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Editorial on the Research Topic
 The Neurophysiology of Developmental Stuttering: Unraveling the Mysteries of Fluency



Speaking is essential for everyday life: we speak to communicate, sharing our thoughts. However, not everybody speaks easily: speech movements are often out of control in stuttering, and everyday life may be impaired. Developmental Stuttering (DS) is the idiopathic form of the disturbance, usually characterized by speech dysfluencies, such as blocks and repetitions, especially in the initial parts of words and sentences. Also, associated movements (e.g., oro-facial grimaces), accompanying dysfluencies, may be present. DS typically appears in childhood: in the majority of cases, children recover from dysfluencies, but, sometimes, they persist in adulthood. DS is a neurodevelopmental and multifactorial disorder, characterized by the presence of genetic alterations, as well as by abnormalities in the functioning of speech and motor cerebral systems. Neuroimaging/neurophysiological tools have begun to elucidate the dysfunctional neural dynamics of DS: stuttering is seen as a motor/timing disorder related to basal ganglia dysfunction and disconnection of speech-related motor cortical regions. The strong central component of DS influences the functioning of even wider neural networks, such as those related to emotional regulation, also affecting, in interaction with peripheral nervous system, temperamental characteristics, and/or psycholinguistics behaviors. In spite of this amount of knowledge, several questions still remain, which concern, for example, the volitional control of speech or the neural control of motor sequencing/timing (also in relation to response inhibition). These are crucial aspects that need to be considered for a deeper understanding of physiological/pathophysiological bases of DS. Accordingly, the scope of this Research Topic is to help in unraveling the mysteries of (dys)fluency, in stuttering. Hence, we present a collection of original and review contributions around new frontiers in research, trying to contribute to the better understanding of this disorder. Ultimately, 22 articles, including 15 original papers, 4 reviews, 2 hypotheses and theory articles, and 1 brief research report, were produced by 71 of the most influential world-wide experts. The outcome is a potpourri of scientific pieces, tackling a multidisciplinary/integrated vision of DS, to get closer to understanding its mechanisms, and also toward the implementation of more effective evidence-based interventions. Specifically, contributions involve: (i) Current demographic characteristics of DS; (ii) Causal mechanisms and neural modeling of DS; (iii) Central neurophysiological evidence of (dys)fluency in DS; (iv) Behavioral evidence of motor deficits in DS; (v) DS and the peripheral nervous system; (vi) Temperamental and cognitive functioning in DS; (vii) Intervention and rehabilitation in DS.


CURRENT DEMOGRAPHIC CHARACTERISTICS OF DS

Sommer et al. were able to give a precise and updated picture about the current prevalence and therapy rates of developmental disorders of speech and language, especially in children: they were mainly able to show that stuttering is preferably diagnosed in males, with a prevalence peaking around 5 years of age. Importantly, they demonstrated that the amount of intervention is still not sufficient, especially in childhood. This may have important consequences about the possibilities children may have in learning how to manage their dysfluencies, and thus also about the future invasiveness of stuttering in their lives.



CAUSAL MECHANISMS AND NEURAL MODELING OF DS

Alm describes the relationship among speech/motor (frontal) brain regions, which are usually characterized by altered activity in stuttering, and the presence of higher requests of non-oxidative metabolism (i.e., glycolysis), in these same regions. Moreover, the author shows the existence of relations among a series of factors such as genetic abnormalities, lower capacities of using glycolysis, and functional abnormalities of the neural systems of people who stutter (PWS), also explaining that a modulatory (negative) effect may be expected, as a cascade of events, on the functioning of dopaminergic brain systems. Compatibly, Alm extends this view, providing a thorough review about the fundamental role of dopamine in the context of learning, execution, and automatization of movements, especially when considering its relevance for speech: primary mechanisms for the automatization of (complex) motor sequences may result in the “merging” of the different parts that are composing the sequence, also involving reinforcement learning processes. In this context, dopamine has an important role, especially when considering the functioning of basal ganglia and cortico-basal-thalamo-cortical mechanisms. Chang and Guenther proposed a model that may help to better explain the neural dynamics related to DS, in the context of a recent and influential model of normal speech production (i.e., the “Directions into Velocities of Articulators”-DIVA-model). Specifically, they propose that the primary impairment underlying stuttering may be a dysfunction in the cortico-basal-thalamo-cortical loop, responsible for initiating speech/motor programs. They also analyze three possible loci of impaired neural processing within this system that could lead to dysfluencies: impairments within the basal ganglia, impairments of axonal projections within this network, and impairments in cortical processing of related neural information. As a consequence, a core “internal” motor timing deficit in stuttering may be suggested, possibly alleviated by interventions based on the utilization of “external” timing cues (e.g., the utilization of a metronome, choral speech etc.). Finally, Alm elegantly analyzed existing relations among some non-genetic contributions in the appearance of DS. The author reports data supporting the proposal that infection with “group A beta-hemolytic streptococcus” (GAS) may be a possible (and undiagnosed) cause of stuttering, primarily until the mid-1900s. The proposed mechanism here is an autoimmune reaction, targeting specific neural structures, for example within the basal ganglia system.



CENTRAL NEUROPHYSIOLOGICAL EVIDENCE OF (DYS)FLUENCY IN DS

Functional neuroimaging links stuttering to compromised sensorimotor control and deficiencies in auditory-motor integration during speech production. Using fMRI, Sares et al. demonstrated that also vocal pitch compensation may participate in the altered formation of auditory-motor networks in PWS suggesting that, when compared to fluent controls, brain dynamics are notably different when the system is challenged with a mismatch between predicted and actual voice auditory feedback. However, the neural mechanisms underlying these phenomena remain poorly understood, and should be worth studying in the future. Alterations have also been found by Liman et al. that combined motor behavior with the presence of deposits of mesencephalic iron (i.e., an indirect marker of dopaminergic dysfunction), in DS: PWS showed behavioral deficits, such as slower finger tapping, in the presence of enlarged iron deposits on either side of the brain, suggesting that motor deficits in DS may be linked to the presence of a developmental dopaminergic dysfunction that may extend beyond “classical” speech functions. Compatibly, Sommer et al. showed that DS resulted in higher amplitudes of motor evoked potentials (MEPs) in hand muscles during spontaneous speech (with respect to fluent speakers), but also in lower MEPs amplitudes during non-verbal oro-facial movements. These findings should be further investigated in the context of exploring MEPs from speech-related muscles, but it can be proposed that speech may request a higher “neural effort” in DS (or, on the other hand, that motor inhibitory mechanisms may be altered in PWS, thus affecting complex tasks such as speech execution). Help for the interpretation of these data may arrive from the findings of Vreeswijk et al., which analyzed somatosensory evoked potentials (SEPs) in DS. More specifically, they did not report any difference in SEPs between PWS and fluent speakers, and thus no evidence for dystonia-like sensory overflow of tongue representation in stuttering has been shown. Finally, Jenson et al. reviewed the role of impaired sensorimotor activity in DS (in this case, represented by EEG mu rhythm activity, which is generally related to premotor and motor cortical activations), that may be sensitive to basal ganglia inhibitory signaling, sensorimotor feedback, timing and function (also in combination with “cognitive”-i.e., working memory-data). They demonstrated that mu rhythms might be useful to represent (with high temporal precision) sensorimotor and basal ganglia neural deficits associated with stuttering, thus easily resulting in “sensory-to-motor” or “motor-to-sensory” alterations of the functional communication among brain regions. In the end, this should be evident in the context of altered motor implementation and/or altered sensorial gating, in DS. Moreover, the authors suggested the possibility that stuttering may also be accompanied by some deficits in more “cognitive” and executive functions.

In DS, valuable insights may also be obtained when considering neural dynamics of fluency. In this context, Sengupta et al. showed that, compared to controls, fluent speech preparation in PWS is characterized by a decrease in theta-gamma phase coherence with a corresponding increase in theta-beta coherence. Higher spectral powers in the beta and gamma bands were also observed before fluent sentences of PWS. Thus, an altered neural communication during speech planning may be evident in DS, providing evidence for atypical utilization of feed-forward control by PWS, even before fluent speech. In DS, fluency may be temporarily obtained by using techniques such as altered auditory feedback: compatibly, Toyomura et al. showed that delayed auditory feedback (DAF) might allow to better understand the presence of altered brain dynamics in DS, especially when considering auditory suppression induced by own speech, as typically evident in fluent speakers. In DS, a significant suppression was observed when using a 200 ms DAF, with more severe stuttering showing greater speech-induced suppression. These findings are compatible with recent suggestions about the presence of “delayed” exchange of neural information in PWS.



BEHAVIORAL EVIDENCE OF MOTOR DEFICITS IN DS

Altered sensorimotor neural dynamics in DS may easily result in abnormalities at a behavioral level: Toyomura et al., starting from the assumption of the presence of an “internal” motor timing deficit in DS, speculated that also more general motor behaviors (other than speech) should be disrupted in stuttering. They investigated complex bimanual tasks in PWS and fluent controls, showing that the former performed worse on tasks such as tapping task (but not on bimanual rotation tasks), suggesting that DS may be specifically associated with deficits of timing control, also for general motor behaviors. Compatibly, Korzeczek et al. could not report differences in motor learning capabilities, consolidation and generalization of simple motor sequences of PWS. When considering speech capabilities, Verdurand et al. investigated characteristics of co-articulation in DS: authors showed that, in normal conditions, the co-articulation degree observed in the fluent speech of PWS is lower than fluent speakers. This was also more evident during altered auditory feedback conditions, thus suggesting that larger articulatory movements (and hence, lower levels of co-articulation) could help PWS in the stabilization/compensation of their speech/motor system, further supporting the proposal that stuttering may arise from impaired feed-forward control (trying to use feedback-based motor control for compensation).



DS AND THE PERIPHERAL NERVOUS SYSTEM

DS may also result in impairments of the peripheral nervous system. In this context, Gattie et al. start from the concept that the larynx's vibrational energy during speech can deflect vestibular mechanoreceptors in humans, and decided to measure vestibular-evoked myogenic potentials in DS. Potential amplitude was smaller in PWS, when compared to fluent speakers. The authors suggest that this finding, interpreted in the context of speech/motor functions, supports the hypothesis regarding the presence of impaired timing networks in DS (as a consequence, additional sensorial/external cues may help regain fluency). Moving toward the autonomic nervous system functions, Walsh et al. examined the relationships among physiological measures of sympathetic arousal, temperament, and communication attitude behavioral indices in children who stutter (CWS) and fluent peers. There was no correlation between sympathetic arousal and stuttering severity or temperament, and for fluent utterances, phasic arousal indices were similar between groups. However, general arousal levels were higher in CWS than controls, independent of whether they performed speech or non-speech tasks. This finding may contrast with increased phasic sympathetic arousal measures available in the literature, and obtained during stuttered speech, thus indicating that actual stuttering may influence the dynamics of the autonomic nervous system. To date, only a few studies have started elucidating ongoing interactions among affective/emotional and speech/motor processes, a perspective that will likely shape future research in the field. In this vein, Tumanova et al. reported that, during challenging picture viewing conditions, CWS showed significantly higher heart rates and a lower respiratory sinus arrhythmia than fluent peers, suggesting that CWS tended to be more emotionally reactive, also employing higher levels of emotional regulation. Emotional reactions and regulatory skills may be critical for the success of DS treatments, especially in childhood.



TEMPERAMENTAL AND COGNITIVE FUNCTIONING IN DS

Finally, DS may also result in altered temperament characteristics and/or impaired executive functions, especially in children: Rocha et al. showed that CWS may result in higher impulsivity, emotional reactivity, anger, frustration, and sadness with respect to fluent children. Moreover, they resulted in lower scorings in attention tasks, perceptual sensitivity, reactivity to stressful situations, and tasks measuring executive functioning. Findings indicate that, in CWS, temperament and executive functioning abilities should be taken into account when considering the contribution to the development and/or maintenance of stuttering.



INTERVENTION AND REHABILITATION IN DS

All this information should be useful to improve available interventions for DS, also trying to implement new and more effective treatments. In this context, Maguire et al. realized a thorough revision of available evidence, concentrating on the pharmacological options currently available to help clinicians in managing DS. The authors highlight that drugs altering dopamine transmission (e.g., dopamine antagonists) may be the most effective in reducing stuttering severity. They also describe recent possibilities that are currently being investigated (e.g., ecopipam), giving encouraging results. This vision is confirmed by another work of the same group (Maguire et al.) where authors reported that risperidone (an anti-dopaminergic drug) was helpful in augment glucose uptake and metabolism in specific regions that are functionally impaired in the neural system of PWS, such as the left striatum and the Broca's region. Authors also propose that, thanks to risperidone, elevated dopamine activity and striatal hypometabolism of DS may be in part counteracted by mechanisms that may involve striatal astrocytes. Finally, Busan et al. reviewed the current findings and available options for the utilization of non-invasive brain stimulation and neuromodulation in the context of DS, useful to obtain better outcomes in speech fluency and in the functioning of specific “neural markers” of the disturbance (such as impairments of speech/motor systems and cortico-basal-thalamo-cortical networks), thus suggesting new and future pathways for research.



CONCLUSIONS

In conclusion, this Research Topic is a unique collection of articles that improve our comprehension of the causal mechanisms and neural dynamics of stuttering. A unifying framework of this multifaceted disorder is beginning to emerge. It will direct and elicit suggestions for future treatments and interventions that will be ultimately useful to overcome this, often under-estimated, speech/motor disturbance.
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Persistent developmental stuttering (PDS) is a speech fluency disorder characterized by intermittent involuntary breakdowns of speech motor control, possibly related to motor cortex excitability. Whether motor cortex dysfunction extends into hand representations is unclear. We here studied task-dependent modulations of hand motor cortex excitability in 10 right-handed adults who stutter (AWS) and 13 age- and sex-matched fluent speaking control participants (ANS), covering a wide range of tasks in an exploratory study. Before, during and after a null speech/rest task, spontaneous speech, solo reading, chorus reading, singing, and non-verbal orofacial movements, transcranial magnetic stimulation was applied over the primary motor cortex and motor evoked potentials (MEPs) were recorded from the abductor digiti minimi muscle of either hand. In both groups, motor threshold was lower in the left than in the right motor cortex. During task performance, MEP amplitudes increased in both groups. A post hoc comparison of spontaneous speech and non-verbal orofacial movements yielded an interaction of group by task with AWS showing larger than ANS MEP amplitude increase in spontaneous speech, but a smaller than ANS MEP amplitude increase in non-verbal orofacial movements. We conclude that hemispheric specialization of hand motor representation is similar for both groups. Spontaneous speech as well as non-verbal orofacial movements are the orofacial tasks that merit further study. The excessive motor cortex facilitation could be reflecting a stronger activation of non-speech muscles during AWS’s speech.

Keywords: speech motor control, hand motor control, stuttering, motor evoked potentials, transcranial magnetic stimulation


INTRODUCTION

Stuttering is a frequent speech fluency disorder characterized by involuntary disruptions in verbal fluency with audible or silent repetitions or prolongations of sounds or syllables (Bloodstein and Ratner, 2008). It develops in more than 5% of all children without obvious cause (Reilly et al., 2013). Spontaneous recovery is frequent, but stuttering persists in about 1% of adults, predominantly in males (Yairi and Ambrose, 1999). Persistent developmental stuttering has a significant negative impact on quality of life (Koedoot et al., 2011) and socioeconomic success (McAllister et al., 2012).

Shifted laterality with reduced left-hemispheric specialization of speech and non-speech functions is a long-standing theory in stuttering (Travis, 1978). It lead to numerous studies, e.g., on handedness or on dichotic listening, with overall inconclusive results (see overview in chapter four of Bloodstein and Ratner, 2008) Over the past 20 years, functional imaging studies have shown a reduced left hemispheric specialization in adults who stutter (AWS) when looking at speech related brain activity. While fluent speakers (ANS) show a speech related brain activity most prominent in the left hemisphere, adults who stutter produce a speech related brain activity that is excessive and shifted toward the right hemisphere in motor and premotor areas (Brown et al., 2005). Whether this reduced asymmetry is confined to speech motor areas or whether it extends to hand motor areas is less clear. Subtle impairments of bimanual hand motor coordination as shown by others (Vaughn and Webster, 1989; Zelaznik et al., 1997) as well as a right hemispheric shifts of auditory motor integration of hand movements as shown by our group (Neef et al., 2011), in addition to a lack of asymmetry of resting motor threshold of hand motor representations (Sommer et al., 2003), all suggest that the hemispheric asymmetry may not be confined to speech motor areas, but that it may extend to hand motor areas. Our first hypothesis, therefore, was that hemispheric specialization of hand motor representation would be reduced in AWS as compared to ANS.

Given that speaking induces increases in hand motor cortex excitability (Tokimura et al., 1996), and that speech motor preparation is deficient and less left lateralized in AWS as compared to ANS (Neef et al., 2015) our second hypothesis was that lateralization and left hemispheric predominance would be modulated by speaking, i.e., accentuated by speech tasks, attenuated by fluency inducing tasks such as choral speech or singing, and not present in non-verbal as compared to verbal tasks.



MATERIALS AND METHODS

The protocol was approved by the University Medical Center Göttingen ethics committee, and we obtained written informed consent before any study related procedure took place.


Participants

We studied 13 AWS of whom three were excluded from analysis for lack of clear right-handedness (Table 1). The AWS were primarily recruited from an intensive therapy course held in the Kassel Stuttering Therapy Centre, Bad Emstal, Germany. Inclusion was based on the participants’ consent, an absence of medical or self-reported neurological disease, and an absence of medication that influences the excitability of the central nervous system. Given the enrollment in a therapy course and the day-to-day variability of symptom severity, we did not use a minimum percent of syllables stuttered for inclusion in the AWS group. All participants in the AWS group had their diagnosis confirmed by a board-certified phoniatrician prior to enrollment in the therapy program. Sample size was estimated based on previous work using comparable methodologies (e.g., Sommer et al., 2003, 2009). In addition, we recruited 13 fluent speakers matched for age and sex, and carefully selected for the absence of a personal or family history of stuttering or any treatment by a speech-language pathologist. The participants’ speech fluency levels were assessed by a qualified speech-language pathologist who was blinded regarding group status. Stuttering severity was quantified using the German version of the stuttering severity instrument (SSI-3) (Sandrieser and Schneider, 2008), based on two video samples of spontaneous speech as well as reading. Musical practice refers to playing an instrument or singing and was quantified as 1 = never or rarely, 2 = regularly, 3 = professionally. Education was quantified ordinally (1 = school [mittlere Reife], 2 = high school [Abitur], 3 = less than 2 years college, 4 = 2 years college [Bachelor, Vordiplom], 5 = 4 years college [Studium], 6 = postgraduate); handedness was assessed using the Edinburgh Handedness questionnaire (Oldfield, 1971).

TABLE 1. Clinical characteristics of participants.
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Transcranial Magnetic Stimulation

We used a Magstim 2002 monophasic TMS device to quantify motor cortex excitability before, during and after the speech tasks. Participants sat in a comfortable reclining chair with armrests, while the experimenter stood behind and out of the participant’s visual field. To detect the optimal motor representation of the abductor digiti minimi muscles of each side, we delivered marginally suprathreshold pulses with a figure-of-eight coil with an outer diameter of 7 cm. The coil was held about 45° posteriolaterally, approximately perpendicular to the presumed location of the central sulcus. We delivered suprathreshold pulses to induce current flow from posterior to anterior in the brain, in order to detect the optimal representation, and then marked the scalp with a pen. We then reduced the stimulus intensity gradually to detect the resting motor threshold (RMT), defined as the minimal intensity where five out of ten consecutive trials elicited contralateral motor evoked potentials (MEP) larger than 50 μV in the target muscle (Rossini et al., 2015). We detected intensity yielding contralateral MEP amplitudes of about 0.5 mV, which were then used as test pulse intensity for the speech tasks (0.5 mV MEPs). These procedures were carried out for each hemisphere separately, in random order. We chose comparatively small baseline MEP amplitudes (Tokimura et al., 1996) because we did not expect any inhibition, so we aimed at increasing the yield with regard to MEP amplitude facilitation by choosing relatively low MEP amplitudes at baseline.

Motor evoked potentials were recorded bilaterally from the abductor digiti minimi muscle using silver-silver chloride cup electrodes in a belly tendon montage with a sampling frequency of 5 kHz, filtered between 20 and 2000 Hz and recorded using a CED 1401 amplifier and Signal 4.16 software (Cambridge Electronic Design, Cambridge, United Kingdom).



Speech Tasks

In this study, we explored a wide range of six tasks – a rest/null speech task (RE), solo reading (SR), chorus reading (CR), spontaneous speech (SP), singing (SI), and non-verbal orofacial movements (NM), CR and SI being known to be fluency-enhancing in AWS (Bloodstein and Ratner, 2008). Each of the six conditions were presented between a brief period of rest before and after each trial. For the rest condition, the participants were asked to remain silent and not to engage in conversation with the experimenter.

For the two reading tasks, Solo Reading and Chorus Reading, we chose a non-fictional text (annual report by the supervising board of the Deutsche Bahn) (Aufsichtsrat der Deutschen Bahn, 2009). This was printed in easily readable font size and displayed on a hold at about 30 cm before the participant’s eyes. Participants were instructed to read either alone (Solo Reading), or loud in chorus with the experimenter standing behind the participant (Chorus Reading). For the Spontaneous Speech task, the text display was removed and participants were encouraged to speak about their recent activities; the experimenter asked open questions to enhance communicative output when necessary. For Singing, participants were encouraged to sing familiar German nursery rhymes [“Alle meine Entchen” (Public domain, 2012a) or “Hänschen klein” (Public domain, 2012b)]. For the Non-verbal Orofacial Movement task, participants were encouraged to produce articulatory movements without verbal content; these included humming, lip smacking, kissing movements, or tongue clicking. To ensure appropriate performance, the different experimental procedures were briefly practiced before starting the actual recordings.

Before each task, we recorded 4 min of suprathreshold TMS pulses at 0.25 Hz, 30 pulses per hemisphere, with the respective test pulse intensity. Details about the forthcoming tasks were only revealed to the participant after this baseline; they were then given four to 5 min to perform that task, i.e., as long as necessary to stimulate either hemisphere 30 times, again at 0.25 Hz. After each task, we recorded another 4 min to obtain 30 MEPs for either side, also with test pulse intensity at 0.25 Hz. An interval of at least 10 min followed before starting the next speech task’s baseline. The order of speech tasks was randomized. The order of hemispheres was stable before, during and after each task, but randomized across tasks. Participants were instructed to refrain from hand and arm movements while performing the tasks.



Data Analysis


Descriptive, Task-Independent Measures

Age and musical practice was compared between groups using unpaired, two-tailed t-tests. Education was quantified ordinally and tested non-parametrically using a Mann–Whitney U-test, so was handedness. RMT and test pulse intensity were assessed using repeated-measures ANOVAs, each with “group” as between-subjects-factor and “hemisphere of stimulation” (left hemisphere, right hemisphere) as within-subjects factors.



Analysis of Raw Amplitudes at Rest, i.e., at Pre-task Baseline

We conducted a repeated-measures ANOVA on the “pre” raw MEP contralateral amplitudes recorded before task onset, with “group” as between-subjects-factor and “speech task” (Rest/null speech task, Solo Reading, Chorus Reading, Spontaneous Speech, Singing, and Non-verbal Orofacial Movements) and “hemisphere of stimulation” (left hemisphere, right hemisphere) as within-subjects factors.



Analysis of MEP Amplitudes During Task Performance, Normalized to Pre-task Baseline

Motor evoked potential amplitudes during the speech tasks were normalized to the individual respective baseline and entered in a repeated-measures ANOVA with “group” as between-subjects-factor and “speech task” (Rest/null speech task, Solo Reading, Chorus Reading, Spontaneous Speech, Singing, and Non-verbal Orofacial Movements) and “hemisphere of stimulation” (left hemisphere, right hemisphere) as within-subjects factors.



Analysis of MEP Amplitudes After Task Performance, Normalized to Pre-task Baseline

An identical ANOVA was calculated for the MEP amplitudes obtained after the speech tasks, normalized to the individual respective baseline.

In all analyses, the level of significance was set at p < 0.05. Statview 5.0 (SAS, Cary, NC, United States) was used for all statistics.





RESULTS


Descriptive, Task-Independent Measures

Demographic data of all participants is shown in the Table 1.

In both groups, RMT was lower in the left hemisphere than in right hemisphere. The analysis of RMT yielded no main effect of group, but an effect of hemisphere (F(1,21) = 13.98, p = 0.001), and no interaction of hemisphere by group (Figure 1). Following the same pattern, stimulus intensity was lower in the left hemisphere than in right hemisphere. It yielded no main effect of group, but an effect of hemisphere (F(1,21) = 9.68, p = 0.005), and no interaction of hemisphere by group.
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FIGURE 1. Resting motor threshold as defined in the text, in percent of stimulator output. The left (LH) and the right (RH) hemisphere were stimulated in random order. Middle dashed line, mean; upper and lower dashed line, single standard deviation.





Raw, Non-normalized MEP Amplitudes

Motor evoked potentials amplitudes were small at baseline, increased to a variable extent during task performance, and returned to baseline levels or slightly above after the end of task performance (Figure 2).
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FIGURE 2. Raw motor evoked potentials (MEPs) from the abductor digiti minimi muscle contralateral to transcranial magnetic stimulation of the motor cortex in 10 adults who stutter and 13 fluent speaking control participants; at baseline (pre), during (D), and after (post) performance of a speech task specified on the abscissa, i.e., rest/null speech task (RE), solo reading (SR), chorus reading (CR), spontaneous speech (SP), singing (SI), or non-verbal orofacial movements (NM). The left (LH) and the right (RH) hemisphere were stimulated in random order. Mean ± standard error.



At baseline before task onset, the raw contralateral MEP amplitudes did not yield any main effect, but an interaction of hemisphere of stimulation × group (F(1,21) = 10.77, p = 0.004, Figure 3), and no other significant interaction. Post hoc t-tests showed higher amplitudes in ANS than in AWS for left hemispheric stimulation only. Apparently, a proper between-group matching of MEP amplitudes at baseline had not been successful. The coefficients of variance of these raw MEP amplitudes for the six baselines ranged from 0.30 to 0.54 in the control group and from 0.25 to 0.63 in the patient group. The F-tests involving group were all non-significant, excluding major differences in MEP amplitude variability between groups.
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FIGURE 3. Subset of data from Figure 2; raw MEPs from the abductor digiti minimi muscle contralateral to transcranial magnetic stimulation of the motor cortex recorded at rest before onset of each task. Middle dashed line, mean; upper and lower dashed line, single standard deviation.





Analysis of MEP Amplitudes Normalized to Pre-task Baseline

The MEP amplitudes during task performance normalized to the individual baseline revealed a main effect of speech task (F(5,105) = 8.13, p < 0.0001, Figure 4), and no other main effect or interaction. Specifically, no main effect or interaction involving hemisphere of stimulation was observed, which is why we pooled hemispheres in Figure 4. Post hoc t-tests indicated that the Rest/null speech task differed from all other tasks except Solo Reading, and that Solo Reading differed from Non-verbal Orofacial Movements. Compared to ANS, AWS tended to show stronger MEP amplitude increases during Solo Reading, but tended to show smaller MEP amplitude increases during Non-verbal Orofacial Movements; but these between group comparisons failed to reach significance (Figure 4, see also Appendix).
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FIGURE 4. Motor evoked potential amplitudes obtained during task performance, normalized to the respective baseline before task onset. Left and right hemisphere were stimulated and pooled, data from contralateral recordings are shown. Middle dashed line, mean; upper and lower dashed line, single standard deviation.



Excluding the Rest/null speech task condition from the above-mentioned analysis did not reveal any effect or interaction involving group.

After the end of task performance, MEP amplitudes returned to baseline values, not yielding any main effects or interactions.




DISCUSSION

We have investigated hand motor cortex excitability in adults who stutter and a control group before, during and after performing a variety of speech tasks. Our first hypothesis was that hemispheric specialization of hand motor representation would be reduced in AWS as compared to ANS. This was not the case; the left hemisphere yielded a lower motor threshold than the right (Ilic et al., 2004; Davidson and Tremblay, 2013), but this was similar for both groups. In AWS, a lack of asymmetry of motor cortex excitability as compared to ANS has been observed in some (Sommer et al., 2003, 2009), but not in all (Busan et al., 2013) earlier studies. For the hand motor representation, our result does not confirm a long standing lateralization hypothesis with a stronger involvement of the right hemisphere in AWS (Travis, 1978).

Our second hypothesis was that lateralization and left hemispheric predominance would be modulated by speaking, i.e., accentuated by speech tasks, attenuated by fluency inducing tasks such as choral speech or singing, and not present in non-verbal as compared to verbal tasks. More generally, this hypothesis is based on the observation that greater muscular effort usually requires more activation of the motor system, at least within the limits set by central and peripheral fatigue (Mochizuki et al., 2009; Tazoe et al., 2009; Goodwill et al., 2012). The between group differences during speech tasks were more modest than expected, and hemisphere of stimulation did not differentiate the groups under study. Strictly speaking, this hypothesized group-differentiating task-specific activation was not observed, though this conclusion is somewhat hampered by an unexpected bias of baseline MEP amplitudes. AWS differed from ANS by showing some excessive motor cortex facilitation during spontaneous speech, while showing a trend for less motor cortex facilitation during non-verbal orofacial movements. Speculatively, the excessive motor cortex facilitation could be reflecting a stronger activation of non-speech muscles during AWS’s speech (Mulligan et al., 2001). An artifact of prominent hand gestures during speech is unlikely, since we did not observe a prominent extent of hand movements in AWS during task performance. The low motor cortex facilitation required for non-verbal gestures in AWS may pave the way for such these accessory movements in AWS, i.e., the stronger than normal involvement of muscles not immediately required for speech (Wingate, 2002; Mulligan et al., 2003).

Limitations of this study comprise the rather small sample size given the number of conditions tested. This is related (1) to the exploratory nature of task selection, the current study to our knowledge being the first in this patient population, and (2) to the size of the patient population available for study in repeated sessions. Other limitations comprise the recording from a hand muscle, not directly involved in articulation, and putative variations in task performance and effort between groups, which were not overtly present, but not controlled for in a formal manner. The use of fixed intensities rather than input-output curves is another limitation, in particular given the unsuccessful matching of MEP amplitudes.

From this study of a range of speech tasks, we conclude that Spontaneous Speech as well as Non-verbal Orofacial Movements are the orofacial tasks that merit further study, looking at task-related and task-unrelated muscles, and controlling for effort in task performance.
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Appendix

Given the exploratory task selection in this study, we felt justified to repeat the above-mentioned ANOVA post hoc, focusing on the tasks of spontaneous speech and non-verbal orofacial movements. Indeed, this yielded an interaction of task by group (F(1,21) = 14.82, p = 0.032), and no other main effects or interactions.
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The purpose of this study was to examine temperament dimensions, executive functioning ability, and anxiety levels in school-age children who stutter and their non-stuttering peers. Participants were 100 Portuguese children aged 7 to 12 years (M = 9.13; SD = 1.70), including 50 children who stutter and 50 children who do not stutter. Analyses, which were performed separately for younger and older participants, sought to identify correlations between key variables. Temperament was evaluated through a parent questionnaire, executive functioning was evaluated through children’s responses on a performance test, and anxiety level was assessed through a self-perception scale. On the temperament measure, comparisons between children who stutter and their non-stuttering peers revealed that older children who stutter exhibited significantly higher scores on the Anger/Frustration, Impulsivity, and Sadness subscales, and lower averages on the Attention/Focusing, Perceptual sensitivity, and Soothability/Falling Reactivity subscales. On the executive functioning task, comparisons revealed that the group of younger children who stutter exhibited significantly higher average execution times than their non-stuttering peers. There were no statistically significant differences in anxiety between children who stutter and children who do not stutter, and there were no statistically significant correlations between temperament factors and measures of executive functioning. Children who stutter experienced lower ability to orient attention and greater emotional reactivity compared with their non-stuttering peers. Significant correlations were found between executive functioning and age and among the temperament factors themselves. These results, which support the need for a multidimensional view of stuttering, were interpreted in the context of the Dual Diathesis – Stressor model. Findings indicate that temperament and executive functioning abilities may contribute to the development of stuttering.
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INTRODUCTION


Temperament

Temperament is an overarching term for a collection of traits that are assumed to be biologically determined and related to individual differences in reactivity and self-regulation (Rothbart et al., 2000; Jones et al., 2014).

Temperament can develop over time (Goldsmith et al., 1987) and be influenced by environmental interactions (Eggers et al., 2010). According to Rothbart and colleagues, “constitutional” factors are associated with genes and environment, “reactivity” is related to sensory response systems, and “self-regulation” relates to the process that can facilitate or inhibit reactivity (Rothbart et al., 2000). Thomas and Chess (1996) described nine temperament dimensions: “Activity Level,” “Rhythmicity,” “Approach/Withdrawal,” “Adaptability,” “Threshold of Responsiveness,” “Intensity of Reaction,” “Quality of Mood,” “Distractibility,” “Attention Span,” and “Persistence.” The authors related temperament to the expression of a particular behavior. Children’s and adults’ intrinsic motivations and abilities for a specific behavior can be mediated by aspects of their temperament, such as their activity level, their adaptability, and their persistence (Goldsmith et al., 1987). Some authors have connected temperament differences in children who stutter with their susceptibility to begin, continue, or recover from stuttering (Conture, 2001; Guitar, 2014; Ambrose et al., 2015). Specifically, studies have suggested that children with a sensitive temperament may have neural vulnerabilities that cause them to be more likely to develop stuttering (Guitar, 2014).

Findings regarding temperament in children who stutter have been inconsistent. Therefore, it is not yet possible to draw firm conclusions about differences in temperament between children who stutter and their non-stuttering peers. Still, there is an increasing literature reporting a propensity for a more reactive and sensitive temperament in children who stutter (Embrechts et al., 2000; Felsenfeld et al., 2000; Karrass et al., 2006; Eggers et al., 2010; Alm, 2014; Ambrose et al., 2015), and there is indication that more reactive and sensitive children tend to respond more strongly to disruptions in speech fluency (Walden et al., 2012).

Temperamental characteristics in preschool children that have been shown to contribute to stuttering include difficulty concentrating on tasks (Embrechts et al., 2000; Anderson et al., 2003), and low frustration tolerance (Reilly et al., 2009; Eggers et al., 2010; Druker et al., 2019). According to Spaulding et al. (2008), tasks dependent on sustained selective attention may be influenced by limited processing resources and situational demands. It is also known that attentional control plays an important role in children’s ability to manage and regulate their emotions (Blair and Ursache, 2011). Several studies have reported that preschool children who stutter are prone to have difficulty adapting to new objects and situations (Embrechts et al., 2000; Anderson et al., 2003; Howell et al., 2004; Schwenk et al., 2007; Reilly et al., 2009; Eggers et al., 2010; Hollister, 2015) and have a tendency toward greater negative affect (Embrechts et al., 2000; Ntourou et al., 2013) and negative mood (Howell et al., 2004). Experimental studies of the temperament of preschool children who stutter have revealed a tendency for impulsivity (Schwenk et al., 2007; Eggers et al., 2010) and for lower self-regulation, or the ability to regulate emotional behaviors (Johnson et al., 2010; Ntourou et al., 2013).

