneof thephenomenademonstrat-
117 ing that externally triggeredmovement functions properly. A number of
118 previous studies have reported that the basal ganglia are involved in
119 self-paced movement (Cunnington et al., 2002; Francois-Brosseau
120 et al., 2009; Jahanshahi et al., 1995; Lewis et al., 2007; Taniwaki et al.,
121 2006; Toyomura et al., 2012). The fact that stuttering is temporarily
122 suppressed when an external trigger is presented, but occurs in self-
123 paced speech, indicates that the differences between self-paced and
124 externally-triggered speech may be important for understanding
125 the neural mechanisms of stuttering. Toyomura et al (2011) investigat-
126 ed the neural activity of people who stutter when they spoke under
127 metronome-timed, choral, and self-paced speech conditions, and
128 showed that the activity of the basal ganglia of persons who stutter is
129 significantly lower than that of non-stuttering controls under the self-
130 paced speech condition, but equivalent to non-stuttering controls
131 under the metronome-timed condition (Toyomura et al., 2011). These
132 results indicate that an external speech trigger can temporarily com-
133 pensate for the low basal ganglia activity that is observed in the self-
134 paced speech of persons who stutter. The question then arises whether
135 their activation could increase to the level of that in those who do not
136 stutter after they practice for a prolonged period using the trigger.
137 If so, externally triggered speech could potentially induce plasticity in
138 neural networks, including the basal ganglia, which could impart a
139 more permanent change.

140In this study, we firstly examined differences in activation of the
141basal ganglia of stuttering and non-stuttering speakers under self-
142paced and externally triggered speech conditions before practice. We
143then required both groups of participants to practice speaking using
144an external trigger for eightweeks, and examined the effect of this prac-
145tice on the neural activity in the basal ganglia of both groups, again for
146both the self-paced and externally-triggered conditions.

147Material and methods

148Participants

149This study consisted of two functional magnetic resonance imaging
150(fMRI) experiments: one before the eight weeks of speech practice,
151and one after the practice period. Therefore, we recruited only par-
152ticipants who agreed to undertake continuous engagement for the
153eight weeks of practice between the two fMRI experiments. Partici-
154pants included 20 male adults, 10 of these were adults who stutter
155(aged 20–31 years with a mean age of 25.4 years, SD = 3.9) and 10
156were adults who do not stutter (aged 22–33 years with a mean age of
15725.4 years, SD = 3.7). They were native Japanese speakers and were
158right handed, as assessed by the Edinburgh Handedness Inventory
159(Oldfield, 1971). The two participating groups were similar in age
160(p = 1.00). Other than stuttering in the experimental groups, none of
161the participants had a self-reported history of speech, language, or
162hearing problems. Among the participants, seven stuttering and two
163non-stuttering speakers had participated in an experiment that our
164group conducted previously (Toyomura et al., 2011). In addition, inde-
165pendent 10 naïve non-stuttering participants (6 men, 4 women, aged
16621–24 years with a mean age of 22.2 years, SD = 1.0) were recruited
167as speech evaluators. They assessed speech naturalness (Ingham et al.,
1682009; Martin et al., 1984) based on video recordings after the experi-
169ments. This study was approved by the ethics committee of Tokyo
170Denki University.

171fMRI experiments

172Experiment 1
173We conducted two MRI experiments, one before and one after
174speech practice. The MRI acquisition and analysis methods were partly
175based on the procedures we used previously (Toyomura et al., 2011).
176In the first experiment, participants wore an MR-compatible headset,
177and were restrained by two belts to avoid head movement caused by
178the experimental task. Cushions were inserted between the headset
179and head coil to further fix the participant's head. A sentence was pre-
180sented on a screen that was viewed through a mirror incorporated
181into the head coil. A sparse image acquisition protocol (Hall et al.,
1821999) with a 7-s delay was used in this experiment. In this protocol,
183non-scanning periods (7-s in this study) are set between each two suc-
184cessive volumes. Participants were required to perform tasks during the
185non-scanning periods and to stop before the next scan, which can elim-
186inate an effect of scanner noise in speech tasks and artifacts due to
187speech production in imaged data. Because the blood-oxygen-level-
188dependent (BOLD) responses are known to have a late peak after rising
189due to task, this method is expected to collect images in the period after
190the increases in BOLD signals. Participants were instructed to start read-
191ing aloud immediately after each sentence appeared on the screen, and
192stop reading immediately after the stimulus disappeared, even if they
193did not finish reading. To prevent the continuation of speech into the
194next scanning period, the sentence was presented only for the first
1954.5 s of the 7-s period. The sentences used herewere passages from sim-
196ple essays that were plainly written. Prior to the experiment, the partic-
197ipants were required to thoroughly practice the three task conditions
198(outlined below) with the help of the experimenters.
199Stuttering speakers are known to exhibit an increase in speech
200fluency when the auditory feedback of their own voices is altered
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