While studies of temperament in preschool children and adults who stutter have revealed notable differences compared to peer groups who do not stutter (e.g., Reilly et al., 2009; Ntourou et al., 2013; Ambrose et al., 2015; Smith and Weber, 2017), temperament studies involving school-age children are more rare (Oyler, 1996; Nicholas et al., 2015). Those that have been conducted have shown that children of this age who stutter tend to be more sensitive and withdrawn than their non-stuttering peers (Fowlie and Cooper, 1978). There is a need to further research temperament in school-age children in order to understand the changes that arise throughout a child’s development. In the same way that some studies conclude that young children and adults who stutter exhibit certain temperament characteristics, it is important to determine whether these characteristics maintain or otherwise change during the school-age years and how they contribute to cognitive development (Singer and Fagen, 1992).



Executive Functioning

The role of EF in childhood stuttering has been a subject of increased attention in recent years (Ntourou et al., 2013; Jones et al., 2014). EF is a term used to describe a diverse set of cognitive skills needed to perform activities that require planning and monitoring of intentional behaviors that allow individuals to interact with the world in an adaptive and appropriate way (Diamond, 2013). Researchers have highlighted three basic components of EF: inhibition, the ability to suppress a prepotent response; working memory, which implies an information-updating process; and shifting, the ability to shift between tasks or mental sets and is an important aspect of executive control (Miyake et al., 2000). Despite some inconsistencies in findings across studies, several studies have shown that children who stutter, especially in earlier ages, have a tendency to be less successful in maintaining attention than their typically fluent peers (Heitmann et al., 2004; Kaganovich et al., 2010; Costelloe et al., 2015; Eichorn et al., 2017). Children who stutter are also prone to be less able to select information from sensory input (Eggers et al., 2012), more likely to exhibit impulsivity (Eggers et al., 2013), and more likely to have greater concern about their performance (Eichorn et al., 2017).

Symptoms similar to those seen in children with attention deficit disorders have been identified in some children who stutter (Anderson et al., 2003; Druker et al., 2019); however, studies related to the incidence of attention deficit disorders are not conclusive and have been performed with a limited sample size (Riley and Riley, 2000; Donaher and Richels, 2012). Children who stutter tend to perform less well than their peers in working memory (Anderson and Wagovich, 2010; Oyoun et al., 2010), inhibitory control (stroop-like tasks), and attentional focusing, as indicated through parent ratings (Wolfe and Bell, 2004; Bajaj, 2007). Difficulties related to inhibitory control and attentional focusing are especially evident in studies that use parent-report questionnaires (Ofoe et al., 2018).

Cognitive processes described above are closely linked to emotional regulation (Sudikoff et al., 2015) and can influence the experience of anxiety (Craske et al., 2009).



Anxiety

Anxiety is a general term for an individual’s emotional struggle that combines nervousness, fear, apprehension, and worrying (Craske et al., 2009). According to some authors (e.g., Craig and Hancock, 1996; Craig et al., 2003; Ezrati-Vinacour and Levin, 2004; Craig and Tran, 2014), anxiety can be divided into trait anxiety (related to stable anxious baseline characteristics) and state anxiety (related to transitory conditions due to unpleasant emotional arousal with a tendency to appear when people have to cope with demanding situations). People who stutter often struggle with state anxiety, since anxiety will likely become a secondary effect of living with stuttering condition rather than being a static condition (Alm and Risberg, 2007; Messenger et al., 2015). Also, according to Samochiş et al. (2011), increased anxiety is a normal reaction to the physical aspects of stuttering. Nevertheless, some studies have not supported a relationship between anxiety and stuttering or have found little significant differences (e.g., Andrews and Harris, 1964; Hedge, 1972; Andrews et al., 1983; Cox et al., 1984; Peters and Hulstijn, 1984; Craig and Hancock, 1996). Currently, the occurrence of anxiety in children who stutter is still a subject of debate (Alm and Risberg, 2007; Manning and Beck, 2013; Alm, 2014; Craig, 2014; Smith et al., 2014). Even in the literature that does support the existence of anxiety in children, the age at which anxiety symptoms begin to appear has not yet been identified. Specifically, the studies linking anxiety to preschool-age children have shown no differences between children who stutter and non-stuttering peers on anxiety measures and salivary cortisol levels (van der Merwe et al., 2011). Some studies have found significantly higher anxiety symptoms in school age children who stutter, ages 7 to 12 (e.g., Iverach et al., 2011), and other studies have reported the same for children from 10 and up (Davis et al., 2007; Mulcahy et al., 2008; McAllister et al., 2015; Iverach et al., 2017). Nevertheless, other studies have not found any trend toward elevated anxiety in school age children (Andrews and Harris, 1964; Craig and Hancock, 1996; Ortega and Ambrose, 2011). Some evidence suggests that the levels of anxiety tend to increase over time and can exceed normal values in adolescence and adulthood (Mulcahy et al., 2008). Still, the meaning of these findings is unclear, and according to Messenger et al. (2015), adolescents who stutter may try to present themselves positively to hide their true concerns about stuttering. This lack of consistency suggests the existence of other variables that might affect the development of anxiety.



Temperament, EF, Anxiety, and the Dual Diathesis-Stressor Model

To date, no studies have simultaneously considered the relationship between temperament, EF, and anxiety in children who stutter, even though all of these factors are believed to play a role in stuttering. Because of the relationship between anxiety, temperament, and EF (Nigg, 2000), considering these factors in concert will help to elucidate how these issues relate to the development and experience of stuttering.

There is already a large body of empirical evidence suggesting a strong concurrent relationship between temperament characteristics and executive functioning (EF) (Simonds, 2006; Sudikoff et al., 2015). According to Affrunti and Woodruff-Borden (2015) the expression of temperament may be influenced by executive functioning. Temperament also includes behavioral aspects, such as approach and withdrawal, as well as attentional processes, including orientation maintenance and executive control. Together, these abilities are the building blocks of the development of self-regulation (Rothbart and Hwang, 2002). Studies of cognitive development have shown that attention control, inhibition of inappropriate behavior, decision making, and other cognitive processes that occur in emotionally demanding contexts, are strongly supported by EF (Gupta et al., 2011).

Research has further identified temperamental characteristics and cognitive abilities as predictors of anxiety (Kefalianos et al., 2012). Environmental factors can be part of these dynamic interactions and, together with temperamental characteristic and cognitive abilities, influence how children deal with stuttering. Because temperament characteristics and EF abilities may contribute to a child’s likelihood of responding to experiences in a particular way, the involvement of temperament and EF in the development of stuttering can be described in terms of the dual diathesis-stressor (DD-S) model (Walden et al., 2012). The DD-S model proposes that endogenous abilities of children who stutter interact in a dynamic way with exogenous contexts (stressors). In line with this model, temperament and EF characteristics can be seen as a diathesis that can be triggered by a stressor, transforming a predisposition to an actual emotional response in a particular situation. As applied to stuttering, the theory suggests that a child’s endogenous characteristics related to temperament, anxiety, and EF, may be affected by exogenous stressors that may increase (or decrease) the frequency of stuttering. Importantly, exogenous contexts (stressors) can activate cognitive and affective processes and pushing the autonomic nervous system out of homeostasis, thereby increasing the emotional response (Walden et al., 2012). This imbalance can translate into anxiety and other signs of dysregulation (Craske et al., 2009).

The present study was designed to address the literature gap on the research of temperament, EF, and anxiety jointly, comparing school-age children who stutter and non-stuttering peers. The combination of these three aspects can give us further information about the interaction between emotional and cognitive factors. Moreover, the DD-S model, which focuses the interaction between intrinsic and external factors and how they may change over time, highlights the need to concurrently consider factors such as temperament, EF, and anxiety. Taken together, these factors can provide more clues about the onset, development, and possible persistence of stuttering during childhood. A better understanding of such relationships may help clinicians understand how stuttering affects children, and this understanding may contribute to the development of more effective and personalized treatment programs.




MATERIALS AND METHODS


Participants

Participants were 100 Portuguese children, 50 children who stutter (“S” Group) and 50 age-matched children who do not stutter (“N” Group), ages 7 to 12 years old. The Stuttering Severity Instrument – 4th Edition (SSI-4) (Riley, 2009) was used to confirm and diagnose stuttering.

Table 1 shows the demographic characteristics of the participants. The sex ratio of participants who stutter was 2.6 males to each female; for participants who do not stutter, it was 0.8 males to each female. This sex ratio for children who stutter is consistent with previous literature (Craig et al., 2002; Yairi and Ambrose, 2005).

TABLE 1. Demographic characteristics of the participants (children who stutter = 50; children who do not stutter = 50).
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In order to explore developmental differences, the participants who stutter (n = 50) and their non-stuttering peers (n = 50) were grouped according to age: younger children (7–9 years old; M = 7.92; SD = 0.81) and older children (10–12 years old; M = 10.95; SD = 0.82).

The cutoff age point for the two groups in this study was based on the development and important changes that take place during this period, in which previously acquired learning is consolidated and new intellectual, psychological and social acquisitions arise (Blake and Pope, 2008). In addition, this age group distinction corresponds to the first two education cycles in Portugal: the first cycle includes the first 4 years of school (about 7–9 years old) and the second cycle includes the 5th and 6th grades (about 10–12 years old). Depending upon a child’s birth date, however, it is possible to find children in the 7th grade who are 12 years old. Pre-school education in Portugal is intended for children between 3 and 6 years old; from the age of 13, Portuguese children are usually in high school (Alarcão et al., 2009).

Inclusion and exclusion criteria ensured that children did not exhibit any neurological or psychiatric impairment, learning disorder, or history of head injury or seizures. The sample was chosen by convenience: participants who stutter were recruited from speech-language therapists and through referral of school teachers; participants who do not stutter were recruited in some schools attended by their stuttering peers. All children were monolingual speakers of Portuguese.

When the study was performed, 22% of the children who stutter were in speech therapy, 22% had previous speech therapy, and 28% were waiting for therapy or just initiating speech therapy. The children who were in therapy at the time of data collection had been in treatment between 1 to 96 months (M = 9.30 mos.; SD = 19.38 mos.). Children who had previous therapy had received between 3 and 48 months of treatment (M = 13.28 mos.; SD = 12.99 mos.).



Materials

The SSI-4 (Riley, 2009) was used along with the Portuguese story, “A história do rato Artur” (Guimarães, 2007). “Rato Artur” story has been used in several Portuguese studies (e.g., Guimarães and Abberton, 2005; Silvestre, 2009; Silvestre et al., 2011), because it has a high test–retest consistency and is phonetically balanced. This has been interpreted to indicate that is close to spontaneous discourse (Moon et al., 2012). Eight of the 7-year-old participants had difficulties reading the story, so only the SSI-4 plates were used for those participants.

The parents provided information about socio-demographic background, and the child’s stuttering via a checklist created for this study. Table 1 shows information about children; Table 2 shows information about parents’ sex, age, education level, and family history of stuttering.

TABLE 2. Demographic characteristics of parents (parents of children who stutter = 50; parents of children who do not stutter = 50).
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Temperament

The Temperament in Middle Childhood Questionnaire (TMCQ) (Simonds and Rothbart, 2004) is a parent-reported, paper-and-pencil measure that evaluates temperament in middle childhood (7–10 years old). It consists of 157 questions that examine 17 dimensions of temperament: (1) Activity Level, (2) Affiliation, (3) Anger/Frustration, (4) Assertiveness/Dominance, (5) Attention Focusing, (6) Discomfort; (7) Fantasy/Openness, (8) Fear, (9) High Intensity Pleasure, (10) Impulsivity, (11) Inhibitory Control, (12) Low Intensity Pleasure, (13) Perceptual Sensitivity, (14) Sadness, (15) Shyness, (16) Soothability/Falling Reactivity, (17) Activation Control (see Table 3). Answers are obtained by parents rating their children on five-point Likert scales ranging from “Almost always untrue” to “Almost always true,” with the option of “Does not apply.”

TABLE 3. TMCQ scale (Simonds and Rothbart, 2004) descriptions and sample items.
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Through the TMCQ, it is possible to identify reactivity/sensitivity and self-regulation characteristics. For example, the TMCQ scales such as Anger/frustration are connected to reactivity, whereas scales such as Inhibitory control are more related to self-regulation (Eggers et al., 2013). For example, young children may become angry and impulsive when their goals are hindered. This might occur when they have to wait for something they want (Rothbart et al., 2001).

Of the 17 dimensions of temperament that are part of the instrument, 13 dimensions derive from the well-validated Children’s Behavior Questionnaire (CBQ: Rothbart et al., 2001), which has been used in several studies to investigate the relationship between temperament and stuttering (e.g., Eggers et al., 2010; Ambrose et al., 2015). In Simonds (2006), the TMCQ was shown to have good internal consistency reliability (Cronbach’s alpha ranged from 0.62 to 0.83) and acceptable agreement between self-report and parent report (Pearson’s r ranged from −0.02 to 0.50).

The questionnaire was translated to European Portuguese for this study (Rocha and Rato, 2017).



Executive Functioning

Children were assessed using the Portuguese version of the Children’s Color Trails Test (CCTT), a neuropsychological paper-and-pencil test of EF (Pinto, 2008). The CCTT measures sustained visual attention, sequencing, psychomotor speed, and cognitive flexibility. It is intended for ages 8 to 16, though the authors have reported success with children as young as 7 years old (Llorente et al., 2003). The test includes two parts (CCTT-1 and CCTT-2), each involving one trial and one experimental task. In CCTT1, the child must connect the numbers from 1 to 25 following a correct sequence as quickly as possible. In CCTT2, the child must repeat the task from CCTT1 but with a color alternation. In this task, the child still connects the numbers from 1 to 25. This time, however, each number is repeated in different colors (i.e., there are yellow numbers and pink numbers), and the child must be sure to follow the numerical order even when it changes between yellow and pink (Llorente et al., 2003).

The results of both parts of this test consist of: (a) time (in seconds) that the child takes to complete the tasks, (b) the number of times almost failed (the failures), (c) the number of errors, and (d) the number of warnings (when a child makes a mistake, the examiner advises him or her to start the test again from the last correct circle).

CCTT has been increasingly used around the world (e.g., Koo and Min, 2008; Pinto, 2008; Llorente et al., 2009; Konstantopoulos et al., 2015) for the assessment of children with neurological and psychiatric disorders such as language disabilities (e.g., Williams et al., 1995), attention deficit/hyperactivity disorder (e.g., Kennel et al., 2010; Cho et al., 2011), and other conditions (Llorente et al., 2003). CCTT is based on the Trail Making Test, which assess speeded visuomotor tracking. Research has shown discriminant validity and sensitivity across cultures (Williams et al., 1995). The CCTT is expected to have the same validity as the Trail Making in the assessment of children with several disorders (Williams et al., 1995). In a study with 70 children diagnosed with attention deficit and hyperactivity disorder, CCTT exhibited appropriate test–retest reliability (Llorente et al., 2009).



Anxiety

The children also completed the Portuguese version of Multidimensional Anxiety Scale for Children (MASC), which examines the symptoms of anxiety in children and adolescents ages 7 to 19 years. It contains 39 questions, with four-point Likert scale responses (March et al., 1997; Matos et al., 2012; Salvador et al., 2017). Items on this questionnaire are grouped into four factors: (a) Physical symptoms, (b) Social anxiety, (c) Separation anxiety, and (d) Harm avoidance (Wei et al., 2014). Participants are asked to score statements such as: “I get nervous if I have to do something in public,” choosing between: (a) “it is never or almost never true,” (b) “it is rarely true,” (c) “sometimes it is true,” and (d) “It is often true.”

The normative data for the MASC show that it is oriented mainly toward inherent characteristics (trait anxiety), though it is also influenced by transitory conditions and situations (state anxiety) (March et al., 1997). Decades of research confirm the robust features of the MASC. Several studies with general populations and with clinical populations have supported scale’s internal consistency, temporal stability, and convergent validity (Salvador et al., 2017). The original English version demonstrated good internal consistency (between 0.60 and 0.90), strong convergent/divergent validity, and strong test–retest reliability (March et al., 1997). The Portuguese version of the MASC has also been shown to be an adequate and reliable measure for self-assessment of anxious symptomatology, presenting reasonable psychometric characteristics in internal consistency, temporal stability, and validity (Salvador et al., 2017).




Procedures

This study received full approval by the Ethics Committee of the Institute of Health Sciences of Universidade Católica Portuguesa (register number 34/2017). Prior to their participation in this study, parents signed a written informed consent for themselves and their children. Consent also included permission for the researcher to record the child and the right for participants to withdraw from the study at any time was clarified.

Children were assessed while parents completed the questionnaires. This was carried out in two sessions of approximately 30 min each.

All testing was conducted between December 2017 and May 2018. The SSI, MASC, and CCTT instruments were applied on different days and in a different order, to reduce potential order effects that might bias results.


Temperament

Temperament was assessed using the Portuguese version of the TMCQ, with the 157 original questions, distributed in 17 temperament dimensions (Simonds and Rothbart, 2004). After a brief explanation from the researcher, parents completed the TMCQ. This required approximately 20 min. In addition to researcher’s explanation, on the first page of the questionnaire parents could read instructions about the content of the questions and how to complete the form. After parents completed the questionnaire, the researcher scored the instrument according to the instructions.



Executive Functioning

For the EF assessment, the researcher presented and explained to the children how to perform the CCTT1, using the trial test. In both trial test and experimental test, children drew a line between the circles following a numerical order, as fast as they could; however, the CCTT1 trial test was performed with just 8 numbers. For the CCTT2 the procedures were similar, with the difference that children should switched between colors (after a yellow circle the child should drew a line toward a pink circle, following a numerical order). The researcher recorded 9 scores for each child. These scores corresponded to: the time that the child took to complete the tests for both CCTT1 and CCTT2, as well as the number of warnings, failures, and wrong answers (Number Sequencing and Color Sequencing) (Llorente et al., 2003).



Anxiety

For the anxiety assessment, the MASC questionnaire was presented to each child. Children were asked to read all the questions and to choose the best option for each. Children were informed about the importance of responding to all questions. For 7-years-old children, the MASC questions were read in full by the examiner.

After the children completed the questionnaire, the researcher summed the items for each factor, obtaining four final scores, corresponding to: (a) Physical symptoms, (b) Social anxiety, (c) Separation anxiety, and (d) Harm avoidance.



Data Analysis

Preliminary analyses were made in order to check the assumptions of homogeneity. Results for some variables were not normally distributed; however, with the n = 50 for each participant group, the central limit theorem suggests that parametric tests (t-test) would still be sufficiently robust to avoid deviations from normality. Two-sample t-tests were used to compare mean scores for the stuttering and non-stuttering groups for the temperament (TMCQ), EF (CCTT), and Anxiety (MASC) measures. These analyses were performed separately for younger and older participants. A multivariate analysis using principal component analysis (PCA) was performed in order to determine which variables were correlated and to summarize children characteristics in an ordination diagram. For the PCA analyses, younger and older children were separetely. This was done because of apparent differences between age groups. The use of PCA provided a dynamic view of the interaction among all of the variables, including age. To account for the large number of variables in the study (temperament, EF, anxiety, and age) only the variables that showed statistical significance in the t-tests were used in the PCA. Data analysis was completed using SPSS (Statistical Package for the Social Sciences – Version 24 for windows, IBM, Corp., Armonk, NY, United States).





RESULTS


Younger Children Group


Temperament

No statistically significant differences were found between groups of children who stutter and their non-stuttering peers (p > 0.05) for any of the variables of temperament including: (1) Activity Level, (2) Affiliation, (3) Anger/Frustration, (4) Assertiveness/Dominance, (5) Attention Focusing, (6) Discomfort; (7) Fantasy/Openness, (8) Fear, (9) High Intensity Pleasure, (10) Impulsivity, (11) Inhibitory Control, (12) Low Intensity Pleasure, (13) Perceptual Sensitivity, (14) Sadness, (15) Shyness, (16) Soothability/Falling Reactivity, (17) Activation Control.



Executive Functioning

Group comparisons of the CCTT1 and the CCTT2 revealed that children who stutter exhibited significantly higher scores for execution time (CCTT1: t(48.75) = 3.144, p = 0.003; CCTT2: t(52.27) = 3.753, p < 0.001), as well as number of failures (CCTT1: t(38.23) = 2.627, p = 0.012), number of warnings (CCTT1: t(52.47) = 2.968, p = 0.005; CCTT2: t(53.71) = 3.757, p < 0.001), number of sequencing errors (CCTT2: t(34.99) = 3.337, p = 0.002), and color sequencing errors (CCTT2: t(49.31) = 2.416, p = 0.020) (Table 4).

TABLE 4. Mean (M), standard deviations (SD) and p-values for the temperament, EF and anxiety performance tasks for group of younger children who stutter (n = 31; sex: M = 25; F = 6) and who do not stutter (n = 31; sex: M = 15; F = 16).
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Anxiety

No statistically significant differences were found between groups of children who stutter and their non-stuttering peers (p > 0.05) for any of the variables of anxiety including: (1) Physical symptoms, (2) Social anxiety, (3) Separation anxiety, and (4) Harm avoidance, for each child.




Older Children Group


Temperament

Statistically significant differences were found for several temperament factors (Table 5). Children who stutter scored lower than non-stuttering peers in Attention/Focusing (t(36) = −3.526, p = 0.001), Perceptual Sensitivity (t(36) = −2.411, p = 0.021), and Soothability/Falling Reactivity (t(36) = −2.932, p = 0.006). Children who stutter scored higher than non-stuttering peers in temperament factors of Anger/Frustration (t(36) = 2.801, p = 0.008), Impulsivity (t(36) = 2.899, p = 0.006), and Sadness (t(36) = 3.683, p = 0.001).

TABLE 5. Mean (M), standard deviations (SD) and p-values for the temperament, EF and anxiety performance tasks for group of older children who stutter (n = 19; sex: M = 11; F = 8) and children who do not stutter (n = 19; sex: M = 7; F = 12).
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Executive Functioning

No statistically significant differences were found between groups of children who stutter and their non-stuttering peers (p > 0.05) for any of the variables of EF, including: (1) CCTT1 execution time, (2) CCTT1 number of sequencing errors, (3) CCTT1 number of failures, (4) CCTT1 number of warnings, (5) CCTT2 execution time, (6) CCTT2 number of color sequencing errors, (7) CCTT2 number of sequencing errors, (8) CCTT2 number of failures, (9) CCTT2 number of warnings.



Anxiety

As in the younger group, no statistically significant differences were found between groups of children who stutter and their non-stuttering peers (p > 0.05) for any of the variables of anxiety, including: (1) Physical symptoms, (2) Social anxiety, (3) Separation anxiety, and (4) Harm avoidance.




Multivariate Analysis

The PCA ordination biplot (Figure 1) showed that CCTT2 Time (component loading = 0.82), CCTT2 warnings (component loading = 0.80), CCTT1 time (component loading = 0.75), age (component loading = −0.69), CCTT2 number of sequencing errors (component loading = 0.67), CCTT1 warnings (component loading = 0.65), and CCTT2 Color sequencing errors (component loading = 0.51), were the variables influencing the children’s ordination along the first axis (Dimension 1), that is, the EF dimensions (Figure 1).
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FIGURE 1. Principal component analysis performed on children from group S and group N. Cumulative percentage variance explained By Axes: I – 27.30%; I + II – 47.34%. Groups: S – Children who stutter; N – non-stuttering children. Variables: CCTT1 Time, CCTT1 failures, CCTT1 Warnings, CCTT2 Times, CCTT2 Warnings, CCTT2 number of sequencing errors, CCTT2 color sequencing errors, Anger/Frustration, Impulsivity, Sadness, Perceptual Sensitivity, Attention/Focusing, Soothability/Falling Reactivity, and age.



The right side of the axis shows the children with higher values of CCTT2 Time, CCTT2 warnings, CCTT1 time, CCTT2 number of sequencing errors, CCTT1 warnings, CCTT2 Color sequencing errors, and younger children. The left side of the axis shows children characterized by lower values of CCTT2 Time, CCTT2 warnings, CCTT1 time, CCTT2 number of sequencing errors, CCTT1 warnings, CCTT2 Color sequencing errors, and older children. Most of the children who stutter (“S”) were plotted on the right side of the first dimension. The first axis accounted for 27.30% of the total variance. The parameters with greater contribution to the second axis (dimension 2 – Temperament dimensions) were Sadness (component loading = 0.78), Anger/Frustration (component loading = 0.75), Soothability/Falling Reactivity (component loading = −0.72), Attention/Focusing (component loading = −0.69), and Impulsivity (component loading = 0.60). Most of the children who stutter were displayed on the upper part of the diagram, as they exhibited higher values of Sadness, Anger/Frustration and Impulsivity, and lower values of Soothability/Falling Reactivity and Attention/Focusing. The bottom part of the diagram shows mainly children who do not stutter, due to lower values of Sadness, Anger/Frustration and Impulsivity, and higher values of Soothability/Falling Reactivity and Attention/Focusing.

The second axis accounted for 20.04% of the total variance. The CCTT1 Time, CCTT1 Warnings, CCTT1 failures, CCTT2 Time, CCTT2 Warnings, CCTT2 number of sequencing errors, and CCTT2 color sequencing errors were highly and positively correlated with one another and negatively correlated with age. Sadness, Anger/Frustration, and Impulsivity were highly and positively correlated with each other; Attention, Soothability/Falling Reactivity and Perceptual Sensitivity were negatively correlated with Anger/Frustration, Impulsivity, and Sadness.




DISCUSSION

This study investigated temperament dimensions, EF skills, and anxiety levels in children who stutter and their non-stuttering peers. The main results are consistent with the hypothesis that some children who stutter may differ in temperament and EF factors when compared to children do not stutter. Specifically, in these group comparisons, children who stutter were found to be more reactive and sensitive than their non-stuttering peers. However, the findings were different across the two age groups that were analyzed. The differences in temperament level were noted in the group of older children only, while differences in EF were noted in the group of younger children only. Furthermore, results did not support the idea that children who stutter exhibit higher rates of anxiety than children who do not stutter, regardless of age group. Correlation analyses highlighted the dynamic nature of stuttering and suggested a link between endogenous abilities and external factors (Wolfe and Bell, 2004; Sudikoff et al., 2015).


Temperament

Results on the temperament scale are consistent with previous studies that have suggested difficulties in children who stutter compared to non-stuttering peers in attention span (Embrechts et al., 2000; Anderson et al., 2003; Eggers et al., 2010; Costelloe et al., 2015; Hollister, 2015) and a tendency toward impulsivity (Schwenk et al., 2007; Eggers et al., 2013). Attention and impulsiveness suggested a link to emotion regulation (Rothbart et al., 2001), because negative levels suggest emotional instability (Derryberry and Rothbart, 1988; Eisenberg et al., 1993). We also found differences in Anger/Frustration, Sadness, and Soothability/Falling Reactivity temperament dimensions. This supports studies that indicate a more sensitive temperament in children who stutter. This could mean that school-age children who stutter may have more difficulty regulating their emotions. Furthermore, sadness could be connected to a more negative mood for children who stutter (Howell et al., 2004). A reactive temperament in children who stutter was also found in studies with preschoolers (Johnson et al., 2010; Ntourou et al., 2013) and school age children (Fowlie and Cooper, 1978). Higher scores in Anger/Frustration and lower scores in Soothability/Falling Reactivity could indicate that older children who stutter (ages 10–12 years) can have more difficulty in recovering from peak distress, excitement, or general arousal (i.e., they may have a harder time settling down after an exciting activity) (e.g., Karrass et al., 2006).



Executive Functioning

Younger children who stutter required longer execution times and had a higher number of warnings and failures, number sequencing errors, and color sequencing errors compared age-matched peers who do not stutter. This suggests that children who stutter in the first years of schooling might have a lower attention span than their peers (Anderson et al., 2003). They might also need more time to adapt to a task and to start performing (Eggers et al., 2013; Manning and Beck, 2013) or have a greater concern about errors (Eichorn et al., 2017). A higher number of failures (times when a child almost makes a mistake) may be related to the tendency for impulsivity or difficulties with inhibitory control, as has been previously suggested by some authors (Schwenk et al., 2007; Eggers et al., 2013; Ofoe et al., 2018). This was especially true for the task requiring the alternation of colors in the sequence of numbers.



Anxiety

No significant differences were detected between children who stutter and children who do not stutter in anxiety levels for either age group. According to previous studies, anxiety tends to increase as children grow older, especially between 8 to 12 years old (Blood and Blood, 2007; Messenger et al., 2015). These results are in agreement with prior researchers who reported no elevated anxiety in children who stutter (Mulcahy et al., 2008; Ortega and Ambrose, 2011; Smith et al., 2017). It could be that the participants in this study as a group showed no differences in anxiety because 22% were in speech therapy and another 22% had previously received treatment. Prior research has shown that people who are in or who have completed treatment often show comparable anxiety levels to their non-stuttering peers (Davis et al., 2002). Thus, balanced results between groups could be a consequence of the treatment itself. Other explanations may be due to methodological limitations, such as the lack of specificity of the measure to identify anxiety in the targeted population. As we saw above, anxiety in stuttering may be related to very specific situations, so, the use of a trait anxiety measure could have influenced the results. Speech tasks can trigger anxiety, so future research may benefit from using speech tasks rather than questionnaires (Manning and Beck, 2013; Gawda and Szepietowska, 2016). Finally, in self-report measures, children may try to give their answers a better view of themselves, trying to hide some perceived weaknesses and thereby under-reporting anxiety (Messenger et al., 2015).



Temperament, Executive Functioning, and Anxiety Interaction

Looking closely at the differences between groups, it was possible to observe different results in the older participants through the parent-perception scale and in the younger participants through the performance on the EF task. It is hypothesized that Attention/Focusing, Perceptual Sensitivity, and Impulsivity issues may be subtle and unnoticed by the parents of the youngest children. Such differences may only be identifiable using sophisticated assessments such as the CCTT. In fact, some researchers agree that it is possible to find different results from behavioral measures (e.g., in novel events) and from parent reports of daily observations (Karrass et al., 2006). Moreover, parent perspectives may not reflect children’s true abilities (Bernstein Ratner and Silverman, 2000), because their responses may be influenced by the emotional link that exists with children (Seifer et al., 2004). Parents may also find it easier to identify temperament characteristics as children grow older, leading to more detailed or accurate assessment of children’s temperament in the older age group. The results should be interpreted with caution since the sample was not matched by gender, with sex differences being related to the fact that more females were found in the schools where the sample collection, of children who stutter, was carried out. Finally, many tasks with different sensory modalities can also influence the results (Ofoe et al., 2018). In the present study, EF was assessed using a visual search task, but for the temperament results, parents may have based their responses on situations that are dependent on other stimuli.

Because temperament characteristics can change over time (Rothbart et al., 2000), the different pattern between two age groups in temperament dimensions could also be related to the experience of negative emotional reactions and difficulties in functional communication abilities over time (Yaruss and Quesal, 2004; Yaruss, 2010). Current results from questionnaires may indicate that parents’ responses are affected by experiences rather than an inherent tendency. As older children become more aware of their stuttering, by experiencing it in different situations, they may experience greater impact of stuttering in their lives. This might exacerbate or emphasize certain characteristics to the parents’ view. When correlating the various components of temperament, EF, and anxiety, it was found that, difficulties in Attention/Focusing and Soothability/Falling Reactivity were correlated with a tendency toward greater sadness and Anger/Frustration. Results are in agreement with previous literature (Wolfe and Bell, 2004; Sudikoff et al., 2015) which suggests an association between the coordination and integration of mental processes in successful task performance with self-regulation of emotional states (Sudikoff et al., 2015).



Temperament, Executive Functioning, and Anxiety Interaction and the DD-S Model

Findings from the current study support the predictions from the DD-S Model (Walden et al., 2012), which state that cognitive and emotional regulation can be activated by exogenous contexts. According to the model, the cause of stuttering moments is dynamic and not just related to external factors; it also relates to how children cope with exogenous factors through endogenous abilities (Walden et al., 2012). Further research on this dynamic relationship may be a starting point for better understanding the development of stuttering and the production of individual instances of disfluency. The present study helps to further specify the predictions of the DD-S model by the potential contribution of temperament and EF as intrinsic sensitivities, which can be triggered and boosted by external agents to influence the emergence of disfluencies.



Future Directions

Because endogenous capacities, such as temperament and EF, can change over time, and because exogenous factors, such as demands of the environment, may be different for each person, future research should examine the interactions between temperament and the development of EF both individually and over time. Similar studies that involve the analysis of several variables simultaneously may help to better explain the onset of anxiety in older children or other aspects of how stuttering – and reactions to stuttering – develop over time.

In future research, the use of multiple instruments would strengthen both the reliability and validity of these findings. For example, experimental methods that complement self-perception scales might allow the evaluation and analysis of child behavior in different situations. It would also be worthwhile to add inhibitory control and working memory tasks to better understand EF. These are the concepts that are encompassed in EF and have been examined independently in other studies (Wolfe and Bell, 2004; Oyoun et al., 2010; Eggers et al., 2013; Ntourou et al., 2017). The DD-S model predicts that emotional reactivity and emotion regulation influence the frequency and severity of stuttering in preschool-age children, so it would be appropriate for future research to examine these factors simultaneously.

Future studies should also employ a more balanced sample collection, with a more tight matching of groups in variables such as sex, age, and other relevant factors. Although this study involved a reasonable sample size, the participants were in different stages of treatment, and it is possible that participants’ treatment histories might have affected the results. Similarly, the presence of some differences in sex ratio and age between sub-groups of children who stutter and children who do not stutter suggest that these preliminary results should be interpreted with caution.




CONCLUSION

Results highlight the potential role of emotional processes, temperament, and EF in the development of stuttering. Examining the cognitive and emotional skills of children who stutter across age groups can add further knowledge about stuttering. Ultimately, such knowledge may lead to refinements in clinical and educational practices. A principal outcome of this study is the finding that endogenous abilities in children who stutter may be different according to their age. Older participants were found to be more prone to difficulties in temperament dimensions, while younger participants exhibited predispositions for difficulties related to EF. This suggests that differences between children who stutter and children who do not stutter may be mediated by age and development. These results are in agreement with a dynamic view of the development of stuttering influenced by internal and external factors.



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



ETHICS STATEMENT

This study received full approval by the Ethics Committee of the Institute of Health Sciences of Universidade Católica Portuguesa (register number 34/2017). Prior to their participation in this study, parents signed a written informed consent for themselves and their children. Consent also included permission for the researcher to record the child and the right for participants to withdraw from the study at any time was clarified.



AUTHOR CONTRIBUTIONS

MR collected the sample, conducted the analysis, and wrote and edited the manuscript. JY contributed to the study design, analysis, and writing, editing, and reviewing of the manuscript. JR designed and supervised the study, and contributed to the writing and reviewing of the manuscript.



FUNDING

This research was supported by the Fundação para a Ciência e a Tecnologia – FCT (individual grant ref. SFRH/BPD/109234/2015 to JR).



ACKNOWLEDGMENTS

The authors would like to wholeheartedly thank all the families (parents and children) who participated in this study, as well as the colleagues Elsa Margarido, Rita Carneiro, Jaqueline Carmona, Joana Caldas, and Maria João Morgado for their assistance.



REFERENCES

Affrunti, N. W., and Woodruff-Borden, J. (2015). The associations of executive function and temperament in a model of risk for childhood anxiety. J. Child Fam. Stud. 24, 715–724. doi: 10.1007/s10826-013-9881-4

Alarcão, I., Sarmento, M., Portugal, G., Afonso, N., Gaspar, T., Vasconcelos, T., et al. (2009). A educação das crianças dos 0 aos 12 anos. Lisboa: Conselho Nacional de Educação.

Alm, P. A. (2014). Stuttering in relation to anxiety, temperament, and personality: review and analysis with focus on causality. J. Fluency Disord. 40, 5–21. doi: 10.1016/j.jfludis.2014.01.004

Alm, P. A., and Risberg, J. (2007). Stuttering in adults: the acoustic startle response, temperamental traits, and biological factors. J. Commun. Disord. 40, 1–41. doi: 10.1016/j.jcomdis.2006.04.001

Ambrose, N. G., Yairi, E., Loucks, T. M., Seery, C. H., and Throneburg, R. (2015). Relation of motor, linguistic and temperament factors in epidemiologic subtypes of persistent and recovered stuttering: initial findings. J. Fluency Disord. 45, 12–26. doi: 10.1016/j.jfludis.2015.05.004

Anderson, J. D., Pellowski, M. W., Conture, E. G., and Kelly, E. M. (2003). Temperamental characteristics of young children who stutter. J. Speech Lang. Hear. Res. 46, 1221–1233. doi: 10.1016/j.bbi.2008.05.010

Anderson, J. D., and Wagovich, S. A. (2010). Relationships among linguistic processing speed, phonological working memory, and attention in children who stutter. J. Fluency Disord. 35, 216–234. doi: 10.1016/j.jfludis.2010.04.003.Relationships

Andrews, J. G., and Harris, M. M. (1964). The syndrome of stuttering, by Gavin Andrews and Mary Harris with Roger Garside and David Kay. London: The Spastics Society Medical Education and Information Unit in association with Heinemann Medical Books.

Andrews, G., Hoddinott, S., Craig, A., Howie, P., Feyer, A.-M., and Neilson, M. (1983). Stuttering: A review of research findings and theories circa 1982. J. Speech Lang. Hear. Res. 48, 222–246. doi: 10.1044/jshd.4803.226

Bajaj, A. (2007). Working memory involvement in stuttering: exploring the evidence and research implications. J. Fluency Disord. 32, 218–238. doi: 10.1016/j.jfludis.2007.03.002

Bernstein Ratner, N., and Silverman, S. (2000). Parental perceptions of children’s stuttering onset. J. Speech Lang. Hear. Res. 43, 1252–1263. doi: 10.1044/jslhr.4305.1252

Blair, C., and Ursache, A. (2011). Handbook of self-regulation: Research, theory, and applications, 3rd Edn. New York, NY: Guilford Press.

Blake, B., and Pope, T. (2008). Developmental psychology: incorporating piaget’s and vygotsky’s theories in classrooms. J. CrossDiscip. Educ. 1, 59–67.

Blood, G. W., and Blood, I. M. (2007). Preliminary study of self-reported experience of physical aggression and bullying of boys who stutter: relation to increased anxiety. Percept. Mot. Skills. 104, 1060–1066. doi: 10.2466/pms.104.4.1060-1066

Cho, S.-C., Kim, H.-W., Kim, B.-N., Shin, M.-S., Yoo, H. J., Kim, J.-W., et al. (2011). Are teacher ratings and parents ratings differently associated with children’s intelligence and cognitive performance?. Psychiatry Investig. 8, 15–21. doi: 10.4306/pi.2011.8.1.15

Conture, E. G. (2001). Stuttering: Its Nature, Diagnosis, and Treatment. Boston, MA: Allyn and Bacon.

Costelloe, S. E., Cavenagh, P., and Davis, S. (2015). Are there any differences in attention levels between children who stammer and children who do not stammer, and what are the implications for therapy? Procedia Soc. Behav. Sci. 193, 300–301. doi: 10.1016/j.sbspro.2015.03.280

Cox, N. J., Seider, R. A., and Kidd, K. K. (1984). Some environmental factors and hypotheses for stuttering in families with several stutterers. J. Speech Lang. Hear. Res. 27, 543–548. doi: 10.1044/jshr.2704.543

Craig, A. (2014). Major controversies in fluency disorders: clarifying the relationship between anxiety and stuttering. J. Fluency Disord. 40, 1–3. doi: 10.1016/j.jfludis.2014.05.001

Craig, A., and Hancock, K. (1996). Anxiety in children and young adolescents who stutter. Aust. J. Hum. Commun. Disord. 24, 28–38. doi: 10.3109/asl2.1996.24.issue-1.04

Craig, A., Hancock, K., Tran, Y., and Craig, M. (2003). Anxiety levels in people who stutter. J. Speech Lang. Hear. Res. 46, 1197–1206. doi: 10.1044/1092-4388(2003/093)

Craig, A., Hancock, K., Tran, Y., Craig, M., and Peters, K. (2002). Epidemiology of stuttering in the community across the entire life span. J. Speech Lang. Hear. Res. 45, 1097–1105. doi: 10.1044/1092-4388(2002/088)

Craig, A., and Tran, Y. (2014). Trait and social anxiety in adults with chronic stuttering: conclusions following meta-analysis. J. Fluency Disord. 40, 35–43. doi: 10.1016/j.jfludis.2014.01.001

Craske, M. G., Rauch, S. L., Ursano, R., Prenoveau, J., Pine, D. S., and Zinbarg, R. E. (2009). What is an anxiety disorder? Depress. Anxiety. 26, 1066–1085. doi: 10.1002/da.20633

Davis, E. P., Bruce, J., and Gunnar, M. R. (2002). The anterior attention network: associations with temperament and neuroendocrine activity in 6-year-old children. Dev. Psychobiol. 40, 43–56. doi: 10.1002/dev.10012

Davis, S., Shisca, D., and Howell, P. (2007). Anxiety in speakers who persist and recover from stuttering. J. Commun. Disord. 40, 398–417. doi: 10.1016/j.jcomdis.2006.10.003

Derryberry, D., and Rothbart, M. K. (1988). Arousal, affect, and attention as components of temperament. J. Pers Soc. Psychol. 55, 958–966. doi: 10.1037/0022-3514.55.6.958

Diamond, A. (2013). Executive functions. Annu. Rev. Psychol. 64, 135–168. doi: 10.1146/annurev-psych-113011-143750

Donaher, J., and Richels, C. (2012). Traits of attention deficit/hyperactivity disorder in school-age children who stutter. J. Fluency Disord 37, 242–252. doi: 10.1016/j.jfludis.2012.08.002

Druker, K., Hennessey, N., Mazzucchelli, T., and Beilby, J. (2019). Elevated attention deficit hyperactivity disorder symptoms in children who stutter. J. Fluency Disord. 59, 80–90. doi: 10.1016/j.jfludis.2018.11.002

Eggers, K., De Nil, L. F., and Van Den Bergh, B. R. H. (2010). Temperament dimensions in stuttering and typically developing children. J. Fluency Disord. 35, 355–372. doi: 10.1016/j.jfludis.2010.10.004

Eggers, K., De Nil, L. F., and Van den Bergh, B. R. H. (2012). The efficiency of attentional networks in children who stutter. J. Speech Lang. Hear. Res. 55, 946–959. doi: 10.1044/1092-4388(2011/10-0208)

Eggers, K., De Nil, L. F., and Van Den Bergh, B. R. H. (2013). Inhibitory control in childhood stuttering. J. Fluency Disord. 38, 1–13. doi: 10.1016/j.jfludis.2012.10.001

Eichorn, N., Marton, K., and Pirutinsky, S. (2017). Cognitive flexibility in preschool children with and without stuttering disorders. J. Fluency Disord. 57, 37–50. doi: 10.1016/j.jfludis.2017.11.001

Eisenberg, N., Fabes, R. A., Bernzweig, J., Karbon, M., Poulin, R., and Hanish, L. (1993). The relations of emotionality and regulation to preschoolers’ social skills and sociometric status. Child Dev. 64, 1418–1438. doi: 10.2307/1131543

Embrechts, M., Ebben, H., Franke, P., and Van de Poel, C. (2000). “Temperament: A comparison between children who stutter and children who do not stutter,” in Proceedings of the Third World Congress on Fluency Disorders: Theory, research, treatment, and self-he, eds H. Bosshardt, J. Yaruss, and P. HFM, (Nijmegen: University of Nijmegen Presspp), 557–562.

Ezrati-Vinacour, R., and Levin, I. (2004). The relationship between anxiety and stuttering: a multidimensional approach. J. Fluency Disord. 29, 135–148. doi: 10.1016/j.jfludis.2004.02.003

Felsenfeld, S., Kirk, K., Zhu, G., Statham, D., Neale, M., and Martin, N. (2000). A study of the genetic and environmental etiology of stuttering in a selected twin sample. Behav. Genet. 30, 359–366.

Fowlie, G. M., and Cooper, E. B. (1978). Traits attributed to stuttering and nonstuttering children by their mothers. J. Fluency Disord. 3, 233–246. doi: 10.1016/0094-730x(78)90023-2

Gawda, B., and Szepietowska, E. (2016). Trait anxiety modulates brain activity during performance of verbal fluency tasks. Front Behav Neurosci. 10:10. doi: 10.3389/fnbeh.2016.00010

Goldsmith, H. H., Buss, A. H., Plomin, R., Rothbart, M. K., Thomas, A., Chess, S., et al. (1987). Roundtable: what is temperament? Four approaches. Child Dev. 5, 505–529. doi: 10.2307/1130527

Guimarães, I. (2007). A ciência e a arte da voz humana. Alcabideche: Escola Superior de Saúde de Alcoitão.

Guimarães, I., and Abberton, E. (2005). Fundamental frequency in speakers of Portuguese for different voice samples. J. Voice. 19, 592–606. doi: 10.1016/j.jvoice.2004.11.004

Guitar, B. (2014). Stuttering: An Integrated Approach to its Nature and Treatment, 4th Edn. Baltimore, MD: Lippincott Williams & Wilkins.

Gupta, R., Koscik, T. R., Bechara, A., and Tranel, D. (2011). The amygdala and decision making. Neuropsychologia 49, 760–766. doi: 10.1016/j.neuropsychologia.2010.09.029.The

Hedge, M. N. (1972). Stuttering, neuroticism and extroversion. Behav. Res. Ther. 10, 395–397. doi: 10.1016/0005-7967(72)90062-9

Heitmann, R. R., Asbjørnsen, A., and Helland, T. (2004). Attentional functions in speech fluency disorders. Logoped. Phoniatr. Vocol. 29, 119–127. doi: 10.1080/14015430410017379

Hollister, J. E. (2015). Effortful Control and Adaptive Functioning in School-Age Children Who Stutter. Iowa, IA: University of Iowa.

Howell, P., Davis, S., Patel, H., Cuniffe, P., Downing-Wilson, E., Au-Yeung, J., et al. (2004). “Fluency development and temperament in fluent children and children who stutter,” in Theory, Research and Therapy in Fluency Disorders, eds A. Packman, A. Meltzer, and H. F. M. Peters, (Nijmegen: Nijmegen University Press), 250–256.

Iverach, L., Lowe, R., Jones, M., Brian, S. O., Menzies, R. G., Packman, A., et al. (2017). A speech and psychological profile of treatment-seeking adolescents who stutter. J. Fluency Disord. 51, 24–38. doi: 10.1016/j.jfludis.2016.11.001

Iverach, L., Menzies, R. G., Brian, S. O., Packman, A., and Onslow, M. (2011). Anxiety and stuttering: continuing to explore a complex relationship. Am. J. Speech Lang. Pathol. 20, 221–233. doi: 10.1044/1058-0360(2011/10-0091)

Johnson, K. N., Walden, T. A., Conture, E. G., and Karrass, J. (2010). Spontaneous regulation of emotions in preschool children who stutter: preliminary findings. J. Speech Lang. Hear. Res. 53, 1478–1495. doi: 10.1044/1092-4388(2010/08-0150)

Jones, R., Choi, D., Conture, E., and Walden, T. (2014). Temperament, emotion and childhood stuttering. Semin. Speech Lang. 35, 114–131. doi: 10.1055/s-0034-1371755

Kaganovich, N., Wray, A. H., and Weber, C. (2010). Non-linguistic auditory processing and working memory update in pre- school children who stutter: an electrophysiological study. Dev. Neuropsychol. 35, 712–736. doi: 10.1080/87565641.2010.508549

Karrass, J., Walden, T. A., Conture, E. G., Graham, C. G., and Arnold, H. S. (2006). Relation of emotional reactivity and regulation to childhood stuttering. J. Commun. Disord. 39, 402–423. doi: 10.1016/j.jfludis.2012.12.004

Kefalianos, E., Onslow, M., Block, S., Menzies, R., and Reilly, S. (2012). Early stuttering, temperament, and anxiety: Two hypotheses. J. Fluency Disord. 37, 151–163. doi: 10.1016/j.jfludis.2012.03.002

Kennel, S., Taylor, A. G., Lyon, D., and Bourguignon, C. (2010). Pilot feasibility study of binaural auditory beats for reducing symptoms of inattention in children and adolescents with attentiondeficit/hyperactivity disorder. J. Pediatr. Nurs. 25, 3–11. doi: 10.1016/j.pedn.2008.06.010

Konstantopoulos, K., Vogazianos, P., Thodi, C., and Nikopoulou-Smyrni, P. (2015). A normative study of the children’s color trails test (CCTT) in the cypriot population. Child Neuropsychol. 21, 751–758. doi: 10.1080/09297049.2014.924491

Koo, H. J., and Min, S. S. (2008). A standardization study of children’s color trails test (CCTT). J. Korean Acad. Child Adolesc. Psychiatry 19, 28–37.

Llorente, A. M., Voigt, R. G., Williams, J., Frailey, J. K., Satz, P., and D’Elia, L. F. (2009). Children’s color trails test 1 2: test-retest reliability and factorial validity. Clin. Neuropsychol. 23, 645–660. doi: 10.1080/13854040802427795

Llorente, A. M., Williams, J. S., and D’Elia, L. F. (2003). Children’s Color Trails Test: Professional Manual. Lutz, FL: Psychological Assessment Resources.

Manning, W., and Beck, J. G. (2013). The role of psychological processes in estimates of stuttering severity. J. Fluency Disord. 38, 356–367. doi: 10.1016/j.jfludis.2013.08.002

March, J. S., Parker, J. D. A., Sullivan, K., Stallings, P., and Conners, C. K. (1997). The multidimensional anxiety scale for children (MASC): factor structure, reliability, and validity. J. Am. Acad. Child. Adolesc. Psychiatry. 36, 554–565. doi: 10.1097/00004583-199704000-00019

Matos, M. G., Gina, T., Borges, A. I., Manso, D., Simões, C., and Ferreira, A. (2012). Anxiety, depression and coping: CDI, MASC and CRI-Y for screening purposes in schools. Span. J. Psychol. 15, 348–356. doi: 10.5209/rev_SJOP.2012.v15.n1.37341

McAllister, J., Kelman, E., and Millard, S. (2015). Anxiety and cognitive bias in children and young people who stutter. Procedia Soc. Behav. Sci. 193, 183–191. doi: 10.1016/j.sbspro.2015.03.258

Messenger, M., Packman, A., Onslow, M., Menzies, R., and O’Brian, S. (2015). Children and adolescents who stutter: further investigation of anxiety. J. Fluency Disord. 46, 15–23. doi: 10.1016/j.jfludis.2015.07.006

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., and Wager, T. D. (2000). The unity and diversity of executive functions and their contributions to complex “Frontal Lobe” tasks: a latent variable analysis. Cogn. Psychol. 41, 49–100. doi: 10.1006/cogp.1999.0734

Moon, K. R., Chung, S. M., Park, H. S., and Kim, H. S. (2012). Materials of acoustic analysis: sustained vowel versus sentence. J. Voice. 26:5, 563–565. doi: 10.1016/j.jvoice.2011.09.007

Mulcahy, K., Hennessey, N., Beilby, J., and Byrnes, M. (2008). Social anxiety and the severity and typography of stuttering in adolescents. J. Fluency Disord. 33, 306–319. doi: 10.1016/j.jfludis.2008.12.002

Nicholas, A., Yairi, E., Mangelsdorf, S., Jiang, M., and Cook, F. (2015). The temperament of school aged children who stutter: their view. Procedia Soc. Behav. Sci. 193, 323–324. doi: 10.1016/j.sbspro.2015.03.296

Nigg, J. T. (2000). On inhibition/disinhibition in developmental psychopathology: views from cognitive and personality psychology and a working inhibition taxonomy. Psychol. Bull. 126, 220–246. doi: 10.1037/0033-2909

Ntourou, K., Anderson, J. D., and Wagovich, S. A. (2017). Executive function and childhood stuttering: parent ratings and evidence from a behavioral task. J. Fluency Disord. 56, 18–32. doi: 10.1016/j.jfludis.2017.12.001

Ntourou, K., Conture, E. G., and Walden, T. A. (2013). Emotional reactivity and regulation in preschool-age children who stutter. J. Fluency Disord. 38, 260–274. doi: 10.1016/j.jfludis.2013.06.002

Ofoe, L. C., Anderson, J. D., and Ntourou, K. (2018). Short-term memory, inhibition, and attention in developmental stuttering: a meta-analysis. J. Speech Lang. Hear. Res. 61, 1626–1648. doi: 10.1044/2018_JSLHR-S-17-0372

Ortega, A. Y., and Ambrose, N. G. (2011). Developing physiologic stress profiles for school-age children who stutter. J. Fluency Disord. 36, 268–273. doi: 10.1016/j.jfludis.2011.04.007

Oyler, M. E. (1996). Temperament: Stuttering and the behaviorially inhibited child. Paper Presented in the Annual Convention of the American Speech - Language - Hearing Association, Seattle, WA.

Oyoun, H. A., El Dessouky, H., Shohdi, S., and Fawzy, A. (2010). Assessment of working memory in normal children and children who stutter. J. Am. Sci. 6, 562–569.

Peters, H. F. M., and Hulstijn, W. (1984). Stuttering and anxiety: the difference between stutterers and nonstutterers in verbal apprehension and physiologic arousal during anticipation of speech and non-speech tasks. J. Fluency Disord. 9, 67–84. doi: 10.1016/0094-730x(84)90008-1

Pinto, A. B. (2008). Desenvolvimento das funções executivas em crianças dos 6 aos 11 anos de idade. Porto: Universidade do Porto.

Reilly, S., Onslow, M., Packman, A., Wake, M., Bavin, E., Prior, M., et al. (2009). Predicting stuttering onset by the age of 3 years: a prospective, community cohort study. Pediatrics. 123, 270–277. doi: 10.1542/peds.2007-3219

Riley, G. (2009). The Stuttering Severity Instrument for Adults and Children (SSI-4), 4th Edn. Austin, TX: PRO-ED.

Riley, J., and Riley, G. (2000). A revised component model for diagnosing and treating children who stutter. Contemp. Issues Commun. Sci. Disord. 27, 188–199. doi: 10.1044/cicsd_27_F_188

Rocha, M., and Rato, J. R. (2017). Questionário de Temperamento na Terceira Infância: European Portuguese Version of the Temperament in Middle Childhood Questionnaire (Phd project). Lisboa: Universidade Católica Portuguesa.

Rothbart, M. K., Ahadi, S. A., and Evans, D. E. (2000). Temperament and personality: origins and outcomes. J. Pers. Soc. Psychol. 78, 122–135. doi: 10.1037/0022-3514.78.1.122

Rothbart, M. K., Ahadi, S. A., Hershey, K. L., and Fisher, P. (2001). Investigations of temperament at three to seven years: the children’s behavior questionnaire. Child Dev. 72, 1394–1408. doi: 10.1111/1467-8624.00355

Rothbart, M. K., and Hwang, J. (2002). Measuring infant temperament. Infant Behav. Dev. 25, 113–116. doi: 10.1016/S0163-6383(02)00109-1

Salvador, M. C., Matos, A. P., Oliveira, S., March, J. S., Arnarson, E. Ö, Carey, S., et al. (2017). A Escala Multidimensional de Ansiedade para Crianças (MASC): Propriedades psicométricas e análise fatorial confirmatória numa amostra de adolescentes Portugueses. Re. Iberoam. Diagn. Ev. 45:3, 33–46. doi: 10.21865/RIDEP45.3.03

Samochiş, L., Lazãr, S., and Iftene, F. (2011). Clinical aspects: aspects of the anxiety and depression at the stuttering child. Acta Medica Transilvanica. II 1, 188–191.

Schwenk, K. A., Conture, E. G., and Walden, T. A. (2007). Reaction to background stimulation of preschool children who do and do not stutter. J. Commun. Disord. 40, 129–141. doi: 10.1016/j.jcomdis.2006.06.003

Seifer, R., Sameroff, A., Dickstein, S., Schiller, M., and Hayden, L. C. (2004). Your own children are special: clues to the sources of reporting bias in temperament assessments. Infant Behav. Dev. 27, 323–341. doi: 10.1016/j.infbeh.2003.12.005

Silvestre, I. (2009). Avaliação Acústico-Perceptiva e Stress em Mulheres com Patologia Laríngea Inês dos Reis Silvestre Avaliação Acústico-Perceptiva e Stress em Mulheres com Patologia Laríngea. Portugal: Universidade de Aveiro.

Silvestre, I., Guimarães, I., and Teixeira, A. (2011). Qualidade vocal em mulheres com diagnóstico de nódulos vocais: Estudo preliminar. Rev. Bras. Otorrinolaringol. 49, 69–77.

Simonds, J. (2006). The Role of Reward Sensitivity and Response Execution in Childhood Extraversion. Oregon: University of Oregon.

Simonds, J., and Rothbart, M. (2004). Temperament in Middle Childhood Questionnaire (Version 3.0). Oregon: University of Oregon.

Singer, J. M., and Fagen, J. W. (1992). Negative affect, emotional expression, and forgetting in young infants. Dev. Psychol. 28, 48–57. doi: 10.1037/0012-1649.28.1.48

Smith, A., and Weber, C. (2017). How stuttering develops: the multifactorial dynamic pathways theory. J. Speech Lang. Hear. Res. 60, 2483–2505. doi: 10.1044/2017_JSLHR-S-16-0343

Smith, K. A., Iverach, L., O’Brian, S., Kefalianos, E., and Reilly, S. (2014). Anxiety of children and adolescents who stutter: a review. J. Fluency Disord. 40, 22–34. doi: 10.1016/j.jfludis.2014.01.003

Smith, K. A., Iverach, L., O’Brian, S., Mensah, F., Kefalianos, E., Hearne, A., et al. (2017). Anxiety in 11-year-old children who stutter: findings from a prospective longitudinal community sample. J. Speech Lang. Hear. Res. 60, 1211–1222. doi: 10.1044/2016_JSLHR-S-16-0035

Spaulding, T. J., Plante, E., and Vance, R. (2008). Sustained selective attention skills of preschool children with specific language impairment: evidence for separate attentional capacities. J. Speech Lang. Hear. Res 51, 16–34. doi: 10.1044/1092-4388(2008/002)

Sudikoff, E. L., Bertolin, M., Lordo, D. N., and Kaufman, D. A. S. (2015). Relationships between executive function and emotional regulation in healthy children. J. Neurol. Psychol. S, 8.

Thomas, A., and Chess, S. (1996). Temperament Theory and Practice. New York, NY: Brunner/Mazel Publishers.

van der Merwe, B., Robb, M. P., Lewis, J. G., and Ormond, T. (2011). Anxiety measures and salivary cortisol responses in preschool children whos stutter. Contemp. Issues Commun. Sci. Disord. 38, 1–10. doi: 10.1044/cicsd_38_s_1

Walden, T. A., Frankel, C., Buhr, A., Johnson, K., and Karrass, J. M. (2012). Contributions to developmental stuttering. J. Abnorm. Child Psychol. 40, 633–644. doi: 10.1007/s10802-011-9581-8.Dual

Wei, C., Hoff, A., Villabo, M., Peterman, J., McCracken, J., Walkup, J., et al. (2014). Assessing anxiety in youth with the multidimensional anxiety scale for children (MASC). J. Clin. Child Adolesc. Psychol. 43, 566–578. doi: 10.1080/15374416.2013.814541

Williams, J., Rickert, V., Hogan, J., Zolten, A. J., Satz, P., D’elia, L. F., et al. (1995). Children’s color trails. Arch. Clin. Neuropsychol. 10, 211–223. doi: 10.1016/0887-6177(94)00041-n

Wolfe, C. D., and Bell, M. A. (2004). Working memory and inhibitory control in early childhood: contributions from physiology, temperament, and language. Dev. Psychobiol. 44, 68–83. doi: 10.1002/dev.10152

Yairi, E., and Ambrose, N. G. (2005). Early Childhood Stuttering. Texas, TX: Pro-Ed.

Yaruss, J. S. (2010). Assessing quality of life in stuttering treatment outcomes research. J. Fluency Disord. 35, 190–202. doi: 10.1016/j.jfludis.2010.05.010

Yaruss, J. S., and Quesal, R. W. (2004). Stuttering and the international classification of functioning, disability, and health (ICF): an update. J. Commun. Disord. 37, 35–52. doi: 10.1016/S0021-9924(03)00052-2

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Rocha, Yaruss and Rato. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	
	ORIGINAL RESEARCH
published: 04 October 2019
doi: 10.3389/fnhum.2019.00336






[image: image2]
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Persistent developmental stuttering (PDS) disrupts speech fluency in about 1% of adults. Although many models of speech production assume an intact sensory feedback from the speech organs to the brain, very little is actually known about the integrity of their sensory representation in PDS. Here, we studied somatosensory evoked potentials (SEPs) in adults who stutter (AWS), with the aim of probing the integrity of sensory pathways. In addition, we tested the processing of dual sensory input to address a putative link between stuttering and focal dystonia. In 15 AWS (aged 15–55 years; three females) and 14 matched fluent speaking adults (ANS), we recorded SEPs at C5′ and C6′ induced by stimulating separately or simultaneously the tongue or the cheek at the corner of the mouth. We determined latencies (N13, P19, and N27) and peak-to-peak amplitudes (N13-P19, P19-N27). We divided amplitudes from simultaneous stimulation by the sum of those from separate stimulation. Amplitude ratios did not differ between groups, indicating normal processing of dual sensory input. This does not support a clinical analogy between focal dystonia and persistent stuttering. SEP latencies as a measure of transmission speed in sensory pathways were significantly shorter in stuttering subjects than in fluent speaking participants, however, this might have been related to a trend for a height difference between groups, and was not confirmed in a replication dataset. In summary, we did not find evidence for dystonia-like sensory overflow of tongue representations in AWS.

Keywords: somatosensory evoked potentials, stuttering, sensorimotor integration, afferent pathway, trigeminal


INTRODUCTION

Stuttering is a speech fluency disorder characterized by involuntary repetitions or prolongations of speech sounds, and by speech blocks caused by a transient loss of speech motor control (Bloodstein and Ratner, 2008). Stuttering severity changes under stress or excitement, as in public speaking, and is reduced when the person who stutters (PWS) is in a more relaxed state or under fluency-enhancing conditions such as in chorus reading (Foundas et al., 2004). Stuttering events occur more often at the beginning of words, and are more likely to occur under high linguistic demands such as phonetic complexity, and with content words and for content-determining words (Dworzynski and Howell, 2004). The impairment is task-specific for speech, leaving other functions of orofacial muscles, such as chewing or swallowing, unaffected (Kiziltan and Akalin, 1996), even though subtle, mostly subclinical impairments of non-speech motor functions have been described (e.g., Vaughn and Webster, 1989). Movements of other body parts may accompany stuttering events (Mulligan et al., 2001).

Persistent developmental stuttering (PDS) concerns all the above-mentioned symptoms occurring from an early age and persisting into adulthood. Men are affected four times more often than women (Bloodstein and Ratner, 2008). It is among the most frequent speech fluency disorders, affecting about 1% of the adult population (Yairi and Ambrose, 1999). Many hypotheses have been proposed as to the origin of PDS (Büchel and Sommer, 2004). A basal ganglia involvement is suggested by positive treatment effect of antidopaminergic drugs (Brady, 1991).

We here explore the view that stuttering shares features with focal dystonias (Kiziltan and Akalin, 1996). A focal dystonia is a task-specific disorder of fine sensorimotor control. Performing a motor task, such as writing in so-called writer’s cramp, induces an excessive activation of task-related and task-unrelated muscles, resulting in dysfunctional posturing or twitches impairing task execution. It is accentuated by emotional stress (Hallett, 1995; Berardelli et al., 1998; Morgante et al., 2011). While the motor cortical characteristics of PDS appear to differ from those of focal dystonias (Neef et al., 2011), little is known regarding the sensory domain. Focal dystonias, such as writer’s cramp or musician’s cramp, may be associated with an altered representation of the affected limb on the somatosensory cortex (Nelson et al., 2009). Stuttering and dystonia share several neural features (Ludlow and Loucks, 2003; Alm, 2004). Especially sensory effects show some parallels. An attenuation of sensory feedback, such as altered auditory feedback in stuttering and tactile sensory stimulation of the part of the body affected from dystonia, reduce symptoms (Alm, 2004). Thus, we speculated that inhibitory integration of afferent inputs may be deficient in stuttering, as has been shown for focal dystonias.

One way to assess the handling of sensory input is by measuring Somatosensory Evoked Potentials (SEP). This is a routine clinical procedure to assess the integrity of somatosensory pathways (Stoehr, 1996). It has been elaborated into a neurophysiological test of cortical inhibition in dystonias by using a dual stimulation method (Tinazzi et al., 2000). By simultaneously stimulating two nerves of the hand, the median and ulnar nerve, in patients with dystonia involving at least one upper limb, they found an abnormal integration of sensory input. The relative SEP amplitude increase in dual as compared to single stimulation was much larger in the patient group than in the control group. The interpretation was that the inhibitory capacity of the sensory system to control and to limit the relative sensory overflow caused by simultaneous stimuli was impaired in these dystonia patients (Tinazzi et al., 2000). By contrast, SEP latencies were unchanged in their study. Tinazzi et al. (2000) related this deficient inhibitory control of afferent input to the motor impairment in dystonia. Thus, a deficient inhibitory integration of afferent inputs as shown in dystonia (Tinazzi et al., 2000) might cause a signal overflow in sensorimotor loops, and reducing the strength of feedback might reduce the risk for signal overflow (Alm, 2004).

We used this methodology to answer our hypothesis by combining SEP of the cheek with SEP of the tongue, thus attempting to quantify speech muscle related sensory cortex activation patterns. We hypothesized that our research would show a similar decreased capacity of integrating the dual sensory input in PWS when compared with persons who do not stutter (PNS) if there was common ground between focal dystonia and stuttering. Also, we expected SEP latencies to be normal in PWS since latency deviations had only been reported for event-related potentials (Beal et al., 2010).



MATERIALS AND METHODS

The protocol was approved by the University Medical Center Göttingen ethics committee, and we obtained written informed consent before any study-related procedure took place.


Participants

We investigated 15 subjects with PDS whose clinical characteristics are shown in Table 1. They were recruited from the “Institut der Kasseler Stottertherapie” (Euler et al., 2009) and the Göttingen stuttering support group. Their data were compared with those from 15 matched healthy PNS with no personal or family history of stuttering. In one control subject, no reproducible SEP recordings could be elicited by tongue stimulation, and this subject was therefore not included in data analysis. None of the participants had any unstable medical or neurological prior illnesses, and none of them were taking CNS-active drugs at the time of participation. In all participants, we determined age and body height since they are known to influence SEP latencies (Chiappa, 1990; Stoehr, 1996). Based on two video samples of spontaneous speech as well as reading, the participants’ speech fluency was assessed by a qualified speech-language pathologist using the German version of the stuttering severity instrument (SSI-3; Sandrieser and Schneider, 2008).


TABLE 1. Characteristics of participants.
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SEP Recordings

Right and left facial and tongue SEPs were recorded while the participants sat in a reclining chair. The cheek was stimulated at the corner of the mouth (maxillary and mandibulary branch) with a stimulating electrode composed of cotton bars (Digital Stim Electrode 5032-TP, Viasys Inc., Madison, WI, USA) soaked in saline solution for improved conduction, with electrical square pulses of 0.2 ms duration at a rate of 5.1 Hz, i.e., at an interpulse interval of 196 ms (Kimura, 1989b). Stimuli were delivered at motor threshold intensity, inducing a barely noticeable twitching of the upper lip. The tongue was stimulated with gold cup electrodes attached to a mouthpiece and falling into place on the right and left upper lateral side of the tongue, with one touching down near the tip of the tongue and one 25 mm further to the back on either side Again, electrical square pulses of 0.2 ms duration at a rate of 5.1 Hz were used, at an intensity slightly noticeable by the participants yet below a painful level. We used a spoon-like mouthpiece adapted from earlier studies (Rodel et al., 2003; Neef et al., 2011). The dimensions of the mouthpiece allowed the attached electrodes to fall upon the upper surface of tongue without additional muscle tension of the jaw or tongue required to keep it in place. In random order, we tested three modes of stimulation on either side: the cheek stimulated alone (Chk), the tongue stimulated alone (To), and both sites stimulated simultaneously (ToChk). Each mode was tested in two consecutive runs of 500 pulses each, with reversal of polarity after half of the 500 pulses of each run to minimize baseline shifts due to excessive stimulus artifacts. SEPs were recorded in a resting state. Participants were not given a task; they were asked to lay calm and relaxed. Audio feedback from the EMG channels was provided to monitor a relaxed muscle state.

Recording electrodes were placed according to the international 10–10 system over C5′ and C6′, corresponding to the orofacial area of the left and right somatosensory cortex, respectively, which were referenced to Fz. SEPs were recorded using a Nicolet VikingSelect with software version 11.1 and a Nicolet ET 16 headbox, amplified using a Nicolet ES-8 amplifier and filtered at 2 Hz and 1 kHz (all equipment Viasys healthcare systems, now CareFusion Inc., Waukegan, IL, USA). We did not activate a notch filter.



SEP Analysis

Though nowadays used less often in clinical practice, the trigeminal nerve SEP serves as an investigative tool in clinical studies, and the recorded potential shows a triphasic pattern of negative-positive-negative named N13, P19, and N27. It is cortical in origin (Bennett et al., 1987) and, in analogy to hand nerve stimulation-induced SEPs, thought to be generated in the primary sensory cortex (Allison et al., 1991; Buchner et al., 1996). Reports of successful SEP recordings from tongue stimulation (Altenmüller et al., 1990) gave us the inspiration to combine SEP recordings from two stimulation sites of the orofacial region, namely the tongue and the cheek near the upper lip, in an adaptation of Tinazzi’s method in an attempt to quantify speech muscle related sensory cortex activation patterns.

For analysis, the peak latencies N13, P19, and N27 of the cortical potential elicited by stimulation were determined automatically and corrected manually in case of obvious misplacement, and the peak-to-peak amplitudes of N13-P19 and P19-N27 were calculated automatically by the VikingSelect software. The peak-to-peak ratio was calculated as:
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where ToChk is the SEP amplitude obtained after simultaneous stimulation of the tongue and the cheek, and To + Chk is the sum of the SEP amplitudes obtained after individual stimulations of the aforementioned sites (Tinazzi et al., 2000). Contralateral recordings were used for analysis.



Statistical Analysis

Groups were compared using unpaired, two-tailed t-tests for age, stimulation intensity, and body height, and with Mann-Whitney U-tests for handedness and for percentage of syllables stuttered.

Raw amplitudes were analyzed in a mixed-design ANOVA with “group” as between-subjects-factor, and “side of stimulation” (left, right), “run” (run 1, run 2), “type of stimulation” (tongue alone, cheek alone, simultaneous), and “amplitude” (N13-P19, P19-N27) as within-subjects factors. Amplitude ratios were analyzed using a mixed-design ANOVA, with “group” as between-subjects-factor, and “side of stimulation” (left, right), “run” (run 1, run 2), and “ratio” (N13-P19, P19-N27) as within-subjects factors. Raw latencies were analyzed in a mixed-design ANOVA, with “group” as between-subjects-factor, and “side of stimulation” (left, right), “run” (run 1, run 2), “type of stimulation” (tongue alone, cheek alone, simultaneous), and “latency” (N13, P19, N27) as within-subjects factors. We analyzed the stimulus intensities using a mixed-design ANOVA, with “group” as between-subjects-factor, and “side of stimulation” (left, right), “site of stimulation” (tongue, cheek) as within-subjects factors.

In addition, we correlated the pooled SEP latency with age body height, percentage of syllables stuttered, and with the pooled stimulus intensities using the STATVIEW 5.0 regression function and F-tests.

For all analyses, age was calculated in days, subtracting the day of birth from the day of measurement (Microsoft Excel). SPSS 20 was used for all other statistics. In all ANOVAs, post hoc, unpaired, two-tailed t-tests were done based on significant main effects. P-values of < 0.05 were considered significant.



SEP Latency Replication Study

To corroborate the unexpected findings with regards to SEP latencies, we performed a replication study on eight ANS (two females; average age 26.25 years SD 4.03; average height 179.25 cm SD 8.78) and seven adults who stutter (AWS; no females, average age 24.86 years SD 4.60; average height 181.29 cm SD 8.32; unpaired, two-tailed t-test for age, p = 0.55; for height, p = 0.65), none of whom had been part of the principal experiment. Again, we analyzed raw latencies in a mixed-design ANOVA with “group” as the between-subjects-factor, and “side of stimulation” (left, right), “run” (run 1, run 2), “type of stimulation” (tongue alone, cheek alone, simultaneous), and “latency” (N13, P19, N27) as within-subjects factors.




RESULTS

A typical example of SEP recordings is shown in Figure 1. It shows tongue, cheek, and simultaneous tongue and cheek stimulation in a PNS and in a PWS. Note the significant and variable stimulus artifacts which do not impair the detection of the peak latencies. Latencies are shorter in the PWS than in the PNS, particularly with tongue alone and with simultaneous stimulation.
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FIGURE 1. Examples of somatosensory evoked potentials (SEPs) elicited by tongue alone stimulation (traces A,D), cheek alone stimulation (traces B,E), or simultaneous tongue and cheek stimulation (traces C,F) in a 26-year old fluid speaker (PNS; traces A–C) and a 26-year old person who stutters (PWS; traces D–F). Each trace constitutes the average of 500 pulses, with reversal of polarity after 250 ms to minimize the stimulus artifact. Stimulation on the right side and recording over the contralateral cortex at C5′. In trace (C), the dimensions of the peak-to-peak amplitudes N13-P19 and P19-N27 as calculated automatically are illustrated.



Across all participants, raw amplitudes yielded a main effect of type of stimulation (F(2,54) = 10.45, p < 0.0001). Post hoc t-tests confirmed higher amplitudes in the simultaneous condition than in any of the other types of stimulation (Figure 2). There was no main effect of group, though, and no two-factor interaction of group with any other factor. Across groups, side of stimulation interacted with amplitude (F(2,54) = 42.58, p < 0.0001, Supplementary Figure S1A), post hoc tests confirmed larger N13-P19 than P19-N27 amplitudes after right-sided stimulation and vice versa after left-sided stimulation. Type of stimulation and amplitude interacted significantly (F(2,54) = 5.51, p = 0.007, Supplementary Figure S1B), post hoc tests confirmed larger N13-P19 than P19-N27 amplitudes with cheek stimulation.
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FIGURE 2. Integration of dual sensory input. SEP amplitudes N13-P19 and P19-N27 in 15 adults who stutter (AWS; hatched lines) and 14 adults who do not stutter (solid lines). Pooled amplitudes for each type of stimulation as noted on the abscissa. The simultaneous stimulation yielded larger SEP amplitudes than the other types of stimulation.



Ratios of amplitudes did not yield a main effect of group (Figure 3A), nor any other significant main effect. Across groups, there was an interaction of side of stimulation by ratio (F(1,27) = 6.40, p = 0.018, Figure 3B), with post hoc t-tests showing a larger N13-P19 ratio than P19-N27 ratio after right-sided stimulation, and vice versa after left-sided stimulation.
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FIGURE 3. Ratio of SEP amplitudes. For calculation see text. (A) For each group, the dot and bars on the left show the mean ± one standard deviation, the multiple dots on the right show the individual values. There was no main effect of group. (B) Interaction of ratio by side of stimulation across groups.



Raw latencies yielded a main effect of group (F(1,27) = 4.39, p = 0.046), with t-tests confirming shorter latencies PWS than in PNS. Also, there was a main effect of type of stimulation (F(2,54) = 4.78, p = 0.012), with post hoc tests indicating shorter latencies in the cheek alone than in the tongue alone condition. We found an interaction of type of stimulation by group (F(2,54) = 4.12, p = 0.022, Supplementary Figures S2A,B). Post hoc t-tests showed no differences between types of stimulation among PWS, whereas among PNS, simultaneous stimulation, tongue stimulation, and cheek stimulation differed from each other. There was also an interaction of side of stimulation by latency (F(2,54) = 11.66, p < 0.0001), with the P19 being slightly longer after left than after right-sided stimulation, and vice versa for N13 and N27. Of course, there was a main effect of latency (F(2,54) = 2,274.6, p < 0.0001). The interaction of type of stimulation by group was confirmed in an ANCOVA, taking into account body height and age as covariates (see Appendix 1).

Tc between groups (effect of group, F(1,27) = 5.05, p = 0.033), being lower in PWS than in PNS (Supplementary Figure S3). There were no other main effects or interactions.

Across groups, pooled SEP latencies increased with age (r = 0.085, F(1,2086) = 15.30, p < 0.0001) and with body height (r = 0.111, F(1,2086) = 25.93, p < 0.0001). SEP latency did not change with tongue stimulation intensity, but latency did increase with increasing left (r = 0.059, F(1,2086) = 7.64, p < 0.0067) and right (r = 0.077, F(1,2086) = 12.34, p = 0.0005) cheek stimulation intensity. The percentage of syllables stuttered correlated with neither SEP latency nor stimulus intensity.

In the independent replication sample, raw SEP latencies were similar between groups [effect of group (F(1,13) = 0.84, p = 0.38)]. There was a main effect of type of stimulation (F(2,26) = 6.38, p < 0.006). Except for an obvious effect of SEP (F(2,26) = 936.40, p < 0.0001), no other effects or interactions were significant. We also performed a median/ulnar nerve control study in a subgroup of participants (Appendix 3).



DISCUSSION

We studied SEP amplitudes and latencies with dual stimulation in PNS and PWS. We found normal amplitude ratios to dual stimulation, refuting our hypothesis of sensory overflow caused by simultaneous dual stimulation. Hence, this finding does not support the clinical analogy of PDS and dystonia. Unexpectedly, all trigeminal SEP components were shortened, and the stimulation threshold reduced in PWS as compared to PNS, but this was not confirmed in a replication study.


SEP Amplitudes and Latencies

So far, a role of sensory structures in individuals afflicted with PDS is controversial. While auditory feedback has a profound impact on speech fluency (Antipova et al., 2008), inconclusive findings are reported for oral stereognosis (Jensen et al., 1975; Martin et al., 1981) and vibrotactile magnitude production (Fucci et al., 1985). An impairment of kinesthetic control in PWS was suggested by larger minimal displacements of the jaw, tongue, and lips in the absence of visual feedback in PWS; and it was remedied by providing visual feedback (De Nil and Abbs, 1991). By contrast, PWS showed an even better resistance to simultaneous disturbances in the auditory, proprioceptive, and tactile domain than PNS (Namasivayam et al., 2009).

Many models of fluent speech production (Levelt et al., 1999; Guenther et al., 2006) assume a sensory feedback of the current state of the vocal tract and the articulatory muscles (e.g., Figure 4 in Hickok, 2012), attributing speech dysfluencies to mismatches in feedback or feedforward loops (Tourville and Guenther, 2011). Hence, we were initially intrigued by the unexpected latency difference, which would also have fit into the literature of white matter changes in the corticospinal tract (Cai et al., 2014; Connally et al., 2014; Kronfeld-Duenias et al., 2016). However, we might have been mistaken by a height effect, as the initial sample showed an almost significantly shorter stature of AWS than of ANS (see Table 1). Since SEP latencies increase with body height (Maurer and Eckert, 1999), this almost significant group difference might explain the latency difference. Indeed, the ANCOVA in Appendix 1 implies that the main effect of group is much weaker if height is taken into account as a covariate. In addition, even though its study population was small, and given that replication studies have numerous limitations (Anderson and Maxwell, 2017), our replication study nevertheless confirmed that the latencies were similar in AWS and ANS.

We are not aware of a study on orofacial SEP latencies in AWS. Strikingly, auditory evoked potential (AEP) latencies are atypical in AWS. Peak latencies of early auditory components have an increased variability, are prolonged, and tend to interaural differences in persons who stutter as compared to persons who do not stutter (Tahaei et al., 2014; Gonçalves et al., 2015). Beal et al. (2010) found longer latencies overall in AWS compared to ANS in a vowel listening task. Only in a sub-task of active vowel production, right hemispheric ERP latency was shorter in AWS than in ANS. The authors interpret their findings of a right hemispheric latency advantage in active vs. passive tasks as consistent with a stronger right hemispheric involvement in stuttering (Travis, 1978). Another ERP study on speech preparation did not report latency differences in AWS as compared to ANS (Daliri and Max, 2015) for late cortical components.



Processing of Dual Input

The main finding in this study is a negative one: since our results show similar amplitude ratios in both groups, we conclude that cortical processing of dual sensory input is normal in PWS. Hence, our results do not yield positive evidence to support the hypothesis that developmental stuttering is a form of dystonia. This is consistent with recent data on intracortical inhibition as assessed by paired-pulse transcranial magnetic stimulation. It is known to be markedly reduced in focal dystonias and many other movement disorders (Ziemann and Hallett, 2000), but it was only marginally affected in AWS (Neef et al., 2011). By contrast, intracortical facilitation, which is known to be unchanged in focal dystonias and other movement disorders (Ziemann and Hallett, 2000), turned out to be strikingly reduced in AWS, thereby showing a pattern of neurophysiological abnormalities in PDS quite distinct from focal dystonias (Neef et al., 2011).

Alm (2004) discusses parallels between dystonia and stuttering in detail. One parallel is an assumed excessive sensory feedback gain, putatively remedied by removing or reducing sensory feedback. As we did not find evidence for sensory overflow in dual stimulus processing, we think that we can exclude altered sensory feedback gains as a major player in the pathogenesis of stuttering.

Clinically, there is also a subtle difference regarding the role of sensory input in the two disorders. A “geste antagoniste,” also known as a sensory trick, is a characteristic feature of many patients with focal dystonia, i.e., a light touch on a particular body part, often the cheek, moderating the excessive muscle hyperactivity, thereby transiently alleviating symptoms. This phenomenon of alleviating ongoing symptoms does not usually exist in PDS. Here, external auditory rhythm or touch often help to overcome start hesitations prior to the emergence of stuttering symptoms (Alm, 2004).




LIMITATIONS

We did not assess a group of patients with embouchure dystonia, which would have been an appropriate additional group of study. Also, we did record SEP at rest, without active speaking condition. Hence, our conclusions are limited to trait rather than state markers of stuttering (Vanhoutte et al., 2016).

All PWS studied here had undergone speech therapy at some point, where they had been instructed to pay careful attention to the manner in which they give shape to sounds, using that to overcome dysfluencies. We cannot rule out that such increased awareness of orofacial structures might have modulated cortical representations (Pascual-Leone and Torres, 1993) and might have influenced SEP amplitude or latency.

The detection of SEP peaks can be somewhat difficult, in particular when stimulating facial areas (Stoehr, 1996). However, the baseline shift assessment did not yield any effect of group either (Appendix 2), supporting the SEP detection of the initial analysis. In addition, determining the stimulation intensity according to subjective perception might introduce a bias in group comparisons.

Unfortunately, data on the origin of the different components and amplitudes of the trigeminal SEPs are scarce, which makes it difficult to draw conclusions from the differential modulation of amplitudes we observed.

Since sensory representations of tongue and lips are adjacent and strongly overlapping (McCarthy et al., 1993), an artifact of suboptimal positioning of the recording electrodes is unlikely.



CONCLUSION

We were able to overcome the technical challenges of tongue and cheek SEP recordings, and we provided detailed tools for analysis. However, the hypothesis motivating our endeavor was not met: We did not find evidence for dystonia-like sensory overflow of tongue representations in AWS. Thus enhanced sensory feedback gain of the tongue as a cause for stuttering (Alm, 2004) is not supported.
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FIGURE S1 | Integration of dual sensory input. SEP amplitudes N13-P19 and P19-N27 in 15 adults who stutter and 14 adults who do not stutter. Boxes show the median and are limited by 25th and 75th percentile, horizontal bars indicate 10th and 90th percentile, and filled circles indicate outliers. Asterisks indicate differences on post hoc t-tests. (A) Interaction of amplitude by side of stimulation. (B) Interaction of amplitude by type of stimulation.

FIGURE S2 | SEP latencies. Box plots as in Supplementary Figure S1. (A) Main effect of group. (B) Interaction of group with type of stimulation. The cheek alone stimulation yielded similar SEP latencies in both groups. However, with tongue alone or simultaneous tongue and cheek stimulation, SEP latencies were shorter in adults who stutter than in the control group. Asterisks indicate significant difference between groups, circles indicate significant differences within the control group.

FIGURE S3 | Stimulation intensities. Box plots as in Supplementary Figure S1. Stimulation intensities used in for SEP recording, values from cheek and tongue stimulation did not differ significantly and were pooled. For details on stimulation methods see text. Note lower stimulation intensities in the group of adults who stutter. Asterisk indicates a significant difference between groups.

FIGURE S4 | Baseline shift approximation. Box plots as in Supplementary Figure S1. Approximation of baseline shift (an inherent technical problem of trigeminal SEP recording). Shift was larger in the simultaneous condition than in the separate stimulation conditions, and not different between groups. For details see text.

FIGURE S5 | SEP latency from median/ulnar nerve control study. Box plots as in Supplementary Figure S1. SEP latency (mean of N20, P25 and N35) for each type of stimulation as noted on the abscissa, in five adults who stutter and five adults who do not stutter. For the hand sensory representation, latencies were not shorter in adults who stutter than in those who do not stutter.
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APPENDIX 1


ANCOVA with Age and Body Height as Covariates

To further take into account eventual interfering effects of age or body height, we calculated an additional repeated-measures ANCOVA for the raw SEP latencies. As explained above, we used “group” as the between-subjects-factor, and “side of stimulation” (left, right), “run” (run 1, run 2), “type of stimulation” (tongue alone, cheek alone, simultaneous), and “latency” (N13, P19, N27) as within-subjects factors. We here added the covariates “age” (in a precision of the number of days between the day of birth and day of the recording of the current study in a given participant) and “body height” (in centimeters), using SPSS general linear model with repeated measurements and covariates (SPSS 20, IBM Inc.).

This additional analysis missed a main effect of group (F(1,25) = 1.82, p = 0.189), but confirmed an interaction of type of stimulation by group (F(2,50) = 3.83, p = 0.028), and a main effect of latency (F(2,50) = 5.72, p < 0.006), with no other main effect or interaction. Only taking age as a covariate almost yielded a main effect of group (F(1,26) = 3.79, p = 0.063), whereas only taking height as a covariate largely missed the main effect of group (F(1,26) = 2.24, p = 0.147).




APPENDIX 2


Baseline Shift Approximation

Due to the proximity of stimulation and recording sites, SEP recordings from cheek or tongue are often afflicted with large stimulus artifacts resulting in considerable baseline shifts (Kimura, 1989a). While peak latencies can be expected to be quite robust to this inherent technical problem (Stoehr, 1996), these baseline shifts may blur peak-to-peak amplitude measurements. In order to approximate this shift, an additional marker was placed in each trace at 49 ms, named arbitrarily G49, and the angle or slope between this G49 and N13 was calculated as follows. In a right-angled triangle the baseline slope was translated as the inverse tangent of the ratio of the opposing leg and the adjacent leg. The opposing leg was determined automatically as the N13G49 peak-to-peak amplitude. The adjacent leg was calculated by subtracting the N13 latency from 49 ms. The estimation of the slope being upwards or downwards was determined manually, resulting in a positive factor for an upwards slope and a negative factor for a downwards slope. For all recordings the baseline slope was calculated by the following formula, tan-1[N13G49/(49-N13latency)] multiplied by 1 or −1 for either an upwards or downwards slope, respectively. Baseline slopes were not used to correct amplitudes, but were taken as such and compared between groups using a mixed-design ANOVA with “group” as the between-subjects-factor, and “side of stimulation” (left, right), “run” (run 1, run 2), and “type of stimulation” (tongue alone, cheek alone, simultaneous) as within-subjects factors.

For the baseline drift, we did not find a main effect of group, or any interaction involving group. The baseline drift was stronger with right-sided than with left-sided stimulation (effect of side of stimulation, F(1,28) = 10.32, p = 0.0033). In addition, it depended on the type of stimulation, being strongest with simultaneous stimulation (effect of type of stimulation, F(2,56) = 5.56, p = 0.006, Supplementary Figure S4).




APPENDIX 3


Median and Ulnar Nerve Control Study

To test the specificity of the latency difference for articulatory muscles, we rescheduled five subjects from each group of the primary experiment to repeat the experiment, stimulating the median and ulnar nerve separately or simultaneously, as originally described by Tinazzi et al. (2000). Separate runs were used for either hand. The set-up, stimulation and recording procedures were identical to those of the principal experiment; except for the use of the recording sites C3′ and C4′.

We used a mixed-design ANOVA with “group” as between-subjects-factor, and “side of stimulation” (left, right), “run” (run 1, run 2), and “type of stimulation” (median nerve alone, ulnar nerve alone, simultaneous) as within-subjects factors. SEP latencies revealed no effect of group and no two-factor interaction of group with any other factor (Supplementary Figure S5).
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Background: In our Dynamic Pathways, account, we hypothesized that childhood stuttering reflects an impairment in speech sensorimotor control that is conditioned by cognitive, linguistic, and emotional factors. The purpose of this study was to investigate potential differences in levels of sympathetic arousal during performance of speech and non-speech tasks between children who do and do not stutter.

Methods: Seventy-two preschool-aged children participated in the study, 47 children who stutter (CWS; 38 boys) and 25 children who do not stutter (CWNS; 18 boys). We recorded skin conductance and blood pulse volume (BPV) signals, indices of sympathetic arousal, during higher/lower load speech tasks (structured sentence production and picture description) and non-speech tasks (jaw wagging and forceful blowing). We included a measure that reflects children’s attitudes about their communication skills and a parent-report assessment of temperament.

Results: We found no significant differences between preschool CWS and CWNS in phasic skin conductance response amplitude or frequency, BPV, and pulse rate for any of the experimental tasks. However, compared to CWNS, CWS had, on average, significantly higher skin conductance levels (SCL), indexing slowly changing tonic sympathetic activity, across both speech and non-speech experimental conditions. We found distinctive task-related profiles of sympathetic arousal in both groups of preschool children. Most children produced the highest levels of sympathetic arousal in the physically demanding blowing task rather than in speech, as seen in previous studies of adults. We did not find differences in temperament between the two groups of preschool children nor a relationship among behavioral indices of temperament and communication attitude and physiological measures of sympathetic arousal.

Conclusion: We did not find that atypically high, speech-related sympathetic arousal is a significant factor in early childhood stuttering. Rather, CWS had higher, on average, task-related tonic SCLs across speech and non-speech tasks. A relationship among behavioral measures of temperament and physiological measures of sympathetic arousal was not confirmed. Key questions for future experiments are how the typical coupling of sympathetic and speech sensorimotor systems develops over childhood and adolescence and whether task related developmental profiles follow a different course in children who continue to stutter.

Keywords: stuttering, children, speech, autonomic nervous system, sympathetic arousal, electrodermal activity, blood pulse volume, pulse rate


INTRODUCTION

Many theorists have concluded that experimental and clinical evidence related to the onset and development of stuttering in childhood points to the central roles played by speech motor, language, and emotional factors (Walden et al., 2012; Ambrose et al., 2015; Smith and Weber, 2017). Experimental evidence supports the critical roles of speech sensorimotor systems and the mediating effects of language processes in early childhood stuttering (Silverman and Ratner, 2002; Anderson et al., 2005; MacPherson and Smith, 2013; Weber-Fox et al., 2013; Spencer and Weber-Fox, 2014; Walsh et al., 2015; Kreidler et al., 2017; Usler et al., 2017). Our understanding of how emotional factors may affect speech production in stuttering, especially in early childhood, is far more limited. One approach used to explore “emotional” factors in stuttering is to record physiological signals that index autonomic nervous system (ANS) functions. Whether patterns of increased or decreased ANS activation map onto specific cognitive states is a matter of open debate (Kreibig, 2010). It is widely acknowledged, however, that ANS activity reflects diverse behavioral processes, and increased sympathetic nervous system (SNS) activity accompanies increases in cognitive and physical effort and reflects changes in emotional states (Dawson et al., 2007). We suggest that discovering atypical patterns of ANS activity during speech and/or other behaviors in young children who stutter (CWS) may provide critical clues to the physiological processes occurring in early stuttering and their potential linkage to speech sensorimotor development. We hypothesized that SNS arousal affects speech motor planning and execution and plays a role in persistent stuttering in children (Smith and Weber, 2017). We also suggested that while SNS arousal may increase the likelihood of speech breakdowns, the occurrence of stuttering behaviors, in turn, may lead to increases in SNS activity (Weber and Smith, 1990; Smith and Weber, 2017). Therefore, an important first step to take experimentally is to determine if CWS show differences in sympathetic arousal associated with speaking or other tasks. Our goal in this experiment is to analyze physiological signals that reflect SNS function (e.g., electrodermal activity, blood pulse volume (BPV), and pulse rate) recorded during a range of experimental tasks performed by preschool CWS and children who do not stutter (CWNS). We also explore relationships among these physiological signals and selected behavioral assessments of stuttering and temperament.

The phrase “fight or flight” is synonymous with the SNS, while the contrasting term “rest and digest” is common shorthand for the functions of the other division of the ANS, the parasympathetic nervous system (PNS). Although this dichotomous description is an oversimplification of the complex and interrelated functions of the two branches of the ANS, it describes how the anatomically distinct sympathetic and parasympathetic branches of the ANS help maintain homeostasis by dynamically modulating internal physiological functions. The ANS is a mediator between brain and body. Efferent signals from the SNS, for example, trigger multiple simultaneous systemic responses—accelerated heart rate, blood vessel constriction, and increased perspiration in response to varied cognitive, motor, emotional, and other behavioral states (Andreassi, 2007). Afferent information regarding visceral states is relayed back to the central nervous system influencing our thoughts, emotions, and actions (Jänig, 2006; Cardinali, 2018). Autonomic contributions to motor, cognitive, and emotional behaviors occur through a neural matrix interconnecting the ANS with cortical, subcortical, and limbic areas with cingulate and insula cortex serving as putative interfaces (Oppenheimer et al., 1992; Fredrikson et al., 1998; Williams et al., 2001; Critchley, 2005, 2009; Pereira et al., 2010).

Electrodermal and blood pulse measures index SNS responses to diverse physiological and psychological triggers (Andreassi, 2007; Boucsein, 2013). The electrodermal signal is typically analyzed as two components. Tonic skin conductance level (SCL) is an index of sympathetic tone, reflecting slowly changing electrodermal activity (i.e., increased sweat secretion) over longer periods of time. SCL is useful for investigating general states of arousal or alertness (Dawson et al., 2007). In contrast, skin conductance responses (SCRs), smaller, transient changes, index changes in electrodermal activity occurring within 1–3 s of a specific event. SCRs are typically used as indices of attentional processes or stimulus significance (Dawson et al., 2007; Mendes, 2009). Higher amplitude SCLs/SCRs and more frequent SCRs indicate increased SNS arousal. Decreases in BPV amplitude through vasoconstriction also indicate SNS arousal, while increases in pulse rate primarily reflects SNS activity (Andreassi, 2007).

Increased sympathetic activity produces a wide range of physiological phenomena that could affect sensorimotor control indirectly, for example, changes in blood flow to muscles. Zimmermann (1980) proposed a direct mechanism by which sympathetic activity related to arousal could affect speech planning and execution in people who stutter. He noted preliminary evidence from animal studies demonstrating sympathetic efferent modulation of muscle spindles (mechanoreceptors embedded in muscles that provide proprioceptive feedback during movement) sensitivity. This suggests that SNS arousal could alter sensory signals generated during speech production. Subsequent studies in cat and rabbit confirmed the presence of sympathetic innervation of muscle spindles and demonstrated that sympathetic activation alters muscle spindle sensitivity to stretch and thus reflex excitability and central feedback signals (Roatta et al., 2002; Passatore and Roatta, 2006).

Radovanovic et al. (2015) provided anatomical evidence confirming the presence of sympathetic innervation of human muscle spindles. There are few physiological studies of alterations in proprioceptive sensitivity in response to sympathetic activation in humans (Passatore and Roatta, 2006). Results of one recent study are intriguing and suggest a potential linkage among emotional states, sympathetic activation, and sensorimotor processes. Ackerley et al. (2017) used microneurography to record activity of single muscle afferents in the human leg. They found that varying emotional states (elicited by music) resulted in increased sympathetic arousal (e.g., skin conductance) and changes in spindle sensitivity. We know that classically described muscle spindles are densely supplied in some muscles involved in speech (e.g., jaw closing muscles) but are absent in others (e.g., lip muscles) (Smith, 1992). In muscles that lack typical spindles, other mechanoreceptors provide proprioceptive information. In humans, although lip muscles lack typical spindles, lip proprioceptive sensitivity is equal to that of the jaw (Frayne et al., 2016). These findings support the notion that varying levels of sympathetic arousal could produce variability in sensory signals generated during speech and in the speech motor learning process, which ultimately, could affect the stability of speech motor programs.

There is also evidence that the SNS generates task-related efferent command signals during voluntary movement. In experiments in human subjects, Vissing and colleagues recorded microneurographic signals from skin sympathetic nerves during static hand grip tasks (Vissing et al., 1991). They showed that the skin sympathetic discharge preceded the onset of grip force increases and therefore is driven by central commands and not simply a response to muscle activation (Vissing et al., 1997). They reported that cutaneous sympathetic activation targeted eccrine (sweat) glands and vascular smooth muscle. A detailed review of this literature is not possible in this context, but higher levels of sympathetic arousal affect the control and coordination of simple grip movements as well as of complex movements, such as piano playing, skiing, and marksmanship (Noteboom et al., 2001; Vickers and Williams, 2007; Yoshie et al., 2009, 2016). In a study of increased sympathetic arousal on children’s gross motor control, stepping movement trajectories became less efficient and smooth under conditions in which children were observed compared with unobserved conditions (Beuter and Duda, 1985; Beuter et al., 1989). These findings suggest that during the initiation and performance of voluntary movement, there is temporal coupling of the outflow of central motor commands to muscles and SNS activation to skin.

There have been far fewer studies examining the relationship between sympathetic arousal and speech motor control. Kleinow and Smith (2006) assessed the spatiotemporal coordination of articulatory movements while typically fluent participants spoke aloud sentences under lower and higher arousal induced by a Stroop task. They found that the Stroop speaking condition was associated with increased SNS activity and higher speech coordination variability in school-age children and adults. In their study of the effects of arousal on SNS and voice indices, MacPherson et al. (2017) also used a Stroop speaking condition to increase arousal levels in healthy adults. They observed increased SCR amplitudes concomitant with changes in acoustic measures of voice under higher cognitive load. At a conceptual level, then, we suggest that in considering developing speech motor systems and stuttering, we should explore the potential role that speech-related central control of SNS discharge plays.

Two investigations of ANS activity in adults who stutter (AWS) and control participants (adults who do not stutter-AWNS) firmly support the conclusion that AWS and AWNS do not differ in average levels of sympathetic arousal during a range of experimental tasks. Peters and Hulstijn (1984) recorded subjective ratings of anxiety along with sensitive indices of ANS activity: heart rate, BPV, and electrodermal activity in 24 AWS and 24 AWNS before and during speech tasks (reading and conversation) and non-speech tasks (a motor and intelligence task). AWS reported higher anxiety levels than AWNS; however, there were no differences between the groups on any of the physiological variables. Heart rate, BPV, and electrodermal activity recorded before and during speech tasks were higher compared with the physiologic activity before and during non-speech tasks for both groups of speakers. Weber and Smith (1990) employed a similar experimental design with the aim of “scaling” ANS activity in speaking in relation to a set of tasks selected to elicit a range of sympathetic arousal from low (jaw wagging) to high (Valsalva maneuver). Electrodermal activity, BPV, and heart rate were recorded in 19 AWS and 19 AWNS and measured before, during, and after task performance. Similar to Peters and Hulstijn, we found that speaking was associated with relatively large increases in autonomic activity in both AWS and AWNS, and there were no differences between the two groups. From these two studies of adults, it seems reasonable to conclude that the act of speaking involves relatively high, but similar levels of sympathetic arousal in normally fluent adults and in AWS.

There have been a limited number of studies of the physiological correlates of ANS activity related to speech production in children. Studies from our laboratory suggested that normally fluent school-age children have higher levels of sympathetic arousal than adults during speech tasks (Arnold et al., 2014) and that increased sympathetic activation produced by a Stroop task results in higher variability in speech motor coordination for both children and adults (Kleinow and Smith, 2006). Within the framework of their Emotional Diathesis model of early stuttering, Walden, Conture and colleagues have completed a series of investigations in children using psychophysiological measures related to ANS functions (Walden et al., 2012). This group is the first to record ANS signals in preschoolers who are stuttering. Jones et al. (2014b) measured mean SCLs (indexing sympathetic activation) during baseline, listening, and speaking conditions, and found similar SCLs during baseline. They noted higher SCL in CWS while they viewed a positively valenced video clip, while CWNS had higher SCL while viewing a negatively valenced video clip. They also reported a group by condition effect in which CWS had higher SCL during a story-retelling task after viewing the positive video clip suggesting that CWS and CWS responded differently to tasks designed to induce different emotions.

Choi et al. (2016) recorded SCLs in 47 CWS aged 36–71 months during neutral baseline and while participants viewed positive and negative video clips. They used correlational analyses to investigate relationships among emotional reactivity, stuttering frequency, and sympathetic arousal. SCLs were not significantly correlated with the variables they examined, a finding they interpreted as not supporting the hypothesis that sympathetic arousal is a mediating variable between emotional stress and stuttering frequency. Zengin-Bolatkale et al. (2015) found higher SCLs in 3-year-old CWS compared to age-matched CWNS during a stressful picture naming task, although this finding did not hold for the 4- and 5-year-old age group comparisons. Both groups of children showed the expected increase in tonic SCL during task performance compared to baseline. As we have noted (Smith and Weber, 2017), the lack of stuttering/non-stuttering group differences does not necessarily imply that a particular factor is ultimately not significant for recovery versus persistence of stuttering. On this point, in a more recent study, Zengin-Bolatkale et al. (2018) reported that higher sympathetic arousal during the stressful picture naming task conducted when the children were in preschool was predictive of later, persistent stuttering.

Prior to these few investigations of the presumed physiological correlates of SNS arousal in CWS, earlier studies explored emotional development and temperamental factors in CWS through observational or parent-report measures. Temperament is defined as a biologically based construct encompassing emotional, attention, and motivational factors (Bates, 1989). A number of studies have used parent-report measures to investigate possible temperamental differences between CWNS and CWS. Several studies found that CWS are prone to increased anger or frustration, have greater difficulty regulating emotions, and are less able to adapt to change compared to CWNS (Anderson et al., 2003; Karrass et al., 2006; Eggers et al., 2010). However, other studies have not revealed temperamental differences between young CWS and CWNS using parent-report measures (Reilly et al., 2013; Kefalianos et al., 2014, 2017).

In summary, the potential role of sympathetic arousal in early stuttering and in its persistence is just beginning to be explored. Using a paradigm that we employed in earlier experiments to attempt to scale relative levels of autonomic arousal across tasks (Weber and Smith, 1990; Arnold et al., 2014), we examine task-related sympathetic arousal in preschool CWS and CWNS. Comparing sympathetic arousal in preschool children during speech and non-speech tasks, we hypothesized that CWS would show higher SNS activity compared to CWNS, particularly during speaking tasks. Given the recent interest in potential temperamental differences between CWS and CWNS (e.g., Anderson et al., 2003; Karrass et al., 2006; Eggers et al., 2010; Alm, 2014; Kefalianos et al., 2014, 2017), we included a parent-report measure of temperament (Putnam and Rothbart, 2006) and a self-report measure that assesses a child’s feelings about their communication (Vanryckeghem and Brutten, 2006). We examine relationships among physiological measures of SNS arousal and behavioral indices of temperament and communication attitude.



MATERIALS AND METHODS


Participants

The research protocol was approved by the Institutional Review Board at Purdue University and adhered to Human Research Protection Program regulations and guidelines. We obtained written informed consent from parents or legal guardians, henceforth referred to as parents, at the beginning of the session. Seventy-two preschool children participated in the study, 47 CWS (38 boys and 9 girls, M = 55.9 months, SD = 7.6, range = 46–72) and 25 CWNS (18 boys and 7 girls, M = 55.6 months, SD = 6.3, range = 49–70). Parents reported that their child did not have a developmental, cardiovascular, or neurological disorder and confirmed that North American English was their child’s first and primary language. Parents also noted whether their child had normal or corrected-to-normal vision, had not consumed caffeine prior to the experiment, and were not taking medications affecting the central nervous and cardiovascular systems (e.g., depressants, stimulants, analgesics, anticoagulants etc.). All participants scored within normal limits on assessments of non-verbal intelligence (PTONI; Ehrler and McGhee, 2008) and social development (Childhood Autism Rating Scale, 2nd Edition CARS-2; Schopler et al., 2010) and passed a bilateral pure-tone hearing screening at 500, 1000, 2000, 4000, and 6000 Hz at 20 db. Finally, the two groups had comparable socioeconomic status (SES) (CWS M = 5.60, SD = 1.02; CWNS M = 6.20, SD = 0.65) determined by the parent’s highest level of education (Hollingshead, 1975). SES was evaluated on a 7-point scale (1 = less than 7th grade education to 7 = completion of a graduate or professional degree).



Stuttering Diagnosis

We diagnosed childhood stuttering using standardized and observational measures. First, we collected spontaneous speech samples from each child during two play sessions, one with their primary caregiver, and the other with the project speech-language pathologist (SLP), for a combined total of 750–1000 syllables. We calculated a weighted stuttering index (WSI) for each child based upon the frequency of part- and single-syllable word repetitions, the number of iterations, and the presence and duration of dysrhythmic phonations per 100 syllables of spontaneous speech (Ambrose and Yairi, 1999). A score of 4.0 or higher indicates stuttering. We also administered the Test of Childhood Stuttering (TOCS; Gillam et al., 2009), a norm-referenced assessment tool to each child. An index score of 84 or below on this assessment identifies the child as stuttering.

In addition, the parent and SLP with experience in fluency disorders rated the child as stuttering by assigning them a score of 2 or higher on an 8-point scale [0–1 = normal; 2–3 = mild stuttering; 4–5 moderate stuttering; 6–7 = severe stuttering]. The clinician’s rating was based upon the type, duration, and frequency of disfluencies along with the presence and severity of secondary characteristics while considering the child’s own awareness and/or anxiety about his or her disfluencies.

Three CWS had a WSI <4.0; however, we retained these children in the study because they met the criteria for stuttering based upon the TOCS and clinician and parent ratings. The average duration of stuttering (i.e., time since onset) was 21 months (SD = 11 months) according to parent report.



Experimental Stimuli and Procedures

The experiment comprised speech and non-speech tasks that were adapted for research with young children from our earlier studies with older children and adults (Weber and Smith, 1990; Arnold et al., 2014). There were four tasks: open/close jaw wag (lower effort, non-speech condition), structured sentence production (lower effort, speech condition), picture description (higher effort, speech condition), and forceful blowing (maximal maneuver, non-speech condition). The order of the jaw wag, sentence production, and picture description tasks was counterbalanced across subjects; however, we consistently collected a baseline at the beginning (pre-baseline) and a baseline at end of the experiment (post-baseline) before the blowing task. Forceful blowing, designed to elicit a maximal response, was always collected at the end of the experiment so that the expected high levels of autonomic arousal would not influence data collected during the other experimental tasks. Before each task, we explained and demonstrated what the child would do, then had each child practice two to three trials to ensure they understood the task. During data collection, a 15 s rest preceded each of the four tasks, and a short break was taken at the end of each task. During these breaks, the participants either collected a sticker or took a turn at a game.

For the two resting baseline intervals collected at the beginning and near the end of the experiment, the children saw a picture of a child resting outdoors with her eyes closed and were encouraged, but not required, to close their eyes, be still, and rest for 1 min. For the first 13 CWS who participated in the experiment, these initial and final baselines were collected in a different manner. In these cases, baseline intervals were interspersed within the experiment before each task. However, we found that these inter-task intervals were not sufficiently long enough to allow sympathetic arousal to return to resting levels and were often contaminated by movement artifacts. Our statistical approach, described below, accounts for these missing baseline measures from the 13 CWS.

The experimental tasks consisted of 2 speech and 2 non-speech tasks:

Jaw wag (JAW). For this non-speech task, the children continuously opened and closed their mouth for 6 s while watching an animated face opening and closing its mouth, then rested for 5 s. We collected two trials of five jaw wag intervals each.

Structured sentence production (SENT). For this speech task, the children saw pictures of familiar objects or animals inside a box or a barn and spoke aloud the simple, declarative carrier sentences, “The____is in the barn” or “The____is in the box.” We considered this task less demanding in terms of required language formulation (Arnold et al., 2014). The children produced three sentences in a row to identify what they saw in three different slides (e.g., “The cookie is in the box…The doll is in the box…The ball is in the box”) then rested for 5 s before the next sequence of three picture slides appeared. Each child completed at least two trials with five sets of three sentences in each.

Picture Description (PIC). During this speech task, the children viewed child-friendly black and white picture scenes and described what was happening in each one. One experimenter modeled the task for two scenes then had each child practice describing two scenes so that they understood the task and could describe the picture scenes using connected speech (e.g., “There’s a farmer on a tractor”, as opposed to listing items (e.g., farmer…tractor…cow) that they recognized. The experimenters controlled the rate of picture presentation to ensure that we collected several utterances per scene. If children did not respond, or produced only a brief response, the experimenter encouraged them by saying, “Tell me more about that” or “What else is going on in the picture?” Within a trial, each picture scene was separated by 5 s of rest. The children completed at least two trials of five picture scenes for a minimum of ten picture scenes. If children produced few responses or were disfluent, we presented an additional block of three picture scenes.

Forceful blowing (MAX). Participants completed a forceful blowing task included to elicit relatively high levels of sympathetic arousal. In many experiments, a Valsalva maneuver is used establish a maximal response (Boucsein, 2013). Through pilot testing, we found that young children could not reliably produce a Valsalva, so they blew on a party blower and held it extended against the experimenter’s hand for 3–5 s. Each child completed two trials of three to five blows.



Data Acquisition

SNS signals were collected with a Biopac MP150 data acquisition system running AcqKnowledge 4.4 acquisition software. The system included a Biopac GSR100C amplifier to measure electrodermal activity and a PPG100C pulse plethysmograph amplifier for BPV measures. After completing an adapted handedness inventory (Oldfield, 1971), the children were seated at a small desk while the experimenter affixed pre-gelled self-adhesive Ag/AgCl electrodes to the hypothenar eminence and thenar eminence of their non-dominant hand to record electrodermal activity. We recorded skin conductance in microSiemens (μS) between the two electrodes at a 2.5 kHz sampling rate with an initial gain of 10 μS/V and low-pass filtered at 1 Hz. Next, a photoplethysmograph transducer (Biopac TSD200) was secured around the distal phalanx of the fourth finger of the child’s non-dominant hand with a Velcro strap. An infrared emitter and photodiode detector embedded in the transducer measured the relative changes in blood flow. The BPV signal was collected with a gain of 50 at a 2.5 kHz sampling rate.

We presented the experimental stimuli (e.g., pictures, animations) in Microsoft PowerPoint on a 25 in monitor. The participants’ speech acoustic signal was collected with a Shure SM90 tabletop condenser microphone at 10 kHz, and video recordings of the experimental session were made with a Logitech HD 720p webcam. The audio and video signals were synchronized with the autonomic recordings through the Biopac MP150 acquisition system. These signals were used for off-line transcription and to ensure that segments used in subsequent analyses were free from movement artifact, unrelated comments, or redirection from the experimenter.



Signal Processing and Analysis

After the experiment, the physiological signals were exported into MATLAB (ver. 2015a). The electrodermal signal was downsampled to 250 Hz to reduce file size. We derived SCR measures from SCL via high-pass filtering (Fpass 0.07 Hz/Apass 0.5 dB). The BPV signal was downsampled to 250 Hz and digitally band pass filtered between 0.5–3 Hz with a 100-order FIR filter (Arnold et al., 2014). We downsampled signals to reduce file sizes and subsequent processing time and because the energy in these SNS signals is low frequency. A custom MATLAB program simultaneously displayed the acoustic record, BPV signal, and SCL and SCR signals on the monitor from a trial (Figure 1). The synchronized video record was displayed on an adjacent monitor. As shown in Figure 1, the experimenter extracted SCL, SCRs, and BPV segments from the longer, continuous recordings by indicating onset and offset points in the acoustic record with a cursor. Other studies have recorded SCL over longer, several minute epochs (e.g., Jones et al., 2014b). This presents challenges for studies with preschool children as movement artifact, redirection from the experimenter, or unrelated comments from the child may inflate indices of sympathetic arousal. For pre and post baselines, we extracted 5 s intervals from the 1 min records when the child was still, quiet, and electrodermal activity reached a minimum. For the JAW task, we selected 4–6, 6 s trials of accurate jaw wagging from each participant. We analyzed exclusively fluent (non-stuttered) productions from the two speaking tasks, SENT and PIC, in order to make a valid comparison of sympathetic activity between CWS and CWNS. For the SENT task, we selected 4–9 fluent speech segments. These segments included all three sentences produced in a row or in some cases, 1–2 sentences if a sentence was unusable due to movement artifact, for example. Given that SNS responses typically occur within 1–3 s of a stimulus (Lim et al., 2003; Andreassi, 2007; Dawson et al., 2007), we selected fluent utterances that were not immediately adjacent (within ∼3 s) of a stuttering-like disfluency for the speech tasks. We segmented connected speech into utterances or verbal productions bounded by grammatical closure, intonation contours, or long pauses following Systematic Analysis of Language Transcripts (SALT) conventions (Miller and Iglesias, 2006). Onset/offset indices for the tasks were adjusted so that segments selected for analysis did not contain motion and other artifact. Finally, for the MAX task, we selected the first three successful trials in which the child inhaled and blew out on the party blower holding it extended for at least 3 s.
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FIGURE 1. Sympathetic nervous system (SNS) recordings from a CWS during the picture description task. The waveforms represent, from top to bottom, the acoustic signal, blood pulse volume (BPV) signal, phasic skin conductance response (SCR), and tonic skin conductance level (SCL). Utterances were extracted from the long recording by identifying speech onsets and offsets within the acoustic record.



Reliability

For baselines and JAW and MAX tasks, intervals and trials were marked usable during data acquisition and confirmed later during offline data analysis. The first author reanalyzed 20% of the data from the SENT (20 trials from CWS and 9 trials from CWNS selected at random) and PIC (25 trials from CWS and 12 trials from CWNS selected at random) tasks to establish inter-rater reliability for fluent utterance coding (whether utterances selected for analysis did not contain instances of stuttering, aside comments, or movement). The percentage of coding agreement was 99% for SENT and 97% for PIC indicating excellent reliability.



Dependent Measures


Electrodermal Measures

We analyzed 3 electrodermal measures: (1) SCR amp, the amplitude of the phasic response, calculated by subtracting the minimum SCR value from the maximum SCR value associated with the first SCR peak (if any) within the window of analysis. Increases in SCR amp indicate phasic increases in conductivity between the electrodes due to increased sweat secretion associated with increased SNS arousal (Boucsein, 2013). (2) SCR frequency, the number of SCR responses (≥0.05 μS threshold) within the window of analysis. An increased number of SCRs is also associated with increased SNS arousal. (3) SCL, the average tonic or slower changing index of electrodermal activity. Higher SCL is indicative of increased SNS arousal. We computed the average SCR amp, SCR frequency, and SCL from trials associated with a particular task.



Blood Pulse Volume Measures

We analyzed two BPV measures: (1) BPV amp, the average trough-to-peak amplitude (in volts) of pulse cycles across each segment from a particular task was calculated using an automatic peak-detection algorithm following procedures from Arnold et al. (2014). Decreases in BPV amplitude via vasoconstriction signifies SNS arousal. (2) Pulse rate (PR in pulses per minute-ppm), a direct measure of heart rate, was recorded for each segment then averaged for each task. Increases in PR generally indicate increased SNS arousal.



Task Performance Measures

It is important to note that electrodermal and blood pulse responses are not elicited during all trials (Andreassi, 2007; Boucsein, 2013). We selected trials for analysis based on when the child was on task and sitting still regardless of whether there was a clear SNS response. We compared behavioral performance on the two speaking tasks by calculating average syllable counts for responses on the PIC task and average speaking rate (syllables/s) for both the PIC and SENT tasks. Typical disfluencies, for example, filled pauses (um/uh) or multisyllabic word and phrase repetitions were tabulated for the PIC task, but not included in the syllable count. We included these analyses to assess whether potential group differences in SNS recordings were driven, for example, by differences in speaking rate and/or language formulation.



Children’s Behavior Questionnaire and KiddyCAT

We obtained a temperament profile for each child using the short form of the Children’s Behavior Questionnaire (Putnam and Rothbart, 2006). The CBQ is an established measure of temperament based on parental report and has been used to assess temperament characteristics in CWS in previous studies (see review in Jones et al., 2014a). The parent identified as the child’s primary caregiver completed the questionnaire. The short form CBQ contains 94 items that assess 15 temperament dimensions. The parent responded to each item using a 7-point Likert scale with scores ranging from 1 or “extremely untrue of your child” to 7 “extremely true of your child.” If the parent had never observed their child in a particular situation they could answer “not applicable” to that item. A child’s scores across the 15 temperament scales are then combined into three composite personality scores: (1) positive emotional reactivity or surgency/extraversion (2) negative emotional reactivity or negative affectivity, and (3) effortful control or self-regulation of reactivity and attention of reactivity and attention. Finally, we also administered the KiddyCAT to each participant (Vanryckeghem et al., 2005; Vanryckeghem and Brutten, 2006). This measure assesses a preschool child’s attitude about their communication through 12 yes/no questions. The maximum score on the KiddyCAT is 12; children who receive higher scores on this measure are considered to have more negative feelings about their speaking abilities.



Statistics


Physiological Data

Statistical analyses were conducted in Mplus version 7.4. To account for the missing pre-experiment resting baselines from 13 of the CWS, regression models were estimated using direct maximum likelihood estimation to include observations with missing items (Arbuckle, 1996; Enders and Bandalos, 2001). The nesting of repeated measures within children was accounted for using clustered standard errors (Binder, 1983). We examined sex as a factor in preliminary models; however, sex effects in these models were not significant, so data from boys and girls was pooled in each participant group. The statistical models controlled for both child age (in months) and baseline levels of each of the five SNS variables: SCR amp, SCR frequency, SCL, BPV amp, and PR. Marginal model means were obtained for specific group and task combinations. A single test of any difference in the five SNS variable means across the four tasks was calculated and specific differences in variable means across every combination of tasks were assessed. A Bonferroni correction was applied to the six specific pairwise task means tests (p ≤ 0.008). We used partially standardized beta coefficient estimates for effects sizes which are comparable to Cohen’s d estimates. Similar to Cohen’s d, these effects sizes provide the estimated mean difference in outcomes in standard deviation units; however, they are conditioned on the covariates in the model. Standard interpretation of this index: ES of 0.20 = small effect, ES of 0.50 = moderate effect and ES of 0.80 = large effect was applied.



Behavioral Data

We used modified t-tests that controlled for child age to compare the two groups’ performance on the following measures: speaking rate and syllable count for the SENT and PIC tasks, the KiddyCAT, and the three CBQ composite scores: extraversion, negative affectivity, and effortful control. We computed regression analyses on the dataset from CWS to examine the relationship between stuttering severity (WSI scores) or CBQ scores and the five physiological SNS variables from the PIC task (i.e., SCR amp, SCR frequency, SCL, BPV amp, and PR). In these analyses, we computed regressions using WSI scores and CBQ composite scores as predictors and SNS variables for the PIC task as outcomes.



RESULTS


SNS Measures


Group Effects

Statistical results including beta coefficients resulting from regression analysis that indicate mean differences in dependent variables for a unit change in predictor variables (e.g., group mean differences), p-values, effect sizes (beta coefficients with standardized outcomes (i.e., group differences for outcomes in standard deviations units), and confidence intervals for the five SNS variables are listed in Table 1. The means with standard error bars for skin conductance and blood pulse measures for each group are plotted in Figures 2, 4, respectively.


TABLE 1. Statistical results from regression with group, task, and covariate coefficients.
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FIGURE 2. Model means and standard error estimate bars for skin conductance measures from each group plotted by task. The graphs show the skin conductance response amplitude (left), skin conductance response frequency (middle), and tonic skin conductance level (SCL) (right). BASE, initial baseline; JAW, jaw opening/closing; SENT, structured sentence production; PIC, picture description task; MAX, blowing/maximal maneuver.


Figure 2 shows the average SCR amp, SCR frequency, and SCL for each group by task. On average, CWS had slightly higher SCR amp (left graph) and SCR frequency (middle graph) compared to CWNS across tasks, but this difference was not statistically significant (Table 1). However, the CWS had significantly higher mean SCLs across tasks compared to CWNS (but not at baseline) as shown in the right graph of Figure 2. Participant’s SCLs were highly correlated across experimental tasks. Figure 3 shows participants’ average SCL for PIC plotted against their average SCL for MAX. SCL for the two tasks showed a strong correlation (r (72) = .83, p < .001 when both groups were combined. Although the range in values for participants in each group overlap, compared to CWNS, more CWS fall below the identity line (y = x), or have higher PIC SCLs than MAX SCLs. We calculated that 11/47 or 23% of CWS and 1/25 or 4% of CWNS had PIC SCL > MAX SCL (difference ≥ 1 μS). These are the CWS participants whose data points are below the identity line in Figure 3.
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FIGURE 3. Individual points from CWS (triangles) and CWNS (circles) of a participant’s average PIC skin conductance level (SCL) plotted against their average MAX SCL and identity line. Units are in microSiemens. These raw means are slightly different from the estimated marginal means used in the statistical models reported in the Results section.


Figure 4 shows the average BPV amp and PR by task for each participant group. On average, CWS had smaller BPV amplitudes than CWNS across tasks (see left graph of Figure 4); however, the difference in means across tasks was not statistically significant (Table 1). Finally, average PRs for each group were nearly identical across tasks (right graph of Figure 4).
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FIGURE 4. Model means and standard error estimate bars for blood pulse volume (BPV) amplitude (left graph) and pulse rate (right graph) from each group plotted by task. BASE, initial baseline; JAW, jaw opening/closing; SENT, structured sentence production; PIC, picture description task; MAX, blowing/maximal maneuver.




Task Effects

The Group X Task interactions were not significant for SCR amp, SCR frequency, SCL, BPV amp, or PR in our initial statistical models. Therefore, data from CWS and CWNS were pooled to examine task effects. A statistical summary of these effects is provided in Table 1.

As expected, SCR amp for MAX was significantly higher than the other tasks (Figure 2). Although the comparison between JAW and PIC approached significance, it did not survive Bonferroni correction, and no other comparison was significant. SCR frequency was significantly higher for MAX, SENT, and PIC tasks compared to JAW. Finally, significantly higher SCLs were reached for MAX compared to the other tasks (right graph of Figure 2).

As shown in the left graph of Figure 4, significantly smaller BPV amps were elicited during MAX compared to the other three tasks. The right graph in Figure 4 shows PR by task. The lowest PRs were elicited during MAX compared to the other three tasks, and PRs during JAW were significantly lower than PRs obtained during both the SENT and PIC tasks.



Covariate Effects

Baseline values of a participant’s SCR frequency, SCL, BPV amp, and PR, predicted their SCR frequencies, SCL, BPV amps, and PRs elicited by the tasks (Table 1). The effect of age in the model was significant for both SCL and PR. For SCL, a 1-month increase in age was associated with a decrease in SCL of approximately 0.08 μS. For PR, a 1-month increase in age was associated with a decrease in PR of approximately 0.39 ppm.



Behavioral Measures


Group Performance Measures for SENT and PIC Tasks

We compared the CWS and CWNS performance on the two speaking tasks: SENT and PIC using modified t-tests that controlled for age. The two groups had statistically similar syllable counts for the PIC task (CWS: M(SD) = 11.70(2.65); CWNS M(SD) = 11.92(2.92) (standard. diff. = −0.11, p = 0.80). We also did not detect significant group differences in speaking rate, measured in syllables/s for either the SENT task (CWS: M(SD) = 1.50(0.26); CWNS M(SD) = 1.57(0.19) (stand. diff. −0.13, p = 0.20) or the PIC task (CWS: M(SD) = 1.57(0.29); CWNS M(SD) = 1.58(0.34) (stand. diff. −0.03, p = 0.81). Finally, we did not detect a group difference in the number of typical disfluencies that occurred during the fluent utterances extracted for the PIC task (CWS: M(SD) = 3.38(3.38); CWNS M(SD) = 3.32(2.70) (standard. diff. = −0.45, p = 0.19).



Group Results for CBQ and KiddyCAT

Means and standard deviations for the three CBQ composite scores and the KiddyCAT are listed in Table 2. The last row of this table provides the p-values and confidence intervals of the modified t-tests assessing between group differences on each measure. Overall, we obtained similar CBQ composite scores for CWS and CWNS; between group comparisons for the three CBQ composite scores: extraversion, negative affectivity, or effortful control were not significant. The CWS scored significantly higher than CWNS on the KiddyCAT indicating that they may harbor more negative feelings toward communication, although the overall means we obtained for both groups of children (Table 2) fell below the means reported for this measure (Vanryckeghem and Brutten, 2006; CWS M = 4.36; CWNS M = 1.79).


TABLE 2. Means and standard deviations for behavioral data with between-group comparison results from modified∗ t-tests.
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Relationships Among Physiological and Behavioral Variables

To test the hypothesis that higher SNS arousal levels are associated with stuttering severity, we examined the relationship among SCL, SCR amp from the more demanding speech task (PIC) and stuttering severity (WSI score). TOCS and KiddyCat scores did not show a sufficient range to explore meaningful correlations, thus they were not included in the analysis. We did not find a significant relationship between WSI score and SCR amp (β = −0.24; p < .12), but found an unexpected significant negative relationship between the WSI score and PIC SCL (β = −0.35; p = .02). Figure 5 shows each CWS’s WSI score plotted against their average SCL for the PIC task.
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FIGURE 5. Individual CWS data points showing each child’s WSI score plotted against their average skin conductance level (SCL) from the PIC task.


Finally, we assessed the relationships for these same skin conductance measures from the PIC task with CBQ composite scores, extraversion, negative affect, and effortful control. None of these regression analyses revealed any significant correlation between the skin conductance measures and the three dimensions of temperament.



DISCUSSION

Overall, the results of our study do not support the hypothesis that atypically high levels of sympathetic arousal are associated with speech production in preschool children who are stuttering. There were no significant differences between groups in measures of transient skin conductance responses, BPV amplitudes, or in pulse rate. We did observe significantly higher background, tonic SCLs in CWS, on average, but these were not exclusive to speech production tasks. It is important to reiterate that the present results were derived from fluent intervals of speech, and SNS correlates of stuttering behaviors are reported in a companion paper (Walsh and Usler, in press).

To obtain an estimate of the participants’ resting, baseline levels of sympathetic activation, physiological data were recorded while the children sat quietly before performance of any of the experimental tasks (the issue of baseline is an important one, which we will discuss in more detail below). Based on the results we obtained showing clearly lower levels of autonomic activation in the resting baseline condition, this approach was successful. As expected, resting levels for all variables were lower compared to those observed during performance of all experimental tasks (see Figures 2, 4). Importantly, there were no differences between CWS and CWNS in baseline indices of SCL, SCR amp, SCR frequency, BPV or PR. This overall pattern of results across the two groups of participants and the systematic task effects we observed give us confidence in our conclusions regarding preschool children’s sympathetic activity levels during performance of this set of tasks.


Central Circuits and SNS Control

Skin conductance changes reflect the activation of sympathetic cholinergic neurons innervating the eccrine dermal sweat glands, and they are sensitive indices of the modulation of arousal during emotional, cognitive, and physical behaviors (Venables and Christie, 1980). SCLs vary in the time span of tens of seconds, while SCRs, transient changes in skin conductance seen as rapid increases superimposed on the tonic background level, vary approximately 1–3 s (Dawson et al., 2007). Investigators have recorded SCL and SCRs during fMRI scanning while young adults used biofeedback to elevate or lower SCL (Nagai et al., 2004). Findings from this and other studies suggest that cortical systems with inputs to brainstem circuits are active in controlling background SCL and generating transient SCRs (Nagai et al., 2004; Critchley, 2005). Our results demonstrate that CWS have higher SCL during task performance compared to their fluent peers; whether this higher background SNS activity reflects higher levels of attention and focus on the tasks (Iani et al., 2004), higher performance anxiety (e.g., Simpson et al., 2001) or some other factor, we do not know. We also found a high degree of heterogeneity among the CWS in their levels of SCL during task performance, with most participants’ data overlapping that of the CWNS (Figure 3).

In an experiment designed to manipulate emotional responses to positive and negative video clips in preschool CWS and CWNS, Jones et al. (2014b) also measured SCL. The pattern of results was mixed when CWS were compared with CWNS across positive and negative viewing tasks. However, in the cases in which significant between group differences were observed, SCL was higher for CWS. We did not find significant differences in SCR amplitude or SCR frequency between the two groups, although CWS showed a trend for slightly higher SCR amplitude and frequency. There is evidence that the generation of SCRs is regulated through circuits involving cingulate, insula, right parietal lobe, motor cortex, and ventral medial prefrontal cortex (Nagai et al., 2004). Of course these imaging studies involved adult participants, and whether or not four and five-year-old children engage similar neural circuits in autonomic regulation is unknown. We cite this literature here simply to emphasize that the easily recorded signal indexing increased conductivity through eccrine sweat gland activity is, in fact, driven by complex cortical and brainstem networks.

We turn to the hypothesis advanced in the introduction that SNS activation co-occurs with normal control of movement and that excess sympathetic activation could be a contributor to motor instability in early stuttering. Most of the autonomic indices we assessed did not differ between the two groups across tasks. The fact that we observed higher levels of SCL across all tasks and that the overall pattern of relative SCL amplitude was similar for the groups of CWS and CWNS does not lend support to the idea that the neural activity driving higher SCLs is related to speech production. One hypothesis to consider is that speech specific increases in SNS activity develops later in CWS and/or that speech-specific phasic increases in SNS arousal would more likely be observed surrounding stuttering events. We addressed the latter hypothesis in a companion study (Walsh and Usler, in press). We found that stuttered utterances produced during a picture description task by CWS were associated with significantly higher phasic SCR amplitude, SCR frequency, and reduced BPV compared to fluent utterances. This suggests that transient sympathetic responses increase in intervals surrounding stuttering behaviors and therefore reflect changes in fluency states. Future studies will need to consider the potential bidirectional influences between SNS and speech neural control systems that can change dynamically during speech production driven by a variety of factors both internal and external to the speaker.



Developmental Profiles of SNS Activity

Previous studies from our group and others provide some clues on a lifespan perspective on SNS activity related to speech production in stuttering and normally fluent speakers. Early investigations (Peters and Hulstijn, 1984; Weber and Smith, 1990) demonstrated that for AWS and AWNS, speech production tasks generally produced the highest levels of SNS arousal compared to difficult mental arithmetic (Peters and Hulstijn, 1984) and an effortful physical task (Valsalva maneuver, Weber and Smith, 1990). These results from adult participants contrast with those of most of the preschool children. Both CWS and CWNS typically produced the highest levels of sympathetic arousal during the forceful blowing task, which we designed to mimic the Valsalva maneuver. With the exception of SCR frequency (which was significantly higher for the two speech tasks, SENT and PIC, and MAX), maximal values of SCL and SCR amplitude and minimum values of BPV amp (all indicators of increased SNS activation) typically occurred in the MAX blowing task. In fact, for both groups of children, SCR amplitude almost doubled in the MAX condition compared to the two speech conditions (SENT and PIC, Figure 2). Weber and Smith (1990) show similar plots for groups of AWS and AWNS (their Figure 3), indicating SCR peaks were much smaller in amplitude compared to the preschoolers in this study and were approximately equal across the speech and Valsalva conditions. We actually observed lower SCL in both groups of adults in the Valsalva compared to the speech conditions. Taken together, these results suggest that the relatively high levels of sympathetic activation occurring in adults prior to and during speech, indicative of tight coupling between sympathetic arousal and speaking, emerges with maturation. Most preschool participants showed the highest sympathetic activation to a physically demanding task rather than to the more cognitively demanding picture description task. For a subgroup of the CWS, however, this typical pattern of highest SNS activation in the MAX task was not observed. Approximately one-quarter of CWS showed higher SCL levels in the picture naming task compared to the MAX task (Figure 3). This suggests that some CWS are atypically early in developing the adult pattern of higher levels of arousal during speaking compared to physically demanding tasks. This preliminary result is worth further exploration, as it will be important to determine whether a relationship exists between early developing speech motor/sympathetic outflow and stuttering persistence and recovery.

Also relevant to the issue of a lifespan perspective on autonomic regulation related to speech, we found no differences in pulse rate between the two groups of children. The highest PRs were observed in the two speaking conditions, while lower PRs were achieved for the non-speech conditions (Figure 4). PR reflects both sympathetic and parasympathetic control of heart rate, suggesting that CWS and CWNS did not differ in sympathetic/parasympathetic control of PR during fluent speech production. Jones et al. (2014b) used respiratory sinus arrhythmia (RSA) derived from heart rate variability as an exclusive index of parasympathetic “tone” in a study of preschool CWS and CWNS (cf. Grossman and Taylor, 2007). They found reduced baseline differences in RSA in CWS, evidence they interpreted as placing CWS at greater vulnerability to emotional reactivity. Our PR results also contrast with findings from adults. Alm (2004) reviewed the available literature on heart rate and speech production tasks in AWS and concluded that a decrease in heart rate is associated with speech tasks in AWS. Increases in heart rate are primarily associated with increased SNS arousal. Alm interpreted this finding as support for the hypothesis that speech-related anxiety produces a “freezing response” associated with parasympathetic reduction in heart rate. We note that both of these prior studies included stuttered and fluent speech in their analysis. In order to compare SNS arousal during speech production in CWS and CWNS, we focused exclusively on fluent utterances. We examined PR during fluent and stuttered speech production in a separate study (Walsh and Usler, in press). Overall, these findings in studies of adults and children motivate future developmental studies of autonomic activation during speech and non-speech tasks in typical and atypical speakers.



Recording Autonomic Signals From Young Children: Methodological Issues

There are additional results from an earlier study from our laboratory (Arnold et al., 2014) in which an experimental design similar to the present study was used to compare normally fluent young adults (18 to 22 years) and school-age children (7 to 9 years) across a similar set of speech/non-speech tasks. The results of this experiment generally accord with our findings that children have higher SNS activation during a Valsalva maneuver, while young adults showed highest levels during a sentence production task. However, it is not possible to directly compare the results of this earlier experiment with the present findings, due to our strategy of using pre-task baseline measures to express relative amplitudes of the autonomic variables. It is well established that there is significant within-individual variability in autonomic measures (Dawson et al., 2007); therefore, experimenters often express task-related amplitudes relative to a baseline condition. Ideally, baseline data is collected immediately prior to performance of each experimental task, so that, for example, adaptation to the experimental environment over time would not affect the measures. This is straightforward to do in adult participants, who are able to rest quietly for a few minutes between experimental tasks (e.g., Weber and Smith, 1990). In Arnold et al. (2014) we used the same procedure, but shortened the inter-task rest periods, because children could not be still and rest for lengthier durations. As a result, some findings from this study were unintuitive and difficult to interpret. Measures of task-related changes from baseline in some cases were lower than the pretrial “rest” baseline intervals, suggesting lower SNS activation during task performance compared to rest. More likely, the pre-task rest interval was not long enough for arousal levels to return to baseline from the previous task and/or simply reflect variability in the child’s behavioral states during the inter-condition rest periods.

This is a significant methodological issue for studies of autonomic activity in children. We began the present investigation employing inter-task rest periods for baseline data, but it became apparent that this was again problematic. We changed our experimental procedures to include a longer rest interval before any experimental tasks were undertaken and controlled for baseline levels of SNS indices in our statistical models. Our results suggest that this procedural change was successful in allowing us to obtain a meaningful comparison of SNS activation across tasks. Namely, the indices of SNS activity (increases in skin conductance and decreases in BPV) follow similar patterns across tasks in both groups of children (Figures 2, 4). As expected, the resting baseline measures were a significant covariate across the SNS dependent variables (Table 1), and SNS variables were highly correlated across tasks (Figure 3). Pilot data made it clear that the high levels of autonomic activity accompanying the forceful blowing task required ample time to resolve. Therefore, we elected not to vary the order of performance of the MAX task, having participants complete it at the end of the experiment. We counterbalanced the order of the JAW, SENT, and PIC tasks across participants. Taken together, these methods yielded results that were not contaminated by task order or adaptation effects.



Behavioral Measures of Temperament and Communication Attitude

Several studies using parent-report measures have noted temperamental differences between groups of CWS and CWNS, although the constellation of these differences varies and effect sizes reported by Alm (2014) are small. These studies found differences in attention regulation between CWS and CWNS (Karrass et al., 2006), with studies documenting hyperfocus in CWS (Anderson et al., 2003; Eggers et al., 2010). CWS were also less able to regulate their emotions (Karrass et al., 2006) or were vulnerable to increased frustration and anger compared to CWNS (Eggers et al., 2010). Other studies using parent-report measures, however, have not found temperamental differences between CWS and CWNS (Reilly et al., 2013; Kefalianos et al., 2014, 2017). The results of Kefalianos and colleagues are particularly compelling as these measures were sampled longitudinally, beginning prior to the onset of stuttering. We also found similar temperamental profiles in groups of CWS and CWNS; thus, our results do not support the hypothesis that temperamental differences distinguish preschool CWS and CWNS. Our findings, however, do not address the possibility that early temperamental profiles would distinguish children at higher risk for persistent stuttering. Ambrose et al. (2015) noted a significant, albeit small effect, for persisting CWS to have higher negative affectivity compared to both CWS who recovered and CWNS.

Regarding communication attitudes, we found that CWS achieved significantly higher KiddyCAT scores indicating more negative communication attitudes compared to their fluent peers. Interpretation of this finding is complicated by the fact that the mean KiddyCAT scores we calculated for each group were approximately half of the means reported for CWS and CWNS for this measure (Vanryckeghem and Brutten, 2006). Thus, both groups of children self-reported relatively few negative responses on this measure. The KiddyCAT scores we noted do not accord with the scores reported by other studies administering the English version of the KiddyCAT to preschoolers (Vanryckeghem et al., 2005; Clark et al., 2012). Guttormsen et al. (2015) reviewed assessments of communication attitude in children aged 3–18 years and documented negative communication attitudes in CWS beginning in the preschool years with differences between groups of CWS and CWNS becoming more apparent with advancing age. As with the CBQ results, our KiddyCAT findings do not address the role that communication attitudes may play in persistent stuttering.



Relationships Among Physiological and Behavioral Indices

A logical question is whether indices of physiological arousal levels are related to stuttering severity or to dimensions of temperament as measured by the CBQ. Our analyses of relationships among skin conductance measures and stuttering severity revealed an unexpected, negative correlation between the WSI and SCL for the PIC task (Figure 5). The correlation suggests that children with more severe stuttering have lower levels of task-related SCL. If one examines Figure 5, however, it appears that the correlation is driven by outliers at either end of the scales. The majority of our sample of CWS had WSI scores in the 3–13 range, and the data points within this range of WSI, suggest no systematic relationship with SCL. There is also the problem of the relative undersampling of children with higher WSI scores. Thus, our results are inconclusive on this issue, however, we note that overall our findings suggest no relationship between early childhood stuttering and levels of SNS arousal during speech. We did not compute correlations among skin conductance measures and TOCS or KiddyCat scores, because these score distributions again undersampled the higher end of the two scales. We also found no significant relationships between SNS variables and the CBQ composite scores. Therefore, we conclude that there is no simple mapping between the physiological measures of sympathetic arousal in preschool children during speech and non-speech tasks and any of the behavioral variables.



CONCLUSION

Our results do not support the hypothesis we advanced concerning speech-specific increases in SNS arousal in CWS, nor do they support any predictable relationships among behavioral measures of stuttering severity, temperament, and physiological measures of SNS arousal. The finding that preschool children typically do not show the heightened levels of SNS activation during speech tasks has significant implications with regard to sympathetic arousal and speech production over the lifespan. They suggest that the coupling between SNS and speech sensorimotor systems develops with maturation, ultimately resulting in remarkably high levels of sympathetic activation during speech in typically fluent adults and in adults who have continued to stutter. Our study examines CWS at a single time point when these children are stuttering. Within the framework of the Multifactorial Dynamic Pathways Theory (Smith and Weber, 2017), the heterogeneous findings of tonic SCLs in CWS provides an important clue for future studies. It will be important to determine if relatively higher SCLs in some CWS represent a risk marker for persistent stuttering. Furthermore, noting that CWS showed small, but non-significant effect sizes for the measures of SCR frequency and BPV amplitude indicating higher transient SNS arousal compared to CWNS, these measures also warrant investigation as potential predictors of stuttering outcomes. Longitudinal studies are required to map the developmental course of functional linkages among neural systems involved in autonomic control and speech production in CWS as they recover or persist.
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Adults who stutter (AWS) display altered patterns of neural phase coherence within the speech motor system preceding disfluencies. These altered patterns may distinguish fluent speech episodes from disfluent ones. Phase coherence is relevant to the study of stuttering because it reflects neural communication within brain networks. In this follow-up study, the oscillatory cortical dynamics preceding fluent speech in AWS and adults who do not stutter (AWNS) were examined during a single-word delayed reading task using electroencephalographic (EEG) techniques. Compared to AWNS, fluent speech preparation in AWS was characterized by a decrease in theta-gamma phase coherence and a corresponding increase in theta-beta coherence level. Higher spectral powers in the beta and gamma bands were also observed preceding fluent utterances by AWS. Overall, there was altered neural communication during speech planning in AWS that provides novel evidence for atypical allocation of feedforward control by AWS even before fluent utterances.

Keywords: neural communication, speech, phase coherence, motor control, stuttering


INTRODUCTION

Stuttering is a speech production disorder involving the central nervous system, but the specific neurological basis is still unclear. Research suggests a genetic component (Shugart et al., 2004; Riaz et al., 2005; Jones et al., 2012; Nouri et al., 2012) may alter early brain structural development related to the speech production system (Sommer et al., 2002; Beal et al., 2007, 2013, 2015; Chang et al., 2008; Connally et al., 2014; Misaghi et al., 2018). Although this may impact sensorimotor and linguistic processing, there is a lack of understanding of how these structural differences affect the neural processes that underlie fluent vs. stuttered speech. Prior work has proceeded along two different lines (Belyk et al., 2015, 2017; Connally et al., 2018): one to identify state differences (reflecting differences associated with the moment of stuttering itself), and the other to identify trait differences [reflecting differences in people who stutter that distinguish between adults who stutter (AWS) and adults who do not stutter (AWNS) regardless of speech fluency]. In order to obtain information on the neural processes associated with either fluent or stuttered speech, an approach that can capture the dynamics of speech production is needed. In a previous study from this lab, neural phase coherence was found to be useful in assessing pre-speech neural activity in individuals who do not stutter (Sengupta et al., 2016). Communication within functional brain networks in humans is thought to be accomplished by neural phase coherence, reflecting synchronous firing of neuronal populations in goal-directed tasks such as speech production (Fries, 2005, 2015; Schroeder et al., 2008; Arnal et al., 2011; Varela et al., 2011; Mercier et al., 2015). It is hypothesized that there is a dis-integration in speech motor planning, as evidenced by a reduction in neural phase coherence within the speech production system that precedes stuttering disfluencies (Loucks and De Nil, 2006; Sengupta et al., 2017).

Evidence for this hypothesis comes, in part, from neuroimaging studies that have identified differences in brain regions of AWS under conditions that focus on the preparatory phase of speech production (Salmelin et al., 2000; Chang et al., 2009). A growing number of electroencephalography (EEG) and magnetoencephalography (MEG) studies tracking neural activity associated with speech production in AWS have revealed aberrant dynamics during speech planning activity in the beta band of AWS (Sengupta et al., 2017), as well as differences in evoked potentials and neural oscillations related to the fluent speech of AWS (Beal et al., 2010, 2011; Daliri and Max, 2015; Vanhoutte et al., 2015; Mersov et al., 2016). Suppression of beta power during the planning phase of overt speech is well-known (Hebb et al., 2012), and there is also emerging evidence that beta band motor activity is suppressed in the speech of those who stutter (Salmelin et al., 2000; Mersov et al., 2016). However, these studies have not assessed how coherence across the neural bandwidths contributes either to stuttering or fluency.

In a prior study from this lab, it was shown that AWS exhibit reduced sensorimotor adaptation during vowel production that was accompanied by aberrant neural phase coherence in theta-gamma bands compared to AWNS (Sengupta et al., 2016). In particular, another study from this lab showed that prior to the onset of stuttering, neural phase coherence in the gamma band increased in the frontal part of the scalp (Sengupta et al., 2017). This finding, which is consistent with neural overactivation, constitutes evidence for dysfunction in brain wave oscillations and offers potential for identifying the actual brain state that precedes moments of stuttering. The present study compliments the previous finding by testing whether neural coherence varies preceding fluent production of single words by AWS. Altered coherence during the planning of fluent utterances would suggest that the trait of stuttering is characterized by a core difference in how the speech motor network is coordinated. It should be noted that, although the sample in this study the same as the sample as in the previous study (Sengupta et al., 2017), the focus of the study is on the comparison of the fluent speech between AWS and AWNS. Moreover, the previous study did not include any analysis of the fluent speech in AWNS.

Overall, this study critically examines whether fluent speech behavior in AWS involves anomalous patterns of neuronal phase coherence prior to speech onset and provides a proof of principle for this approach, despite a relatively small sample size. Such anomalies, as measured by phase coherence between EEG frequency bands, reflect miscommunication within the speech motor network. Specifically, the beta band is expected to contribute to the trait of stuttering, due to its involvement in speech planning. Moreover, since theta and gamma bands are implicated in motor adaptation and motor memory, contributions from these bands are expected also to play a major role in understanding how fluent speech is produced by AWS.



MATERIALS AND METHODS


Participants

Participants included eight AWS [2F (females); 26 ± 1.3 years; mean and SE] with persistent stuttering and eight AWNS (3F; 22 ± 1.2 years). All participants were native English speakers with no known history of hearing or neurological disorders (other than stuttering). Participants received compensation for their participation. Stuttering frequency, assessed according to Systematic Disfluency Analysis (Gregory et al., 2003), ranged from 8.5% to 24%, with a mean of 15.4%. It should be noted that the chosen AWS participants are inhomogeneous in stuttering severity and for a better interpretation of the reported results more homogeneous samples need to be tested (see “Discussion” section below). All experimental procedures were approved by Northwestern University’s Institutional Review Board (IRB), and written informed consent was obtained from all participants. The experiments were performed in accordance with the relevant guidelines and regulations set by Northwestern IRB (adhering to Helsinki Declaration). An earlier article (Sengupta et al., 2017) focused only on the AWS for investigating the cortical state of disfluency.



Stimuli and Experimental Setup

The stimuli set included a list of 80 complex and multisyllabic target speech tokens (2–6 syllables long). Five of the tokens were real words, while others were nonwords that were either distorted slightly to form “word-like” nonwords (e.g., teslivision; 34 in total) or “less word-like” nonsense words (e.g., malubaishoi; 41 in total). The stimuli contained a majority of non-words in order to reduce word-familiarity. Phonotactic probability for both the real and nonwords was roughly equivalent (low frequency, like nonwords) and both stimuli sets produced qualitatively similar level of fluency.

The speech task involved reading aloud the target tokens while EEG signals were being continuously recorded from the scalp (Figure 1A). The tokens were displayed for 2 s. After a 0.5 s delay, a plus sign appeared (production prompt) that cued participants to read the word immediately and aloud (within 2 s). Cues regarding meaning or correct pronunciation were not provided. A real-time Labview system (National Instruments) was used to display the speech tokens. The 80 speech tokens were each repeated five times in groups of 40 blocks.
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FIGURE 1. Speech task and spectral power results. (A) Participants performed a delayed reading task in which target utterances were displayed for 2 s, followed by a prompt to read the displayed utterance aloud after a 0.5 s delay. The speech waveform corresponding to the utterance “clegtisprodup,” is shown. (B) Representative power traces for beta and gamma band are shown for adults who stutter (AWS; blue) and adults who do not stutter (AWNS; red). The 2.5-s portion of the power trace from the start of the word display to the appearance of the production prompt is shown at 0 s. Significant differences are shown to occur in time windows marked by rectangular windows. (C) Scalp electrode locations display significant power differences between the two groups. Effects were observed for beta band at electrode locations Fc1, Fc5, C5, Fc2, Fc4 and Cp4 and for gamma band at Fc1, C3, C5, Fc4, Fc6, C4, Cp2, Cp4, F5, F2, and Af4. White circles denote electrode locations that showed differences in phase coherence.



All experiments took place in a soundproof booth, and microphone output (Sennheiser ME-66) was recorded at 40 KHz. Each utterance was checked for the presence of disfluencies (specifically, part-word repetitions, prolongations, or blocks) by a speech-language pathologist with expertise in fluency disorders. Trials in which the stimuli were uttered before the prompt signal and those whose initiation exceeded the 2 s prompt window were discarded from the analyses (2.6% of all the trials). For each participant, a fluency score (whether a single speech token is fluent or not) was obtained by taking the percentage of fluent utterances over all trials. The mean fluency score on the single words produced in the experiment was 90.0 ± 2.9% (mean and SE) for the AWS and 98.7 ± 0.1% for the AWNS. This high rate of fluency is common for AWS on single-word productions.



EEG Acquisition and Pre-processing

A 64-channel Brainvision system was used to record EEG data at 512 Hz. The electrodes mounted on the scalp followed the standard 10–20 system, and the electrical impedances were kept below 10 kΩ. For the analyses reported here, electrodes over the occipital region, as well as electrodes over the extreme temporal and frontal regions, were excluded to reduce motion artifacts. Subsequent analysis involved 38 electrodes over the temporal, parietal, and frontal areas of the scalp (Sengupta et al., 2016, 2017). Participants were instructed to minimize eye blinks and head movements during word production. Brief pauses between trials and between blocks were provided to minimize fatigue and muscle tension. The real-time Labview system delivered a transistor-transistor logic (TTL) pulse at the moment of the stimulus display and also at the production prompt. These were used in subsequent offline analyses to align EEG signals with the spoken utterances.

The EEG signals were band-pass filtered offline between 0.75 and 55 Hz using a 2nd order Butterworth filter (EEGLAB toolbox, Delorme and Makeig, 2004). All trial event-related potential (ERP) epochs were aligned at the onset of production prompt and re-referenced at electrode Afz (Jarmolowska et al., 2013; Sengupta and Nasir, 2015). It should be noted that average reference was not used since the analyses did not include all scalp electrodes. The analyses reported in this article include a time window of 2,500 ms preceding the production prompt.

Stereotypical artifacts caused by muscular activity were removed by discarding epochs in which the scalp voltage at any of the electrode locations exceeded 75 μV. As a basis for further artifact rejection, the presence of aberrant temporal patterns and large negative kurtosis were detected (Sengupta and Nasir, 2015). Muscle artifacts were eliminated by detecting spectral peaks that coincided with muscle activation. Automated techniques based on independent component analysis (as implemented in EEGLAB toolbox, Delorme and Makeig, 2004) were used for artifact detection. About 15% of the trials were discarded due to artifact rejection. It should be noted that artifacts could also arise due to electromagnetic interference. In this study, however, no faraday cage was used to limit this type of artifacts.



Analysis of Neural Oscillations

Each trial epoch was first normalized by dividing it by the overall power. The normalized trials were then filtered using a 4th-order Butterworth filter to obtain the instantaneous power over four EEG frequency bands, which were theta (3–8 Hz), alpha (8–14 Hz), beta (14–30 Hz) and gamma (30–50 Hz). Instantaneous signal amplitude within each band was obtained using the Hilbert transformation, the square of which provides the instantaneous power. Neural phase coherence (Perfetti et al., 2011; Sengupta and Nasir, 2015) between lower frequency bands (theta and alpha) and higher frequency bands (beta and gamma) was computed by quantifying the degree of phase-locking between the two bands (custom-written Matlab scripts). Following the method proposed by Cohen (2008), a critical component in the computation of phase coherence is determining whether higher frequency power spectrum has a peak that is within the lower frequency range. Neural phase coherence was finally expressed as a number between 0 (perfect dyssynchrony) and 1 (perfect synchrony). Thus, phase coherence was evaluated for theta-beta and theta-gamma band pairs, and likewise for alpha-beta and alpha-gamma bands.

The phase-locking was computed using a 3 Hz long sliding frequency-window and a 400 ms long time-window that contained about 2–3 theta cycles and about 5 alpha cycles. The time-frequency spectrogram associated with neural phase coherence shows time on the horizontal axis and the upper-band frequencies (beta and gamma) on the vertical axis. The power time series of the higher frequency was first used to compute its instantaneous phase using the angle of its Hilbert transformation. Similarly, the instantaneous phase of the lower band signal was obtained using Hilbert transformation. Phase coherence between these two frequency bands was then computed for a given time window by taking the difference between their respective phase time series.

It should be noted that the computations of phase coherence can be impacted by spectral correlations present in the signal (Aru et al., 2015). Although using a fixed frequency-window may bias phase coherence analyses, the choice of small frequency-windows for the low-frequency bands, as done here, could mitigate the issue. Also, in order to ensure that filtering edge effects did not affect the computations, samples (equivalent to 20 ms) at the beginning and the end of the signal were excluded from further analysis.



Bootstrapping and Statistical Significance

Statistical significance was obtained using bootstrap sampling techniques (Efron, 1982) after correcting for family-wise error (Pantazis et al., 2005). For each electrode, a difference t-score was obtained between AWS and AWNS in the following way, using custom-written Matlab scripts: for each word, the mean power (or phase-coherence) time series was calculated then averaged over all words to give the mean power (or phase-coherence) for each participant. These scores across participants (16 in total) were used to calculate the difference t-score (mean difference between AWS and AWNS divided by pooled standard deviation) time series at each electrode location. Next, 4,000 bootstrap samples of size 8 + 8 (shuffling AWS and AWNS) were generated using sampling methods with replacement. On each bootstrap iteration, these two samples of size 8 were used to obtain a t-score. Thus, there were 4,000 t-score time series (or time-frequency series) for each electrode. The maximum of the absolute t-score overall electrodes and over the entire series was then used to obtain a distribution of maximum statistics (4,000 from all bootstrap samples). The 99.5th percentile of this distribution (corresponding to α = 0.005) was taken as the critical t-score. Electrode locations for which the difference t-score exceeded this critical value were considered to have shown a statistically significant difference.




RESULTS

This study compared neural phase coherence in AWS and AWNS to resolve the pattern(s) of neural communication preceding fluent utterances. Participants were cued to read aloud target speech tokens under continuous recording of EEG brain signals from the scalp (Figure 1A). The first objective in a neural coherence study is to identify EEG frequency bands and scalp electrode locations that showed significant differences in the contrast of interest, which in this case is the group comparison of AWS and AWNS preceding fluent utterances. The power traces in beta and gamma bands from representative electrode locations are shown in Figure 1B. These were also electrode locations for which significant coherence differences were observed. The spectral power activity in AWS (blue; Figure 1B) was characterized by less pronounced peaks (marked by rectangular windows) at multiple electrode locations. This finding suggests suppression of brain activity preceding and during fluent speech (AWNS in red). No patterns in the temporal electrode locations where significant differences were observed could easily be discerned. Figure 1C displays the power scalp plots showing electrode locations with significant differences (p < 0.005, after correcting for familywise error; see “Materials and Methods” section). Only the higher frequency beta and gamma bands showed significant differences in power, while the lower frequency theta and alpha bands did not. Beta band activity was more localized and showed largely bilateral fronto-temporal activation at electrode locations on the left hemisphere at Fc1, Fc5, C5 and on the right hemisphere at Fc2, Fc4 and Cp4. Gamma band activity, on the other hand, was more widespread and spanned the centro-parietal regions (Fc1, C3, C5, Fc4, Fc6, C4, Cp2, Cp4) and a small part of the frontal region (F5, F2, Af4). A slight right lateral bias for both scalp regions in both groups was observed for gamma-band activity. The white dots in Figure 1C mark the electrode locations showing significant differences in neural phase coherence.

Noting that the higher frequency bands showed significant power differences while the lower frequency bands did not, it was then investigated whether the lower frequency bands could have a modulatory role for the beta and gamma band powers as measured by cross-frequency phase coherence. The theta band had a significant role in modulating beta and gamma bands, but alpha band did not contribute to group differences in phase coherence (Figure 2A; p < 0.005, after correcting for familywise error). Theta-beta phase coherence was higher in AWS than in AWNS in time-frequency regions marked by rectangular windows. The symmetrically located bilateral electrodes Fc5 on the left hemisphere and Fc6 on the right hemisphere showed significant differences in time-frequency regions centered at 24 Hz and about 1 s prior to the production prompt. On the other hand, a significantly higher theta-gamma phase coherence was observed in AWNS than in AWS at right frontal electrode location Fc4, right parietal electrode Cp2, and left central electrode C3. At these electrode locations, significant differences were observed in time-frequency windows centered, respectively, at 33, 38 and 35 Hz, and approximately 0.6, 1.9 and 1.2 s prior to the production prompt. The differences in phase coherence were thus observed at specific time-frequency windows, rather than spanning across the entire frequency range of the bands involved. The effect sizes for the observed differences were greater than 0.8 (0.81 for theta-beta coherence and 0.86 for theta-gamma coherence) providing further support to the bootstrap based analyses reported here. Lastly, the coherence scalp plot of Figure 2B summarizes the electrode locations showing significant coherence differences that preceded fluent utterances. Overall, AWS and AWNS exhibited differential phase coherence profiles between the theta-gamma and the theta-beta band pairs involving a relative increase in theta-beta coherence for AWS, while AWNS had a relative increase in theta-gamma coherence.
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FIGURE 2. Comparisons of coherence patterns between AWS and AWNS. (A) Phase coherence spectrograms are scaled from −1 to 1. Only phase coherence involving theta band showed significant differences between the two groups. The ordinate of the spectrogram represents frequency range for the high-frequency beta and gamma bands, and the abscissa represent time, with 0 marking the appearance of the production prompt. Theta-beta coherence differences were observed at electrode locations Fc5 and Fc6 in time-frequency regions marked by rectangular windows, while theta-gamma differences were found at Fc4, C3 and Cp2. AWS had higher theta-beta coherence level, whereas AWNS had higher theta-gamma coherence. (B) Scalp electrode locations for which significant coherence differences between the two groups were observed. For theta-beta coherence, effects were observed at electrode locations Fc5 and Fc6 and for theta-gamma at Fc4, Cp2 and C3.





DISCUSSION

The present study examined the neural correlates of fluent speech preparation in a delayed word reading task using phase coherence. Pre-speech power differences between AWS and AWNS were observed in the high-frequency gamma and beta bands but not for alpha and theta bands. Subsequent evaluation of cross-frequency phase coherence between beta and gamma bands and the low-frequency theta band indicated significantly different coherence levels during speech planning in AWS.

These findings address the stochastic nature of disfluencies, which is a vexing problem for understanding and treating stuttering. If aberrations in the brain network that precede speech onset result in disfluencies, why are all words not affected equally? To answer this critical question, it is necessary to identify pre-speech patterns that differentiate AWS and AWNS for fluent (and disfluent) speech tokens. The absence of differences preceding fluent speech would imply that the neural activity in AWS for fluent speech is identical to AWNS and that a breakdown of such a pattern could lead to stuttering disfluencies. On the other hand, a significant group difference in neural coherence preceding fluent speech implicates a basic speech preparation anomaly (i.e., a trait difference) in AWS.

In a previous study from this lab, reduced speech motor adaptation under altered auditory feedback was observed in AWS preceding the word “head,” even in the absence of disfluency (Sengupta et al., 2016). This result pointed to a core difference in sensorimotor processing in AWS. This finding is supported by the power differences in beta and gamma bands in the AWS reported here, because these bands subserve sensorimotor function. Sustained gamma-band activity is present after the onset of visuomotor decision responses (Crone et al., 1998) and in self-paced finger movements (Ohara et al., 2000). Regarding beta activity, a large body of research suggests beta band is involved in motor planning and motor imagery (Leocani et al., 1997; Pfurtscheller et al., 1998) that could be vital for establishing communication between sensorimotor and other areas of the brain (Kilavik et al., 2013). The absence of alpha band changes prior to fluent speech onset is also an important finding in the present study. In previous studies (Sengupta et al., 2016, 2017) alpha band was found to be involved in stuttered utterances of AWS.

The phase coherence analysis revealed diverging patterns of neural communication preceding fluent utterances. Theta-beta coherence was higher in AWS compared to AWNS before speech onset, while the theta-gamma coherence was greater in AWNS. In AWS, the reduction in theta-gamma coherence level could be predicted based on the previously reported finding that theta-gamma coherence decreased during the formation of new feedforward models following speech motor adaptation for vowel production in AWNS (Sengupta et al., 2016). The decrease in theta-gamma coherence in AWS may signal that feedforward control, important for getting the speech production system in the optimal state for speech, is different from fluent controls. Stable feedforward control may play a role in facilitating fluency, while instability or disruption of feedforward control in AWS may predispose them to episodes of stuttering.

The altered preparatory phase preceding the fluent speech of AWS additionally showed increased theta-beta coherence. It has been suggested that sensory-motor integration during speech in AWS is reduced and variable, yielding an increased reliance on sensory feedback (Max et al., 2004; Loucks et al., 2012; Cai et al., 2014; Sares et al., 2018). Increased theta-beta coherence has been suggested to reflect a heightened state of sensory information processing (Engel and Fries, 2010). It is reasonable to suggest that producing complex nonwords may have elevated the need for sensorimotor integration in the AWS. In contrast, theta-gamma coherence has been suggested to form a code for representing multiple items sequentially (Lisman and Jensen, 2013). The current result from AWS during fluent speech production may be associated with a reduction in the information flow. Together, these tentative findings are consistent with a greater demand for sensory processing at the expense of up-stream networks associated with feedforward control. Further understanding of these relationships is important to better understand the distributed networks and their contribution to why AWS are able to speak fluently at some times and not at other times. The next step in extending these analyses is to identify the brain areas involved. By identifying the neural sources and the pattern of their interaction, neural phase coherence could be used to predict instances of stuttering. In particular, valid estimates of neural sources, obtained by controlling for the effect of volume conduction due to individual differences, will be required for a mechanistic interpretation of the idea that neural coherence taps into communication within speech motor network and potentially relates to models of speech production (Giraud and Poeppel, 2012).

Although it has been argued here that impaired sensorimotor processing primarily underlies stuttering, present findings could also be construed to support alternative explanations for disfluent speech. The involvement of the theta band could support the idea that impaired timing perception underlies stuttering Giraud and Poeppel (2012). Similarly, differences involving beta band implicate a role for cognitive functions, such as reduced attention, as contributing factors to stuttering (Ofoe et al., 2018). Altogether, maintaining fluent speech in AWS could be a multifaceted task where sensorimotor impairment is compensated by higher-order cognitive functions (Jackson et al., 2015; Bowers et al., 2018). Future lines of research could potentially tease apart relative contributions of these two factors in stuttering. Further, following the same reasoning as stated above, it can be argued that observed differences in neural phase coherence reflect compensatory strategies adopted by AWS to deal with stuttering. A resolution for this potential confound could come from investigations of neural phase coherence patterns in stuttering children who have not yet developed compensating mechanisms to offset their disfluent speech.

Our findings compliment the reports of neurological differences in AWS from resting state network differences in AWS and AWNS (Qiao et al., 2017; Ghaderi et al., 2018). The deviant speech production network(s) implicated in these studies could arguably be the same networks that elicited the altered coherence patterns prior to fluent speech onset in this study and the disfluencies reported previously (Sengupta et al., 2016). More research is clearly needed to determine if the current task-related findings can be related to the passive connectivity patterns of the resting state paradigm. Our findings add to the growing body of literature indicating speech motor planning differences in AWS. The widely referenced MEG study by Salmelin et al. (2000) is an early study that highlighted a potential anomaly in the left hemisphere during speech preparation. Very recently, Jackson et al. (2019) added to this evidence in their report that increased planning load elicited left hemisphere blood flow differences preceding fluent utterances.

The patterns of neural phase coherence in AWS and AWNS differ markedly, depending on fluent vs. disfluent speech conditions. For example, neural overactivation (Budde et al., 2014) is observed in the stuttering state that could arise from atypical theta-gamma coherence and alpha-gamma coherence in fronto-central scalp areas preceding disfluencies. In contrast, the beta band coherence with alpha and theta bands did not show any changes before disfluencies (Sengupta et al., 2017). During the fluent speech condition as reported here, however, only theta band coherences, theta-beta and theta-gamma, were found to be involved in phase coherence differences overlying centro-parietal scalp areas. It is, therefore, plausible that different brain networks are involved in maintaining fluent speech compared to networks engaged prior to and during disfluent speech. It is also plausible that more than one cortical process is engaged by the atypical networks shown herein. Persons who stutter have displayed altered inhibitory control (Markett et al., 2016) that could be mediating aspects of fluency. More work is still needed on the relationship between neural coherence and inhibition, but the possibility of multiple processes impinging on fluent speech production could be investigated within a coherence framework.

This is the first study to identify neural phase coherence differences associated with the speech planning phase preceding fluent utterances in AWS, but there are several caveats. First, the sample size was relatively low. Nevertheless, statistical analyses detected high effect sizes, and the stringent bootstrapping approach confers confidence that phase coherence-based methods could be useful in future studies of stuttering. However, a larger and more diverse sample in terms of severity and therapy history will certainly improve generalizability. Second, the stimuli, together with the experimental setting, lacks certain ecological validity. In the future, it would be desirable to extend the results reported here by incorporating sentence-level stimuli. Third, individual differences in neural organization are also reported in AWS (Wymbs et al., 2013), and will require new paradigms to capture how individual variation contributes to the stuttering trait. Lastly, a recent MEG study failed to find (Mersov et al., 2018) any significant differences in beta band power of fluent and disfluent speech of AWS. Nevertheless, the same authors did find differences in the beta band between fluent speech of AWS and AWNS. Overall, findings reported here suggest fluent speech in AWS could involve higher frequency modulations than their disfluent speech and the fluent speech of typical speakers. These findings present opportunities for understanding the transitions in neural activity that shift a speech attempt into a fluent vs. a disfluent trajectory. The marked differences among AWS that precede fluent speech provides more evidence for considering basic speech production trait difference in the pathophysiology of stuttering.



CONCLUSION

In this study of neural phase coherence, pre-speech power differences between AWS and AWNS were found in the high-frequency gamma and beta bands but not the lower alpha and theta bands. It was further observed that fluent speech of AWS was characterized by decreased theta-gamma phase coherence and a corresponding increase in theta-beta coherence level. Overall, this study provides more evidence that neural phase coherence is firstly sensitive to the presence of a speech production disorder and secondly, that distinct bands can signal altered aspects of speech planning.
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Deficits in basal ganglia-based inhibitory and timing circuits along with sensorimotor internal modeling mechanisms are thought to underlie stuttering. However, much remains to be learned regarding the precise manner how these deficits contribute to disrupting both speech and cognitive functions in those who stutter. Herein, we examine the suitability of electroencephalographic (EEG) mu rhythms for addressing these deficits. We review some previous findings of mu rhythm activity differentiating stuttering from non-stuttering individuals and present some new preliminary findings capturing stuttering-related deficits in working memory. Mu rhythms are characterized by spectral peaks in alpha (8–13 Hz) and beta (14–25 Hz) frequency bands (mu-alpha and mu-beta). They emanate from premotor/motor regions and are influenced by basal ganglia and sensorimotor function. More specifically, alpha peaks (mu-alpha) are sensitive to basal ganglia-based inhibitory signals and sensory-to-motor feedback. Beta peaks (mu-beta) are sensitive to changes in timing and capture motor-to-sensory (i.e., forward model) projections. Observing simultaneous changes in mu-alpha and mu-beta across the time-course of specific events provides a rich window for observing neurophysiological deficits associated with stuttering in both speech and cognitive tasks and can provide a better understanding of the functional relationship between these stuttering symptoms. We review how independent component analysis (ICA) can extract mu rhythms from raw EEG signals in speech production tasks, such that changes in alpha and beta power are mapped to myogenic activity from articulators. We review findings from speech production and auditory discrimination tasks demonstrating that mu-alpha and mu-beta are highly sensitive to capturing sensorimotor and basal ganglia deficits associated with stuttering with high temporal precision. Novel findings from a non-word repetition (working memory) task are also included. They show reduced mu-alpha suppression in a stuttering group compared to a typically fluent group. Finally, we review current limitations and directions for future research.

Keywords: stuttering, mu rhythm, sensorimotor integration, speech production, speech perception, working memory, internal models, basal ganglia


INTRODUCTION

Decades of research have converged on two distinct yet related neural mechanisms implicated in the neurophysiology of stuttering. These mechanisms are: (1) the basal ganglia mechanism that helps provide timing cues for speech and inhibit irrelevant neural information (Alm, 2004; Civier et al., 2010; Chang and Zhu, 2013; Chang et al., 2019); and (2) the sensorimotor system that helps guide articulatory movements via internal modeling (Max et al., 2004; Loucks and De Nil, 2006; Mersov et al., 2016; Chang et al., 2019). Despite the identification of compromise in these mechanisms, much remains to be understood regarding the neurophysiological breakdowns in these mechanisms that result in overt stuttering behaviors, how these breakdowns can be overcome to reinstate fluency and, how they may contribute to differences in cognitive function that are associated with stuttering. The developmental, intermittent and highly variable nature of stuttering combined with a limited temporal resolution that is inherent to some functional neuroimaging techniques have created challenges in separating trait- from state-related patterns of neural activity (Belyk et al., 2015, 2017) and thus, the separation of cause and effect when interpreting data.

To overcome the development barrier, neuroimaging data must continue to be acquired from children as close to the onset of stuttering as possible (Chow and Chang, 2017). Other barriers may be overcome by careful experimental design and the use of high temporal resolution neuroimaging tools such as electroencephalography (EEG) and magnetoencephalography (MEG). To identify mechanisms underlying stuttering in speech production, it is necessary to eliminate, or at least control for, the effects of overt stuttering on neural activation. By the same logic, it also is necessary to preclude the use of fluency enhancing techniques (e.g., speech restructuring strategies, choral speech, delayed auditory feedback, etc). As such, the best means of identifying trait-related differences in speech is to compare neural activity from spontaneously fluent utterances in people who stutter (PWS) and matched typically fluent speakers (TFSs; Jenson et al., 2018; Mersov et al., 2018). However, it should be noted even the perceptually fluent speech of PWS might be influenced by effects of the underlying pathology and therefore, interpretations need to be made cautiously (Armson and Kalinowski, 1994; Belyk et al., 2015).

Enhanced understanding of stuttering neurophysiology may be acquired through the study of related, non-speech cognitive functions. Perceiving speech has long been known to activate the same sensorimotor mechanisms that are involved in speech production (Callan et al., 2010; Bowers et al., 2013), with activation levels that typically correlate with task difficulty (Szenkovits et al., 2012). Thus, increased sensorimotor activity appears to be associated with cognitive resource allocation (e.g., attention and working memory) that increases to support more difficult tasks (e.g., discriminating in noisy backgrounds). The activity is likely because the same dorsal stream sensorimotor regions involved in speech production also can subserve general cognitive mechanisms such as attention and phonological working memory (PWM). Internal modeling mechanisms that drive sensorimotor integration are also strongly implicated in attention (Schröger et al., 2015) and working memory (Hickok et al., 2003; Buchsbaum and D’Esposito, 2019). Given the functional overlap, it perhaps does not seem surprising that the effects of stuttering can transcend speech production and impact cognitive function. Thus, the growing behavioral evidence of these cognitive effects in PWS (Byrd et al., 2015; Eggers and Jansson-Verkasalo, 2017; Eichorn et al., 2018; Coalson et al., 2019), make it necessary to understand their neural correlates. An added advantage of studying the effects of stuttering on cognitive function is that it can provide a valuable window into understanding how sensorimotor function differs in PWS without the potentially contaminating effects of overt stuttering.


Improving Temporal Resolution

One reason for continued limitations in understanding the neurophysiology of stuttering is the dearth of temporally precise neuroimaging data. Sensorimotor activity for speech begins prior to the onset of production as the speech mechanism prepares for movement. It is maintained throughout production and even persists after speech movements are complete as the system resets. All these different phases of motor execution contain potentially valuable information about the nature of sensorimotor compromise associated with stuttering. However, without precise temporal resolution and the ability to map neural activity to articulator movement, it is not possible to discern changes in sensorimotor control as they occur over the time course of speech production. Similarly, in perceptual tasks, improved temporal precision can differentiate between the contributions of various cognitive processes such as attention and working memory. EEG offers the temporal resolution necessary to address the dynamics of sensorimotor integration described above. Applied to stuttering, a number of recent studies have examined event-related potentials (ERPs) in speech motor preparation (Daliri and Max, 2015, 2018; Vanhoutte et al., 2016; Ning et al., 2017). Other studies have examined oscillatory power within specific frequency bands. For example, measures of alpha rhythm (8–13 Hz) power have been used to compare emotional reactivity in children who stutter (Arnold et al., 2011). Beta rhythms (15–25 Hz) are also receiving considerable attention as they are thought to encode information about motor-to-sensory predictions (e.g., forward models) and are particularly sensitive to temporal variability in the auditory domain (Fujioka et al., 2015). Beta power differences related to stuttering have been observed in a number of studies (Joos et al., 2014; Etchell et al., 2016; Mersov et al., 2016; Mock et al., 2016; Sengupta et al., 2017). Given the presence of stuttering-related differences across alpha and beta bands, our labs have conducted a series of studies (“Speech Production” “Auditory Discrimination Tasks” and “Phonological Working Memory” sections below) focused on the EEG mu rhythm which is characterized by the power in both alpha and beta frequencies.



EEG Mu Rhythm

Mu rhythms have been observed in raw EEG traces since at least the 1950s (Gastaut and Bert, 1954). They are typically characterized by a Rolandic (sensorimotor) source that is proximal to sites of integration for two basal ganglia loops involved in motor control (Dillon and Pizzagalli, 2007). Thus, power fluctuations in the mu rhythm may be influenced by both basal ganglia and sensorimotor functioning. Further, power in mu rhythms is highly sensitive to both movement-related and cognitive tasks. Traditional EEG measures often continue to define the mu rhythm within alpha frequencies (Pineda, 2005; Fox et al., 2016). However, since 1989 (Tiihonen et al., 1989; Taniguchi et al., 2000), MEG studies have been able to identify mu rhythms with single dipolar sources that include a smaller amplitude beta (15–25 Hz) peak, in addition to the traditionally observed and dominant alpha peak (Jones et al., 2009; Cheyne, 2013). Some researchers have claimed that the beta peak is a functionally non-distinct simple harmonic of the alpha band, based on observations that activity in the two bands is often highly correlated, especially in movement studies (Carlqvist et al., 2005; Brismar, 2007). Others acknowledge the importance of beta activity when looking at movement, but do not consider beta frequencies as part of the mu rhythm (McFarland et al., 2000; Hobson and Bishop, 2016).

However, there now exists ample evidence to support notions of unified mu rhythms consisting of both alpha and beta peaks with distinct yet functionally related responsivity patterns. Though mu rhythms can often be mapped to single dipole sources within sensorimotor cortex, when filtered into constituent frequencies, alpha bands tend to map to post-central sources, whereas beta bands map to precentral sources (Hari et al., 1997; Jurkiewicz et al., 2006; Ritter et al., 2009). However, perhaps most importantly, power in alpha and beta bands of the mu rhythm (henceforth mu-alpha and mu-beta) does not change at the same rate in movement studies (Hari et al., 1997; Hari, 2006; Stolk et al., 2019) and power in the two frequency bands can completely dissociate in cognitive studies (e.g., speech perception), clearly suggesting a functional distinction (Bowers et al., 2013; Brinkman et al., 2014; Jenson et al., 2014).



EEG Mu Rhythms Identified via Independent Component Analysis

Rather than using traditional channel-based measures of mu-alpha power, our labs have conducted a series of studies using independent component analysis (ICA) to identify mu rhythms (i.e., mu components) from raw EEG data. ICA is a blind source separation technique which assumes the underlying source signals are statistically independent and mix linearly at the level of the scalp (Stone, 2002). The application of ICA to scalp-recorded signals helps to overcome some of the weaknesses of EEG as a brain-imaging tool (Onton et al., 2006; Delorme et al., 2012). First, sources of neural activity identified by ICA are temporally independent and spatially fixed. Therefore, they are not influenced by volume conduction which is inherent to channel-based EEG measures. Second, ICA acts as an excellent filter for separating neural activity from muscle artifact. This attribute can be particularly valuable as myogenic components (e.g., from speech articulators) can be identified, such that neural activity can be mapped to muscle movement in speech production tasks (Jenson et al., 2014, 2018). Third, the use of realistic three-dimensional head models allows neural components identified through ICA to be back-projected to hypothesized cortical sources. Though spatial resolution may never reach the level of functional magnetic resonance imaging (fMRI), the use of more dense electrode arrays and individual head models provide source localizations with accuracy on the level of 15 mm3 (Mégevand et al., 2014; Sohrabpour et al., 2015), that combined with the spectral information and excellent temporal resolution, provide an effective means of mapping neural activity to behavior.



Spectral and Time-Frequency Analyses

EEG mu components identified via ICA are characterized by spectral peaks in both alpha and beta bands (Bowers et al., 2013; Jenson et al., 2014; Denis et al., 2017). This spectral characteristic is the primary heuristic for identification of mu rhythms, with localization to canonical sensorimotor regions serving as a confirmation of mu component identification following ICA. However, in the absence of depth recordings for comparison, it is impossible to categorically exclude the influence of non-sensorimotor sources of noise. Nonetheless, given the relative ubiquity within the field of cognitive neuroscience of using ICA to identify neural sources from scalp-recorded EEG data (over 1,500 studies listed in Google Scholar) we are confident that this represents a valid means for capturing sensorimotor activity. Once identified, basic spectral information (e.g., peak frequency and amplitude) can be compared across experimental conditions or between experimental groups. To this end, EEG spectral information has proven to be useful in identifying conditions such as dyslexia (Papagiannopoulou and Lagopoulos, 2016) and Parkinson’s disease (Caviness et al., 2016).

EEG mu rhythm spectra reflect the average power across frequencies during the time interval measured (i.e., an event). However, the clear advantage of EEG when measuring neural activity is the ability to perform time-frequency decomposition analyses. Time-frequency decomposition references spectral power across the time course of an event to the spectral power recorded during a (silent) baseline period to reveal fluctuations in oscillatory power known as event-related synchronization (ERS) and event-related desynchronization (ERD). Synchronization (higher oscillatory power) is typically interpreted as cortical inhibition whereas desynchronization (lower oscillatory power) is interpreted as cortical excitation (i.e., release from inhibition; Pfurtscheller and Lopes da Silva, 1999; Neuper and Pfurtscheller, 2001; Neuper et al., 2006). The ability to map neural activity in time is particularly useful in cognitive studies where it is important to identify attentional mechanisms that precede an event and working memory contributions that follow an event. Similarly, in motor tasks (such as speech production) neural activity can be traced from motor preparation, through the course of execution, and following execution as the system resets. In “Mu-alpha and Mu-beta in Movement and Cognitive Tasks” section below, we describe responsiveness patterns of mu rhythms in various tasks that we believe make them well-suited for stuttering research.



Mu-alpha and Mu-beta in Movement and Cognitive Tasks

Table 1 summarizes some general findings from studies in our lab (Bowers et al., 2013, 2019; Jenson et al., 2014; Saltuklaroglu et al., 2017; Thornton et al., 2019) showing response patterns of mu-alpha and mu-beta in speech production and auditory discrimination tasks. Interpretations of the activity are also provided with further elaboration in “Mu-alpha and Mu-beta Responses in Movement” and “Mu-alpha and Mu-beta Responses in Cognitive Tasks” sections.

TABLE 1. Descriptions and tentative interpretations of typical mu-alpha and mu-beta response patterns across time in movement and cognitive tasks from experiments in our lab (Bowers et al., 2013; Jenson et al., 2014; Saltuklaroglu et al., 2017; Thornton et al., 2019).
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Mu-alpha and Mu-beta Responses in Movement

Many movement studies have demonstrated that mu-alpha typically localizes to post-central gyrus (Hari et al., 1997) and begins to desynchronize prior to movement, continues to desynchronize more strongly during movement, and then resynchronizes as it rebounds past baseline power immediately following movement (Hari et al., 1997; Pfurtscheller and Lopes da Silva, 1999; Hari, 2006). Fluctuations in mu-alpha power prior to and following the movement clearly indicate sensitivity to sensorimotor processing. This is corroborated by findings of mu-alpha desynchronization in the absence of movement to motor imagery tasks along with visual and auditory perception tasks (e.g., speech) that convey movement. Such findings have typically been interpreted as mu-alpha desynchronization indexing sensory-to-motor feedback. However, in real movement tasks, the strongest mu-alpha suppression, found during movement, is thought to capture a primary somatosensory response in addition to sensorimotor feedback (Jenson et al., 2018).

Mu-beta shows very similar response properties in movement tasks to mu-alpha, with slight differences in the timing of pre-movement desynchronization and post-movement rebound (Hari et al., 1997; Hari, 2006). Also, similar to mu-alpha, mu-beta desynchronizes in response to motor imagery (McFarland et al., 2000) and in visual or auditory perception tasks that represent or imply biological movement. Consistent with sources in pre-central gyrus, mu-beta desynchronization is associated with motor activity (Hari et al., 1997; Hari, 2006). In the absence of movement, it is thought to capture motor-to-to sensory transformations (i.e., forward models that are predictions of sensory consequences and compared to available feedback). Given that stuttering is hypothesized to be related to weak/unstable forward modeling (Max et al., 2004), mu-beta fluctuations in speech are likely to continue to prove sensitive to influences of stuttering (Jenson et al., 2018). However, analogous to mu-alpha, during movement, the strongest mu-beta desynchronization is thought to result from both a primary motor combined with the sensorimotor response.

Based on the descriptions above, in movement tasks including speech, both mu-alpha and mu-beta desynchronization likely capture primary somatosensory and motor responses respectively during movement concomitantly with sensorimotor responses during and surrounding (i.e., preceding and following) the movement. In the context of speech production, the contributions to mu desynchronization may be akin to those from internal and external loops, with internal loops representing the sensorimotor contributions and the external looping representing the primary motor and somatosensory feedback contributions (Houde and Nagarajan, 2011, see Figure 1). Thus, when making comparisons of mu activity from motor tasks, it is necessary to control as much as possible for the movement to ensure that primary motor/somatosensory contributions to mu desynchronization are similar and therefore, differences observed can be attributed to sensorimotor function. For this reason, making comparisons of mu activity in stuttered and fluent speech may prove difficult. Even when controlling for primary motor/somatosensory contributions (e.g., within fluent speech), robust contributions to mu desynchronization from primary somatosensory and motor responses to the signal may decrease sensitivity in contrasts of sensorimotor activity (Jenson et al., 2018).
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FIGURE 1. (A) The spectral plot of mu rhythm with alpha and beta symbols identifying the frequency peaks. Plot derived from data presented in Jenson et al. (2014). (B) Simplified schematic of State Feedback Control with the internal sensorimotor loop outlined in blue and the external primary motor/sensory loop outlined in red. Alpha and beta symbols indicate the sensitivity of mu bands to the distinct internal and external loop processes. Within the internal loop, mu-beta captures forward models, which represent sensory predictions of the upcoming motor plan and are encoded in projections from the premotor cortex to auditory and somatosensory cortices. Following a comparison between forward model predictions and sensory targets in auditory and somatosensory cortices, any mismatch is mapped onto corrective motor commands and returned to the premotor cortex via an inverse model (encoded in mu-alpha) for ongoing motor planning. Within the external loop, mu-beta encodes the primary motor response, while mu-alpha encodes sensory feedback to the premotor cortex based on the available reafference.



Consequently, measurements of mu activity prior to and following speech production are likely to provide the best measures of sensorimotor activity. Pre-movement beta oscillations are influenced by anticipation errors and uncertainty (Engel and Fries, 2010; Torrecillos et al., 2015; Palmer et al., 2016), whereas post-movement beta rebound (resynchronization) is thought to provide an index of error evaluation from the preceding movement (i.e., uncertainty; Tan et al., 2014), both of which may be influenced by stuttering. Further insight into stuttering also may be gleaned by using covert (imagined) speaking tasks that recruit the sensorimotor system without the need for overt production (Tian et al., 2016) or, the use of cognitive tasks which are known to recruit sensorimotor function.



Mu-alpha and Mu-beta Responses in Cognitive Tasks

Links between speech-related motor and cognitive processes have been investigated since the controversial Motor Theory of Speech Perception (Liberman et al., 1967). The discovery of mirror neurons linking perception to action provided some support for this theory (Rizzolatti and Arbib, 1998). However, it is now generally accepted that speech perception does not entail an obligatory motor response, though when observed, motor activity tends to increase with perceptual task demands (Szenkovits et al., 2012). In addition, temporally sensitive measures have demonstrated that motor activity in speech perception can occur prior to and following perception, suggesting that it plays a larger role than simply a direct mirror neuron-induced sensory-to-motor transformation that is observed only while speech is being perceived (Jenson et al., 2014). Thus, it is becoming clearer that motor activity observed in perception is related to sensorimotor function. The sensorimotor system alongside the basal ganglia, and in coordination with the prefrontal cortex appear to engage prior to and following perception to support cognitive processes (i.e., attention and working memory) in which perception is grounded (Heald and Nusbaum, 2014).

Heightened attention to a task is often marked by early beta desynchronization prior to stimulus processing. Similar to interpretations of mu-beta desynchronization in movement, mu-beta desynchronization in cognitive tasks is considered an indicator of top-down forward modeling used to make predictions about forthcoming stimuli (Arnal and Giraud, 2012). Interestingly beta fluctuations in cognitive tasks are influenced by auditory input, and especially to sound omissions and changes in the timing of auditory stimuli (Fujioka et al., 2015). Attentional mechanisms also influence alpha rhythms including mu-alpha oscillations. Early alpha synchronization, conveying cortical inhibition, is often observed in cognitive tasks. Inhibition is thought to reflect active inhibition of information that is irrelevant to a task or, of cortical regions that are not involved in tasks (Jensen and Mazaheri, 2010; Jenson et al., 2014). When observed in mu-alpha, it may be considered an indicator of the basal ganglia exerting inhibitory influences on sensorimotor processes (Bönstrup et al., 2015). Access to inhibitory mechanisms such as these may be particularly useful when applied to stuttering, which is thought to be associated with reduced inhibitory capacities. Given the oscillatory patterns described above, mu activity in early attentional mechanisms is particularly interesting. It is possible to observe a clear dissociation between mu-alpha (synchronization) and mu-beta (desynchronization) across time, showing how these functionally distinct bands of the same rhythm contribute to attentional mechanisms via cooperative inhibition and prediction mechanisms. As forward modeling, inhibitory processes, and attentional mechanisms are implicated in stuttering, it is highly likely that measurements from this time early time period will be sensitive to differences between stuttering and non-stuttering populations (see discussion of Saltuklaroglu et al., 2017 in “Auditory Discrimination Tasks” section).

This rich source of combined excitatory and inhibitory information measured across time is not available via other techniques such as fMRI due to poorer temporal resolution and the inability to distinguish spatially co-located predictive and inhibitory processes. This is because the balance of neural activity within a given patch of the cortex (i.e., voxel) is governed by both excitatory and inhibitory processes, leading to increases and decreases of cerebral blood flow, respectively (Devor et al., 2007; Goense et al., 2012). Hemodynamic signals related to opposite changes within a given voxel may cancel each other out, with the observed hemodynamic response reflecting the difference between co-localized excitatory and inhibitory processes rather than absolute measures of excitation and inhibition (Xu, 2015).

Alongside attention, working memory function is critical to the successful completion of cognitive tasks as perceived stimuli are retained for task-related processing. Neural correlates of working memory can be clearly observed in event-related EEG data (Schneider et al., 2017; Jenson et al., 2019). Many lines of research have demonstrated strong post-stimulus strong alpha and beta desynchronization following stimulus offset, which is interpreted as the processing of stimuli while held in working memory. This also is the most consistent finding in our studies that require participants to make same/different judgments regarding pairs of auditory stimuli (Bowers et al., 2013; Jenson et al., 2014; Thornton et al., 2018, 2019). It is interesting to note that this is the same pattern that is observed in overt and covert speech production (Jenson et al., 2014), suggesting that at some level, perceived acoustic information is being covertly replayed as is retained in working memory. It is also particularly interesting that retention of information within PWM may operate via the instantiation of the same forward and inverse modeling mechanisms that drive overt speech (Alho et al., 2012; Pickering and Garrod, 2013) and may be compromised in PWS. Saltuklaroglu et al. (2017) (see “Time-Frequency Differences” section for more in-depth discussion) did not find post-stimulus mu rhythm oscillatory differences between PWS and TFS in an auditory discrimination task. However, they did not employ a task that was designed to load working memory. In contrast, new findings from the Bowers lab (see “Design and Hypotheses of the Preliminary Study” section for a more detailed discussion) employ tasks designed to load working memory for nonword syllable sequences that have previously been associated with differences in behavioral accuracy between PWS and TFS and are revealing mu oscillatory differences during the task.

Based on the descriptions above, there are at least three compelling reasons why we argue that measurements of mu rhythms can shed much-needed light on the neurophysiology of stuttering: (1) the anterior sensorimotor regions over which they are recorded integrate input from both internal modeling and basal ganglia loops; (2) mu-alpha and mu-beta can capture distinct contributions from sensorimotor feedback and forward modeling (respectively) with basal ganglia influences over the time course of an event; and (3) the ability to capture patterns of both synchronization and desynchronization of neuronal populations provides valuable measures of inhibition and activation that illuminates precisely how neural activity changes within a single event. This stands in contrast to measures that simply average neural activity across an event, possibly without a means of capturing inhibitory contributions. To this end, we will briefly summarize two of our published studies showing differences between matched PWS and TFS in fluent speech production and in auditory discrimination tasks. We will then present some new data showing group differences in a repetition task that recruits working memory processes.





SPEECH PRODUCTION

A number of studies have identified mu oscillatory activity during speech production (Jenson et al., 2014; Mandel et al., 2016; Kittilstved et al., 2018), and the sensitivity of mu oscillations to internal modeling processes makes them well-suited to interrogate notions of compromised sensorimotor processing in PWS. However, in order to better understand how underlying sensorimotor function for speech differs in PWS relative to TFS, it is necessary to compare EEG recordings from spontaneously fluent speech that is free from overt stuttering or therapeutic fluency enhancing strategies. Jenson et al. (2018) capitalized on the abilities of PWS to produce spontaneously fluent simple utterances and the temporal precision of EEG to compare mu oscillatory activity from PWS and TFS during covert (i.e., imagined) and overt production of orthographically presented syllable pairs and words. To ensure that subjects refrained from movement during covert production trials, raw channel data were visually inspected, and any trials in which the peri-labial electromyographic (EMG) channel demonstrated large deflections from baseline were excluded from further analysis. The raw EMG channel data from covert and overt syllable production trials is shown in Figure 2 to demonstrate the effectiveness of visual inspection for exclusion of trials containing movement. Neural data from stuttered trials were also excluded from the analysis. Using ICA, Jenson et al. (2018) were able to identify mu components and peri-labial EMG components. Time-frequency decompositions of the EMG component confirmed that the two groups were behaviorally equivalent on speech tasks with respect to timing and strength of muscle activity. The EMG data could then be mapped temporally to the neural data, which revealed a number of group differences (discussed in “Overt Speech Differences” to “Right Hemisphere Comparisons” sections below).
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FIGURE 2. Peri-labial electromyographic (EMG) channel data from all subjects in covert (SylC) and overt (SylP) syllable production following a visual inspection. The vertical dashed line in each graph represents the cue to initiate production. While peri-labial EMG activity in SylP is characterized by preparatory activity prior to the cue to speak followed by robust activity following the speech cue, minimal peri-labial activity is observed over the time course of SylC. Data has been adapted from Jenson et al. (2018).




Overt Speech Differences

In overt production conditions, both PWS and TFS produced weak left hemisphere mu-alpha and mu-beta desynchronization prior to the cue to initiate production, with robust desynchronization emerging following the cue to produce speech and temporally aligned with the onset of peak EMG activity (Figure 3). The presence of weak mu-alpha and mu-beta desynchronization during orthographic stimulus presentation was interpreted as evidence of the speech network setting up (Gehrig et al., 2012), such that participants were ready to initiate production when cued. During word production, PWS produced weaker mu-alpha and mu-beta desynchronization across the time course of speech production, which were interpreted within the framework of State Feedback Control (Houde and Nagarajan, 2011) as evidence of reduced internal modeling activity in line with the proposals of Max et al. (2004). Specifically, reduced mu-beta desynchronization was interpreted as evidence of weak forward modeling, while reduced mu-alpha desynchronization was interpreted as evidence of reduced evaluation of sensory feedback. This interpretation was supported by the lack of differences in either the strength or timing of peri-labial EMG in overt production conditions. As the strength and timing of movement parameters are encoded in sensorimotor oscillations (Korik et al., 2018; Li et al., 2018), primary motor and somatosensory (i.e., external loop) influences on mu activity cannot account for observed group differences, and we propose that they represent differential internal modeling activity within the internal loop. As these differences were present in spontaneously fluent speech, we suggest that they represent an underlying sensorimotor instability that predisposes the speech of PWS to breakdown. However, in order to more fully interrogate internal loop dynamics in PWS, it remains critical to examine sensorimotor activity arising from covert speech tasks, in which external loop activity is not elicited.
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FIGURE 3. Event-related spectral perturbation (ERSP)-decomposed left hemisphere mu and peri-labial EMG data from overt word production. The vertical dotted line represents the cue to initiate production. (A) ERSP data from fluent controls. (B) ERSP data from participants who stutter. (C) Between-group statistical comparisons with cluster corrections for multiple comparisons. Red voxels are significant at p < 0.05 (corrected). (D) Peri-labial EMG activity. The vertical magenta line illustrates the temporal concordance between the emergence of robust alpha and beta desynchronization, statistical differences, and the onset of peak EMG activity. Data has been adapted from Jenson et al. (2018).





Covert Speech Differences

In covert syllable production, patterns of mu activity were similar, yet weaker than those observed during overt production (Figure 4). This is consistent with the notion that the influence of sensorimotor and primary motor/somatosensory responses on mu oscillations are additive in nature. As covert speech is supported by internal modeling processes (Tian and Poeppel, 2010, 2012; Tian and Poeppel, 2013), without the primary motor/somatosensory responses elicited during covert movement tasks, differences are interpreted as being solely related to sensorimotor function. Weaker mu-alpha and mu-beta desynchronization were observed in PWS compared to TFS, paralleling the group differences observed during overt word production. Reduced mu-beta desynchronization in PWS was interpreted as evidence of reduced forward modeling consequent to a trait-related sensorimotor deficit. Reduced mu-alpha desynchronization in PWS was interpreted to suggest that in the absence of reafference, sensory feedback estimation via the internal loop is compromised. This inability to internally estimate sensory feedback thus exacerbates compromises to forward modeling.
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FIGURE 4. ERSP-decomposed left hemisphere mu data from covert (SylC) and overt (SylP) syllable production. The vertical dotted line represents the cue to initiate production. (A) ERSP data from fluent controls, with the right-most column representing within-group differences. (B) ERSP data from participants who stutter, with the right-most column displaying within-group differences. (C) Between-group differences. All statistical comparisons employed cluster corrections for multiple comparisons, and red voxels represent significant differences at p < 0.05 (corrected). Data has been adapted from Jenson et al. (2018).



An inability for PWS to estimate sensorimotor feedback through the internal loop is corroborated by within-group differences between covert and overt syllable production. In TFS increased mu-alpha and mu-beta desynchronization was noted from ~400 to 1,200 ms following the cue to produce speech, which aligned with the time course of peak EMG activity (Figure 4). As this increased activity in the presence of a movement requirement is restricted to the time course of movement, it likely reflects the contributions of the primary motor (beta) and somatosensory (alpha) responses on mu activity. In contrast, PWS demonstrated significantly increased mu-alpha/beta desynchronization prior to and throughout speech production, suggesting that this increased mu activity reflects more than the additive effect of primary motor and somatosensory responses. It may be proposed that the presence (or potentially even the anticipation) of reafference primes the sensorimotor system in PWS, compensating for underlying sensorimotor deficits and enabling internal modeling activity in the compromised left hemisphere. This increased mu activity in PWS in the presence of a movement requirement may mask the underlying sensorimotor deficits observed during covert syllable production, accounting for the lack of group differences during overt syllable production.



Right Hemisphere Comparisons

In contrast to the robust differences observed in the left hemisphere, no group differences observed in the right hemisphere mu activity in any condition. This finding was unexpected given existing notions of right hemisphere compensation for a compromised left hemisphere sensorimotor mechanism (Preibisch et al., 2003; Neumann et al., 2005; Kell et al., 2009). While these findings may appear to undermine notions of right hemisphere compensation in PWS, it is critical to consider the relative contributions of right and left hemispheres to sensorimotor processing for speech. In TFS, right hemisphere patterns were similar, yet weaker than those observed in the left hemisphere, consistent with reports that sensorimotor transformations for speech are bilateral (Cogan et al., 2014) yet left hemisphere dominant (Hickok and Poeppel, 2007). However, the lack of such a hemispheric decrement in PWS suggests that the contribution of the right hemisphere is proportionally larger in PWS. Consistent with notions that PWS are overly reliant on sensory feedback (Max et al., 2004) and reports that corrective feedback signals are mediated by the right hemisphere (Tourville and Guenther, 2011), these findings suggest a proportionally larger contribution of reafference to speech motor control in PWS. However, more work is necessary to clarify differential hemispheric contributions to sensorimotor control for speech in PWS.



Interpretation

The significantly reduced mu-alpha and mu-beta desynchronization across the time course of spontaneously fluent overt speech and covert speech production suggests that even the fluent speech of PWS is characterized by differential sensorimotor activity. This underlying sensorimotor deficit makes the speech of PWS characteristically unstable and prone to breakdown. However, several questions remain to be addressed. First, it is not apparent why, if these sensorimotor deficits are present in even the fluent speech of PWS, speech disruptions are only intermittently present. Second, it remains unclear how these findings relate to the results of Mersov et al. (2016), who reported elevated mu-beta desynchronization prior to speech in PWS, interpreting it as a stronger facilitatory signal needed to disinhibit a more strongly inhibited motor system. Third, as internal modeling processes are active across a number of perceptual, cognitive, and motor-based processes, it remains unclear why the behavioral characteristics of stuttering are restricted to speech production. Future work is necessary to clarify these and other questions regarding sensorimotor influences on stuttering.




AUDITORY DISCRIMINATION TASKS

Many studies have evaluated sensorimotor activity during speech and tone discrimination tasks. Activity is typically heightened in more difficult listening conditions, such as in the presence of noise. Therefore, in order to observe sensorimotor activity in a cognitive task that eliminates mu activity related to movement (and possibly stuttering) Saltuklaroglu et al. (2017) compared mu rhythm spectra and oscillatory activity in a control condition (passively listening to white noise at 70 dB SPL) and four auditory discrimination conditions. The discrimination conditions required participants to make same/different judgments of either syllable or tone pairs in either quiet or noisy (+4 dB SNR) backgrounds. Group differences were found both in mu spectra and event-related oscillatory power (discussed in “Spectral Differences” and “Time-Frequency Differences” sections below).


Spectral Differences

PWS displayed mu spectra with lower mu-beta amplitudes bilaterally across the control condition and all experimental conditions (Figure 5B). In other words, mu-beta spectral peaks were reduced in PWS regardless of the task, stimuli, or the presence of noise. Considering that mu-beta rhythms are thought to encode forward models, these findings appear to be consistent with stuttering being related to weak or unstable forward modeling (Max et al., 2004). The findings raise the possibility that reduced mu-beta amplitude might be a neural biomarker for stuttering. However, as data were recorded from an adult cohort, it must be considered that observed spectral differences may be influenced by cortical reorganization due to a lifetime of stuttering (Doyon and Benali, 2005; Dayan and Cohen, 2011). To bolster notions of reduced mu-beta amplitude constituting a biomarker for stuttering, it is necessary to test children who stutter close to the age of onset to minimize the potential for neuroplastic change secondary to a prolonged period of stuttering. Additionally, it is necessary to evaluate mu-beta power in resting-state tasks in which the spectra are least influenced by oscillatory activity related to cognition or movement. While future work is required to validate notions of a spectral biomarker for stuttering, this paradigm holds promise for identifying children at risk, raising the tantalizing possibility of early intervention prior to the onset of stuttering.
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FIGURE 5. (A) Van Essen image average template of left mu source (localized to BA6-premotor cortex). (B) Comparison of mu spectra for one condition (TN—discriminating tones in noise) showing significant differences in mu-beta (shaded) spectral amplitudes. All conditions showed this difference bilaterally. (C) Time-frequency decompositions of mu-alpha and mu-beta relative to baseline, showing significant group differences in PN (passive noise), TN and SN (discriminating syllables in noise). For TN and SN, stimuli were presented from time = 0–600 ms. Therefore, pre-stimulus attention is measured prior to 0 ms and post-stimulus working memory is measured after 600 ms. Warmer colors (e.g., yellow) depicts event-related synchronization (ERS) and cooler colors (e.g., blue) depict event-related-desynchronization (ERD). Data has been adapted from Saltuklaroglu et al. (2017).





Time-Frequency Differences

In contrast to the spectral data, only the conditions that involved background noise produced group differences in the time-frequency decomposition analysis (Figure 5C). These differences were only found in the left hemisphere. The most surprising finding was that PWS demonstrated bilateral mu-beta desynchronization in the control condition that only entailed passively listening to noise. As beta desynchronization is considered a motor response, this finding suggests that the introduction of task-irrelevant noise is sufficient to elicit motor activity in PWS. A number of questions arise from this finding. Does background noise impact speech fluency? The presence of high-intensity masking noise sufficient to drown out acoustic reafference from speech has been demonstrated to enhance fluency for some PWS (Block et al., 1996; Fiorin et al., 2019). However, the levels presented in this study were only 70 dB and no speech production tasks were included in the experiment. Thus, questions remain regarding the impact of lower levels of background noise on speech fluency.

In the noisy discrimination conditions, patterns of mu-alpha and mu-beta oscillations relative to baseline can be observed across the time course of discrimination events. While both groups displayed mu oscillatory activity consistent with processing and retaining auditory stimuli in working memory, differences were observed in the early attentional segment of the event. TFS displayed patterns of mu-alpha synchronization that have been observed in similar studies. As it was only observed in the noisy conditions, it was interpreted as task-related inhibition that functions to suppress irrelevant information (i.e., background noise). This early inhibitory activity was significantly reduced in PWS in the left hemisphere (Figure 5A), a finding that appears to be consistent with reports of reduced auditory gating (Kikuchi et al., 2011) in basal ganglia based inhibitory mechanisms of PWS (Civier et al., 2010). Importantly, however, the presence of background noise did not impact the PWS ability to discriminate any more than TFS. Thus, additional questions arise regarding the impact of noise on cognitive function in PWS. With reduced inhibitory function, are PWS able to compensate for background noise in other ways? Will higher levels of background noise produce significant reductions in discrimination abilities? Do PWS have a lower tolerance for background noise?




PHONOLOGICAL WORKING MEMORY


Background and Need for Preliminary Data

In addition to speech production and auditory speech processing, the mu rhythm may also be useful for examining how sensorimotor cortex rhythms are related to maintaining phonological representations in working memory and in executing a sequence of speech sounds from working memory. A commonly used task for investigating PWM is a nonword repetition task in which a given subject is required to listen to a sequence of speech sounds that conforms to phonological rules in the language but has no lexical representation or semantic content (Baddeley, 2012). The task requires listening to and encoding the sounds, holding them in working memory, and then reproducing the sounds in the order in which they were presented. A growing body of evidence implicates load-dependent differences in nonword repetition in both children (CWS) and adults (AWS) who stutter compared to matched controls (Bowers et al., 2018; Ofoe et al., 2018). Recent studies investigating nonword repetition tasks have demonstrated overall lower performance in both preschool CWS (Spencer and Weber-Fox, 2014; Pelczarski and Yaruss, 2016) and AWS (Byrd et al., 2012, 2015, 2017, 2018; Coalson and Byrd, 2017).

In preschool CWS, the available evidence suggests that differences in nonword repetition are subclinical and load-dependent and in adults differences are apparent only under high loads at the limit of typical capacity to hold speech sounds in memory (e.g., 7 syllable nonwords) or under other syllable stress-related load manipulations (Bowers et al., 2018). Further, nonword repetition has been reported to differentiate preschool CWS who persist from those who recover, suggesting that the underlying cognitive capacities supporting PWM may be a marker for the phenotypic expression of recovery or persistence among other cognitive-linguistic capacities (e.g., syntax; Spencer and Weber-Fox, 2014; Usler and Weber-Fox, 2015). Despite its potential significance as a simple measure that could be useful both in a clinical setting and as a construct in theoretical frameworks, one barrier to understanding why CWS and AWS are different on the task has been separating various cognitive and corresponding neurophysiological processes associated with task performance and behavioral accuracy (Bowers et al., 2018).

Nonword repetition tasks require at least sustained attention to speech sounds over a number of trials, the capacity to hold the speech sounds for up to a few seconds, and then to accurately execute the sequence in the order it was presented. Further, both CWS and AWS present with subtle differences in a number of cognitive capacities that could affect behavioral performance on a nonword repetition task, including attention/executive function (Postma and Kolk, 1993; Alm, 2004; Eggers et al., 2012, 2013; Eggers and Jansson-Verkasalo, 2017), phonological encoding (Postma and Kolk, 1993), speech planning (Howell and Au-Yeung, 2002), speech-sound processing (Neef et al., 2012; Saltuklaroglu et al., 2017), and differences in speech-motor control for execution interacting with cognitive and emotional factors (Namasivayam and van Lieshout, 2011; Smith and Weber, 2017). In addition, it is also unclear how factors such as working memory load (e.g., number of syllables) contribute to observed differences in previous studies (Pelczarski and Yaruss, 2016).

It is possible that any one of these processes or an amalgam accounts for the difference in behavioral performance and it is unclear from behavioral studies alone what processes account for differences in speech-motor output (Spencer and Weber-Fox, 2014). As an example, speech-motor output, measured as incoordination in speech articulators (i.e., lip aperture variability), differs significantly in a nonword repetition tasks even when no behavioral differences are observed at lower loads (e.g., 4 syllable repetition), suggesting that while motor control differs in AWS and CWS it may be distinct from behavioral accuracy (Smith et al., 2010, 2012). As such, it will be critical in the future to enhance understanding of what cognitive and sensorimotor processes are related to or mediate differences in nonword repetition performance and in turn the mechanistic processes underlying differences in PWM (Bowers et al., 2018).

A number of neurophysiological frameworks propose that prefrontal, premotor and sensorimotor systems mediate short-term phonological storage in coordination with temporal and temporal-parietal regions critical for sensorimotor integration in speech production (Hickok and Poeppel, 2007; McGettigan et al., 2011; Herman et al., 2013; Majerus, 2013). In particular, a network of regions known as the dorsal stream may play a critical role in mapping acoustic speech sound representations to the motor commands required to produce them as children learn new lexical representations and to produce speech-sounds in the context of words (Hickok et al., 2011). Neuroimaging studies have demonstrated that the dorsal stream is active in tasks requiring the repetition of sequences of speech sounds after a delay period, suggesting that sensorimotor integration in the dorsal stream may play an important functional role in PWM (Hickok et al., 2003; Markiewicz and Bohland, 2016; Perrachione et al., 2017). Recent studies using MEG and EEG have provided evidence that timely coordination between dorsal stream premotor and the parieto-temporal regions during the maintenance of syllable sequences is related to repetition performance and processing load (Herman et al., 2013). The timely coordination between cortical rhythms in the premotor cortex and parieto-temporal junction, in particular, may be critical for the accurate reproduction (i.e., motoric execution) of syllable sequences from working memory over the sensorimotor cortex. In other words, high time-resolution approaches suggest that coordination between premotor, posterior sensory and motor cortices bilaterally at different phases of the task may be required both for maintaining syllable sequences in working memory and for accurately executing them when a response is required (Majerus, 2013). For that reason, high time resolution approaches have the potential to shed light on what processes are different in PWS as they perform various phases of the task.

Current theoretical frameworks designed to account for recent neuroimaging findings in CWS have also suggested that stuttering may arise from subtle differences in the coordination of large-scale cortical-subcortical networks central to which is a deficit in coordinative sensorimotor timing (Chang et al., 2019). Thus, a timing deficit related to the sensorimotor control of speech has the potential to account for load-dependent differences in tasks loading PWM and in speech output in more naturalistic conditions (Bowers et al., 2018). Recent EEG studies of neural oscillations using word and nonword repetition tasks suggest that power and measures of inter-electrode coordination (i.e., phase coherence) are related to stuttered or fluent speech production trials (Sengupta et al., 2017). However, no studies have used a time-sensitive approach, like those used in previous studies of auditory speech processing and production (Saltuklaroglu et al., 2017; Jenson et al., 2018), to examine at what phase of the task differences in sensorimotor processes emerge under high and low PWM loads. Because it is involved in sensorimotor integration in both speech processing and production tasks, an examination of the mu rhythm in a nonword repetition task in AWS and TFS may provide a place to start investigating at what phase of the task sensorimotor integration processes differ in AWS compared to TFS.



Design and Hypotheses of the Preliminary Study

To determine the feasibility of measuring processing differences in the sensorimotor mu rhythm, a simple syllable sequence reproduction task was employed to examine group differences between age and sex-matched TFS and AWS. The syllable repetition task was selected to minimize lexical and syntactic influences that can occur in nonword repetition paradigms (Herman et al., 2013). In the task, 11 TFS and 11 AWS were asked to simply listen to two or four bilabial, consonant-vowel (CV) syllables and repeat the sequence following a short delay cued with a visual image. To successfully complete the task for each trial, participants must listen to the syllables (encoding), maintain the syllable sequence in working memory over a short delay period (maintenance), and then execute the sequence (execution). A sample timeline for the task is displayed in Figure 6. Based on previous behavioral studies, we hypothesized that, while the task would manipulate load (i.e., 2 vs. 4 syllable differences), it would not result in differences in behavioral performance between the two groups (Bowers et al., 2018). The rationale for using two relatively low load conditions was to control for behavioral performance (i.e., similar performance across groups) while evaluating differences in neural processing between the two groups. Based on previous studies of speech processing and production in the mu rhythm, we expected lower suppression during a covert rehearsal period to hold sound sequences in working memory and significantly lower suppression during execution in AWS compared to TFS.


[image: image]

FIGURE 6. This figure shows an example of a timeline for one trial in the 4 syllable repetition condition with each phase of the task labeled and behavioral accuracy on the 2 and 4 syllable tasks in the typically fluent speaker (TFS) and adults who stutter (AWS) groups. (A) Timeline of one 4 syllable trial. (B) Percentage correct trials in the 2 syllable and 4 syllable condition with TFS shown in blue and the AWS group depicted in red. (C) Syllable load performance metric (SLP) in the TFS (blue) and AWS groups (red).





Methods


Participants

Prior to participation in the study, participants in both groups provided written, informed consent approved by the institutional review board at Idaho State University and at the University of Arkansas. To determine the degree of handedness, the Oldfield Handedness Inventory was administered to all participants in the study. Eleven AWS (three females) scoring in the range of “usually” or “always” right-handed were recruited from Idaho State University and surrounding regions and were age and sex-matched with 11 TFS. The demographic characteristics of matched pairs are shown in Table 2. The AWS was diagnosed by a licensed speech-language pathologist with more than 5 years of experience evaluating stuttering. As a part of the initial evaluation, the Stuttering Severity Instrument 4th edition was administered to determine the current severity of stuttering. Participants ranged from moderate to severe. In addition, the Overall Assessment of the Speaker’s Experience of Stuttering (OASES) was given to nine of the participants to determine both the current severity of stuttering and the speakers’ attitudes toward stuttering (Yaruss and Quesal, 2006). The AWS reported no cognitive, neurological injury, or other attentional disorders apart from developmental stuttering. Eleven age and sex-matched typically fluent controls were also recruited from Idaho State University and surrounding region and were matched pairwise with AWS. TFS participants were also scored in the “usually” or “always” right-handed range and reported no history of neurological, cognitive, or attentional disorders. All participants provided written, informed consent prior to participation in the study approved by the Idaho State University and University of Arkansas institutional review boards.

TABLE 2. Demographics of age and gender matched pairs of adults who stutter (AWS) and typically fluent speaker (TFS) participating in phonological working memory study.
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Stimuli

Syllable stimuli were generated by an adult male speaker and were recorded using PRAAT software on a Dell 2.7 Ghz desktop computer. Recordings consisted of the syllables /ba/, /ma/, /pa/, and /wa/. Syllable sequences were normalized to have the same root-mean-square amplitude using PRAAT and were 430 ms on average with a 60 ms interstimulus interval between syllable presentations. Syllable sequences were constructed such that within 2 syllable trials no syllable was repeated and within 4 syllable trials no pair was repeated. Trials were presented in two blocks of 40 trials each with a 5-min rest period offered between blocks. The 2 and 4 syllable trials were presented in random order using E-Prime software. Acoustic stimuli were presented at a comfortable loudness level (~70 dB) via Eytmotic ER-1 occluding ear insert headphones. Visual stimuli (cross and go cue) were presented on a 15-inch monitor placed 132 cm from the participant.



Procedure

The experiment was conducted in an electrically and magnetically shielded sound-attenuated room. Participants were seated in a comfortable chair with their heads and necks well supported. Stimuli were presented using a 2.7 GHz Dell computer via E-Prime, version 3.0. Timing of responses and events were verified independently using a timing device manufactured by Electrical Geodesics. Participants were instructed to listen to the syllables and wait to repeat the syllables when a visual cue (a drawing of speaking head) appeared on the monitor. Prior to the experimental conditions, the participants were required to complete five practice trials that were not included in the analysis. The entire experimental session was recorded audio-visually via a camera situated just in front of the participant for later manual judgments of both stuttering in trials and the accuracy of repetition. A trained speech-pathology graduate assistant and a certified speech-language pathologist with more than 5 years of experience in stuttering coded the trials as stuttered or fluent. Trials were judged as stuttered if a trained rater observed a part-word repetition, prolongation, or articulatory block (Riley, 1972; Riley and Bakker, 2009). All trials that were stuttered (fewer than 1%) were rejected from the analysis. To determine interrater reliability, a Cohen’s κ value of 0.90 was obtained between the two raters. Trials were manually judged as correct if the participants responded within 3,000 ms following the response cue and produced the complete sequence in the same order as the target sequence. Measures of behavioral accuracy included both a measure of % correct trials out of the trials submitted and a measure of load adapted from a previous study known as syllable load performance (SLP; Herman et al., 2013). SLP is a measure of processing load that accounts for relative performance on the two tasks in each individual to derive a measure of load processing across the tasks.



EEG Data Acquisition and Processing

A 128 channel Electrical Geodesics recording system was used to obtain EEG data during the tasks and in a 5 min, eyes-open resting-state baseline. The EMG signal was recorded from a single bipolar channel placed above and below the lips using an integrated Physio 16 system (Jenson et al., 2015; Bowers et al., 2018). Blood pressure was also monitored using infrared sensors placed on the index finger. Procedures for fitting and preparing the nets were followed in accordance with previous studies and recommendations from Electrical Geodesics, including head measurements, electrolyte preparation, and net placement on each subject’s scalp (Ferree et al., 2001; Song et al., 2015). Impedances were never greater than 50 kΩ as examined prior to and following a study session (Ferree et al., 2001; Dalla Volta et al., 2018). Data were processed using the same steps in studies of speech processing and production described in sections “Speech Production” and “Auditory Discrimination Tasks” including data pre-processing, the application of ICA, and time-locking to stimulus events (i.e., epoching) prior to analysis of event-related spectral perturbations (ERSPs; Bowers et al., 2013; Jenson et al., 2015).

First, EEG data were bandpass filtered from 1 to 70 Hz using a zero-phase, finite impulse response (FIR). The FIR is windowed sinc filter using a Hamming window, with a transition bandwidth of 1 Hz, and cutoff frequencies between 0.5–70.5 Hz. The filter uses a heuristic for determining transition bandwidth that is 25% of the passband edge and distance from the passband edge to the critical frequency. EEG data were then downsampled to 256 Hz from the original sampling rate of 1,000 Hz and referenced using the average common reference including all scalp-channels (i.e., excluding extraocular and EMG channels). The continuous data prior to epoching were denoised using visual inspection for gross one-time artifact known to affect ICA decomposition (Delorme et al., 2012) and subsequently, artifact subspace reconstruction (ASR) was used to remove channels with excessive spatial drift and spectral characteristics associated with line noise or other non-repetitive myographic artifacts (Jenson et al., 2014; Bowers et al., 2018). CleanLine was also used to reduce the remaining line noise visible in the spectrum between 40 and 70 Hz (Leske and Dalal, 2019). The mean number of rejected trials was 11 across conditions. The data were epoched around the time-locking event (i.e., acoustic syllable presentation) from −1,000 ms prior to the event to 9,000 ms following the event. Subsequently, ICA using the binica algorithm was applied with a principle component reduction to the number of channels not exceeding ASR thresholds (Chang et al., 2019). No more than eight channels were rejected (mean 5) out of the original 128. Following ICA, dipole fitting was applied using the Dipfit toolbox as in other studies reviewed in sections “Mu-alpha and Mu-beta in Movement and Cognitive Tasks” and “Covert Speech Differences” (Bowers et al., 2013, 2014, 2019; Jenson et al., 2014, 2015; Cuellar et al., 2016; Saltuklaroglu et al., 2018a). The multiple artifact rejection algorithms (MARA) was used to identify and remove components identified as an artifact with a probability greater than 0.40 (Winkler et al., 2014). Finally, component spectra, ERSPs, and intertrial phase coherences were computed for each independent component (IC) that could be a fit with a single dipole with less than 20% residual variance. Only those ICs that could be a fit with a single dipole were retained. Principle component clustering was used to cluster components across participants and groups using ERSPs, spectra, intertrial coherence measures (Delorme et al., 2011). The threshold for rejecting outlier components was 3 SD from any cluster mean. Within and between-subject differences in the 2 and 4 syllable conditions were examined using a permutation test with a cluster correction for multiple comparisons across the time-frequency matrix (117 × 200). As in our previous studies, a nonparametric permutation test was used because time-frequency values are not normally distributed. As each processing stage has the potential to introduce artifact, a subset of the data was reprocessed with a milder processing pipeline, yielding similar results. The presence of similar, albeit noisier, results when a different set of pre-processing steps were employed highlights both the robust nature of the observed effects and benefit of the full processing pipeline.


Results

Mean % correct repetition trials in the 2 and 4 syllable tasks and SLP for the AWS and TFS groups are shown in Figure 7. Behavioral results showed that both groups were less accurate in the 4 syllable compared to the 2 syllable task. A repeated-measures analysis of variance (ANOVA) with the factors group and condition showed an effect of condition but no significant effect for the group. As in previous studies using syllable perception and production tasks, a network of IC clusters was identified, including the frontal lobe, temporal lobe, parietal lobe, and occipital lobe IC clusters. As in earlier studies, the mean % RV across clusters was <6% and the mean for the left mu was 5.95% and for the right 5.35%, suggesting a single dipole model adequately accounted for IC sources within the head model. Dipole locations ranged from the precentral to postcentral gyrus and were most dense over the precentral gyrus in both the left and right hemispheres. Eight participants from the AWS group and eight matched subjects from the TFS group contributed mu components to the left and right mu clusters. Visual inspection of individual and mean ERSPs across trials showed mu-alpha/beta desynchronization relative to the silent intertrial interval in both the maintenance time period and during the execution time period across both the AWS and TFS groups while synchronization (i.e., increases in power) were observed during the listening time period.
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FIGURE 7. ERSPs in the encoding (ENC), maintenance, (MAIN) and execution (EX) phases of the 4 syllable repetition task in TFSs (rows) and in AWS (columns). Mu rhythm scalp-topographies and a cluster associated with peri-labial EMG during execution are shown to the left with scalp-potential distributions for the component cluster with white-yellow showing greater density and red showing lower density. ERSPs are depicted in time-frequency scalograms with frequency on the y-axis and time on the x-axis. Significant group differences are shown in the third column (cluster corrected t-test) with p-values <0.05 (range 0.05–0.01) shown in red and non-significant values shown in green.



Mean ERSPs in the encoding, maintenance, and execution phases of the task for both groups in the high load condition (i.e., 4 syllable condition) are shown in Figure 7. Permutation statistics adopting a cluster correction for multiple comparisons across the entire time-frequency matrix (117 × 200) were used to evaluate group and condition differences. The within-subjects comparison showed no significant differences between the 2 and 4 syllable conditions. A comparison of the group on the 2 syllable and 4 syllable conditions showed significantly lower desynchronization in the mu-alpha band in the AWS group that was restricted to the execution period in both the low load 2 syllable condition and the 4 syllable condition. There was no significant interaction for the factors (Group) and (Condition). Although not significant, there was a trend toward lower desynchronization in the mu-beta band in the AWS group compared to the TFS group. A subsequent Pearson bivariate correlation showed a trend toward a mild relationship with no significant correlation between mu-alpha desynchronization and individual behavioral performance. Overall, the results implicate reduced mu-alpha suppression in the left and right sensorimotor mu rhythm during speech execution with a trend toward lower left hemisphere desynchronization in the mu-beta band.



Implications

The purpose of this preliminary investigation was to examine at what phase of a syllable repetition task differences in mu rhythm desynchronization emerged between AWS and TFS. We hypothesized group differences in mu-alpha/beta desynchronization between AWS and TFS in the maintenance and execution periods of a syllable repetition task. Preliminary findings showed a significant difference in the left and right sensorimotor mu rhythms primarily during execution, with a trend toward differences in the mu-beta band during the maintenance phase of the task in the left component cluster. As in previous studies of covert syllable production, mu-alpha and mu-beta desynchronization relative to the baseline occurred during the maintenance period, suggesting that bilateral mu rhythms were engaged in covert rehearsal of the stimuli prior to overt execution. A preliminary correlation analysis did not provide strong support for a relationship between differences in mu-alpha desynchronization and behavioral accuracy. Findings suggest that observed bilateral group differences in mu activity are related primarily to motoric execution as opposed to maintenance in working memory or syllable encoding processes. As such, results suggest that a time-sensitive signal separation approach previously applied to speech perception and production tasks may also aid in identifying separable physiological processes related to syllable repetition tasks in AWS.

While a growing body of evidence implicates lower accuracy in preschool CWS and AWS compared to TFS on nonword repetition tasks (Bowers et al., 2018; Ofoe et al., 2018), the current challenge is to identify the cognitive processes related to differences in accuracy. Because nonword repetition tasks load a number of cognitive and sensorimotor processes over the course of the task, it is unclear which of these processes may be different in CWS and AWS. Such information is critical to determining which processes account for differences in behavioral accuracy and thus may be important for identifying which of the task demands in nonword repetition are related to subsequent recovery or persistence in pre-school children. These preliminary results suggest one process that differs between the groups is in the sensorimotor (i.e., motor and somatosensory) processing related primarily to the execution of syllable sequences. Those findings are broadly consistent with studies showing differences in inter-articulator coordination even in the absence of behavioral differences at lower nonword repetition loads, suggesting that cortical differences in processing are likely to be related to subtle differences in peripheral execution (Smith et al., 2010, 2012). Further, the analysis implies that lower mu-alpha and mu-beta desynchronization primarily during execution is separable from other identifiable component clusters localized in the frontal, temporal, parietal, and occipital lobes active in other phases of the task. As such, while this is a preliminary analysis focusing on the mu rhythm only, studies in the future on larger sample sizes may reveal other physiological processes more closely related to the coordination of encoding, maintenance, and execution processes that also account for behavioral accuracy. Two limiting factors in the current study are the relatively small sample size and relatively high accuracy on the behavioral task, suggesting caution in interpreting correlations with behavioral accuracy. For those reasons, future studies of the mu rhythm with larger sample sizes should investigate tasks in which behavioral accuracy is decreased and has been reported to show differences in behavioral accuracy between groups (e.g., 7 syllable nonword repetition Bowers et al., 2018).

One prediction derived from neurobiological accounts of language is that a region at the parieto-temporal junction coordinates encoding, maintenance, and execution of nonword syllable sequences and is heavily involved in the acquisition of language (e.g., new speech sounds and words) in the preschool years (Hickok and Poeppel, 2007; Hickok et al., 2011; Majerus, 2013; Choo et al., 2016). Previous studies using the ICA approach have reported evidence of a posterior temporal lobe alpha rhythm with spatial, sensory, and sensorimotor functions consistent with the proposed function of the parieto-temporal junction in perception and production (Jenson et al., 2015; Bowers et al., 2019). Further, maintenance of syllable sequences may also be modulated by attentional control in prefrontal regions (D’Esposito, 2007; Majerus, 2013; Bowers et al., 2018). Interestingly, it has been proposed that stuttering may be characterized by deficits in sensorimotor timing that are modulated by ongoing cognitive-emotional states in prefrontal-basal ganglia networks (Chang et al., 2019). Thus, future studies using larger sample size and connectivity analyses between component clusters (e.g., phase coherence) have the potential to identify other time-sensitive processes proposed to be critical both for language acquisition and the sensorimotor control of speech (Bowers et al., 2019). In the future, signal separation approaches like the one employed in the current analysis (Delorme et al., 2012) or other approaches (e.g., Cheveigne et al., 2019) may be applied to prospective studies of recovery and persistence in preschool-age CWS and to differences in interactions between general cognitive capacities and sensorimotor control in AWS (Bowers et al., 2018).






SUMMARY

The ICA/time-frequency approach implemented to date that identifies and temporally decomposes EEG mu rhythms has yielded interesting findings that we believe contribute to the understanding of the neurophysiology of stuttering. Their sources and the sensitivity of its constituent frequency bands for capturing and differentiating between a broad array of sensorimotor and basal ganglia functions bestow mu rhythms with strong suitability for research in stuttering. Though much is already known about neural speech-related aspects of stuttering, the additional temporal and spectral resolution offer novel windows into the specific underpinnings of disfluency. Furthermore, they also provide a valuable means of linking the cognitive differences associated with stuttering to the underlying deficits that impact speech. While we continue to pursue and espouse this line of research, it is important to point out some current limitations and future directions.



LIMITATIONS

Not all participants contributed usable mu components to the group analyses. The reduced subject contribution is common in EEG research (Nyström, 2008; Bowers et al., 2013), and is linked to the use of standard head models. Specifically, the stringent inclusion criteria employed in the current work require mu components to be localized to accepted generator sites, and the inability of standard head models to account for individual anatomic variability (von Ellenrieder et al., 2009) leads to some components with mu-like features (e.g., arch-like wave shape) localizing outside accepted generator sites. This reduced proportion of contributing subjects is further exacerbated by the age- and sex-matching of PWS and TFS to ensure the validity of statistical comparisons. If one member of a pair does not produce a usable mu component, data from both members are discarded. The use of individual head models in future studies is expected to address this limitation, increasing the proportion of contributing subjects and providing a fuller picture of the heterogeneity present across participants. A final potential limitation of the ICA methodology more broadly is differences across studies in preprocessing pipelines (e.g., filtering and IC selection). We suggest, following others, that increased use of automatized preprocessing methods will further facilitate replicability across studies and the increased use of EEG database repositories (Bigdely-Shamlo et al., 2015).

Another potential barrier to making use of the mu rhythm and EEG data more broadly is the inherent challenge of collecting high-quality EEG data from preschool-age children. Lengthy experimental protocols like those used in the EEG investigations described in this review may not be directly translated to experiment protocols for preschool-age participants and stimuli often require adaptation (Usler and Weber-Fox, 2015). Analysis of the mu rhythm in young children may require cross-sectional or longitudinal designs as the mu rhythm is known to change over the course of development and an adult-like mu rhythm may not be present in very young children (Thorpe et al., 2016). Special attention would need to be given to the contribution of movement artifact from young children even with the use of ICA to identify and separate artifacts from neural source data.

A further limitation of the presented data is the absence of a significant correlation to stuttering severity. Thus, while mu spectra and oscillatory activity clearly differentiate TFS and PWS, the precise manner in which the observed neural differences give rise to the speech disruptions characteristic of the disorder remains unclear. The few studies that have examined neural oscillations in relation to stuttered and fluent speech have suggested that differences in power and phase coherence precede stuttered speech (Sengupta et al., 2017) that may be variable across individuals (Myers et al., 2018). The presence of mu spectral and oscillatory differences in the absence of stuttered speech suggests that they represent a core neural impairment underlying the disorder, though stuttering is also shaped by life experience (Connery et al., 2019) and influenced by a number of other cortical and subcortical mechanisms (Alm, 2004). To date, a comprehensive neural framework describing how each of the distinct neural circuits implicated in stuttering operates together to give rise to the totality of the disorder remains elusive. Thus, while mu spectra and oscillatory activity holds promise for probing sensorimotor and basal ganglia influences on stuttering in real-time, findings must be interpreted within the larger context of all neural data regarding stuttering and merged into a comprehensive neural framework.



FUTURE DIRECTIONS

To date, our measures have focused on comparisons of mu rhythm oscillations in AWS to TFS. Better separation of cause and effect associated with group differences will be achieved via recordings from CWS. In order to accomplish this, it is necessary to further refine data collection and analysis techniques. Data collection can be enhanced by using more child-friendly protocols. Use of beamforming (Cohen, 2015) or joint decorrelation analysis to target specific regions of interest or to identify a signal subspace of interest, in addition to ICA for denoising raw signals is likely to help identify mu rhythm activity more effectively in children. A comparison of component processing methods using the same experimental data may also help to cross-validate and compare findings from the ICA approach with other methods.

While mu rhythm measures continue to offer promise for investigation in stuttering, it also is necessary to extend measures of oscillatory activity to other regions of the brain such as regions of sensorimotor integration in posterior temporal lobes and inferior parietal lobes. Oscillations from the temporal lobe alpha rhythms have shown to be effective for capturing speech induced auditory suppression (Jenson et al., 2015) and there we have shown preliminary evidence of this activity differing in individuals who stutter (Saltuklaroglu et al., 2018b). With measures from multiple brain regions involved in stuttering, it will also be possible to capture real-time measures of functional connectivity (Delorme et al., 2011) showing how the transmission of neural information differs between stuttering and non-stuttering brains in a variety of speech and cognitive tasks.
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Stuttering is a complex neurodevelopmental disorder that has to date eluded a clear explication of its pathophysiological bases. In this review, we utilize the Directions Into Velocities of Articulators (DIVA) neurocomputational modeling framework to mechanistically interpret relevant findings from the behavioral and neurological literatures on stuttering. Within this theoretical framework, we propose that the primary impairment underlying stuttering behavior is malfunction in the cortico-basal ganglia-thalamocortical (hereafter, cortico-BG) loop that is responsible for initiating speech motor programs. This theoretical perspective predicts three possible loci of impaired neural processing within the cortico-BG loop that could lead to stuttering behaviors: impairment within the basal ganglia proper; impairment of axonal projections between cerebral cortex, basal ganglia, and thalamus; and impairment in cortical processing. These theoretical perspectives are presented in detail, followed by a review of empirical data that make reference to these three possibilities. We also highlight any differences that are present in the literature based on examining adults versus children, which give important insights into potential core deficits associated with stuttering versus compensatory changes that occur in the brain as a result of having stuttered for many years in the case of adults who stutter. We conclude with outstanding questions in the field and promising areas for future studies that have the potential to further advance mechanistic understanding of neural deficits underlying persistent developmental stuttering.
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INTRODUCTION

Developmental stuttering (for brevity, “stuttering” hereafter) is a childhood onset speech disorder that affects approximately 5–8% of children and 1% of adults (Månsson, 2000; Reilly et al., 2009). Core symptoms of stuttering include involuntary, frequent disruptions during ongoing speech such as part-word repetitions, sound prolongations, and silent blocks, which interrupt fluent speech and impair communication (Bloodstein and Ratner, 2008). While considered a disorder affecting speech motor control, stuttering is a distinct disorder from dysarthrias, in that there is no underlying weakness or paralysis of the articulatory musculature, and apraxia of speech (AOS), in that stuttering involves the interruptions of flow described above with otherwise intact productions of intended sounds, whereas AOS involves uncoordinated movements, distorted productions, omissions, and substitutions of sounds.

Stuttering can be either neurogenic, arising through stroke, neurological disease, or as a result of treatments for neurological diseases (see Lundgren et al., 2010; Theys et al., 2013; Craig-McQuaide et al., 2014 for reviews), or, more commonly, developmental, typically emerging at 2–5 years of age in an estimated 3–8% of preschool-aged children but resolving spontaneously within 2 years in 75% of cases (Yairi et al., 1996; Curlee, 2004; Yaruss and Quesal, 2004; Yairi and Ambrose, 2013). Those cases that do not resolve are referred to as persistent developmental stuttering (PDS), which affects approximately 1% of the population and occurs in nearly all cultures and languages (Van Riper, 1982).

As reviewed in later sections, anomalies in a bewildering array of neural structures have been identified in people who stutter. Craig-McQuaide et al. (2014) provided an earlier comprehensive review of basal ganglia in the context of its possible role in pathophysiology of both developmental and neurogenic stuttering. In the current review, we will utilize the Directions Into Velocities of Articulators (DIVA) neurocomputational modeling framework (Guenther et al., 2006; Bohland et al., 2010; Guenther, 2016) to mechanistically interpret relevant findings from the behavioral and neurological literatures on developmental stuttering. The DIVA model divides speech into feedforward and sensory feedback-based control processes. The feedforward control system is further sub-divided into an articulation circuit, which is responsible for generating the finely timed and coordinated muscle activation patterns (motor programs) for producing speech sounds, and an initiation circuit, which is responsible for turning the appropriate motor programs on and off at the appropriate instants in time. Following seminal work from the primate motor control literature (Alexander et al., 1986; Mink, 1996), the initiation circuit is hypothesized to involve the cortico-basal ganglia-thalamocortical loop (hereafter referred to as the cortico-BG loop). Within our theoretical framework, then, the primary impairment underlying stuttering behavior is malfunction in the cortico-BG loop responsible for initiating speech motor programs (see also Alm, 2004; Craig-McQuaide et al., 2014). This theoretical perspective is further detailed in the next section, followed by a review of related empirical findings regarding neural processing in individuals who stutter.



THE CORTICO-BASAL GANGLIA-THALAMOCORTICAL LOOP AND STUTTERING: THEORETICAL PERSPECTIVES

Alm (2004) proposed that the core deficit in PDS is an impaired ability to initiate, sustain, and/or terminate motor programs for phonemic/gestural units within a speech sequence due to impairment of the left hemisphere cortico-BG loop1. The cortico-BG loop was originally described as one of several distinct functional circuits in the primate brain involving loops from cerebral cortex to the basal ganglia, thalamus, and back to cortex by Alexander et al. (1986). This circuit is schematized in Figure 1. Mink (1996) further hypothesized that the role of this circuit was not to directly generate movements but instead to select (or dis-inhibit) the correct movement under the current behavioral circumstances while inhibiting the competing movements.

[image: Figure 1]

FIGURE 1. The cortico-basal ganglia motor circuit as originally proposed by Alexander et al. (1986). Abbreviations: GPi = internal segment of the globus pallidus; SMA = supplementary motor area; Somato = somatosensory; SNr = substantia nigra pars reticulata; VL = ventral lateral nucleus.


Neural pathways for speech and vocal learning may have evolved adjacent to, or embedded in, motor learning pathways that are commonly present in both vocal (e.g., humans, songbirds) and non-vocal learning (e.g., non-human primates) species (Feenders et al., 2008; Jarvis, 2019). Vocal learning pathways and song nuclei in songbirds – although cell types and cortical organization differ – parallel brain areas within the cortico-BG motor circuitry involved in speech production in humans. Specifically, the anterior vocal pathway (also referred to as the anterior forebrain pathway or the anterior song pathway) of songbirds encompasses a cortical-striatal-thalamic loop that connects a human premotor cortex homologue (LMAN) to the striatum (Area X) and ventral lateral nucleus of the thalamus in the songbird brain (Chakraborty et al., 2017; Jarvis, 2019). The anterior vocal pathway projects directly to the posterior vocal motor pathway (comprising the human Broca’s and ventral motor cortex homologues) and contributes to improving motor pathway performance by generating error correction signals that reduce vocal error (Andalman and Fee, 2009; Gadagkar et al., 2016; Kojima et al., 2018). The anterior vocal pathway and the direct connections between motor cortex and brainstem vocal motor neurons that enable fine motor control of vocalization are characteristic of vocal learning species that are able to imitate and modify sounds and undergo a period of sensorimotor song learning from tutors (as opposed to “vocal non-learning species” such as non-human primates that produce only innate vocalizations). Disrupting function in critical parts of this pathway, for instance, by lesioning the striatal homologue area X (Kubikova et al., 2014) or over-expression of a gene affecting LMAN function (Chakraborty et al., 2017), induced stuttering in songbirds. The songbirds exhibited increased repetition of syllables at the end of song motifs, usually the first motif of a bout, indicating that the birds were being stuck in transitioning from one motif sequence to the next. This behavior is comparable to what is seen in human stuttering, where timing, initiation, and sequencing of syllables are posited to be affected via aberrant BG-cortical function (Alm, 2004).

In the DIVA model, the initiation circuit is responsible for sequentially initiating phonemic gestures within a (typically syllabic) motor program by activating nodes for each phoneme in an initiation map in the supplementary motor area (SMA), a region of cerebral cortex thought to be involved in the initiation of motor programs, including those for speech (Jonas, 1987; Ziegler et al., 1997). In terms of information flow in Figure 1, the premotor, motor, and somatosensory cortical regions involved in movement planning and execution are, in effect, being monitored by the basal ganglia via projections from cortex to the putamen (the primary input nucleus of the basal ganglia for motor processing). Internal circuitry within the basal ganglia, including portions of the globus pallidus (GP) and substantia nigra (SN), performs the job of selectively exciting the correct motor program in the current context while inhibiting the competing motor programs. For example, if a mature, fluent speaker is currently producing the word “pet” and is in the process of producing “p,” the basal ganglia are monitoring the sensorimotor representations of the speech articulators for evidence of the impending completion of “p” (e.g., lip contact); when this occurs, a “completion signal” is sent to cerebral cortex to extinguish the initiation map node for “p”, at which time the cortico-BG loop selects “e” over competing motor programs and sends this information to SMA to activate the initiation map node for “e.”

Before a new sequence (syllable) is fully learned by the basal ganglia, the motor system will rely heavily on cortical mechanisms to sequence through phonemic motor programs. This situation is schematized in Figure 2A for the word “pet.” Very early in development (prior to the age of 2–3 years), initiation of the phonemes in “pet” requires relatively high-level cortical input from pre-SMA (a region known to be involved in motor sequencing; e.g., Shima and Tanji, 2000) to sequentially activate the proper initiation map nodes. With repeated practice, the basal ganglia motor loop will take over the load of sequencing through the individual phonemes in the word, as in Figure 2B, thus making production more “automatic” and freeing up higher-level cortical areas such as pre-SMA. Within this view, stuttering can be interpreted as an impairment of the cortico-BG loop’s role in initiation and sequencing of learned speech sequences, as indicated by the red dashed line in Figure 2B.
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FIGURE 2. Schematized view of the process of sequencing through phonemes in the word “pet” at two developmental stages: (A) early in development, when pre-SMA involvement is required to sequentially activate nodes in SMA for initiating each phoneme, and (B) later in development, when the basal ganglia motor loop has taken over sequential activation of the SMA nodes.


Figure 3 provides an expanded view of the basal ganglia motor loop. The basal ganglia in essence performs a pattern matching operation in which it monitors the current cognitive context as represented by activity in prefrontal cortical areas including pre-SMA and the posterior inferior frontal sulcus (pIFS); motor context represented in ventral premotor cortex (vPMC), SMA, and ventral primary motor cortex (vMC); and sensory context represented in posterior auditory cortex (pAC) and ventral somatosensory cortex (vSC). When the proper context is detected, the basal ganglia signals to SMA that means it is time to terminate the ongoing phoneme (termination signal) and initiate the next phoneme of the speech sequence (initiation signal).

[image: Figure 3]

FIGURE 3. Potential impairments of the basal ganglia motor loop that may contribute to persistent developmental stuttering (PDS), specifically the basal ganglia (PDS-1); axonal projections between cerebral cortex, basal ganglia, and thalamus (PDS-2); and the network of cortical regions involved in speech (PDS-3). (Abbreviations: GP = globus pallidus; pAC = posterior auditory cortex; pIFS = posterior inferior frontal sulcus; pre-SMA = pre-supplementary motor area; SMA = supplementary motor area; SNr = substantia nigra pars reticulata; VA = ventral anterior thalamic nucleus; VL = ventral lateral thalamic nucleus; vMC = ventral motor cortex; vPMC = ventral premotor cortex; vSC = ventral somatosensory cortex).


Failure to recognize the sensory, motor, and cognitive context for terminating the current phoneme would result in a prolongation stutter since activity of the SMA initiation map node for the current sound will not be terminated at the right time. Failure to recognize the context for initiating the next phoneme would result in a block stutter since the initiation map node for the next phoneme in SMA will not be activated at the right time. If the initiation signal “drops out” momentarily, production of the next phoneme might begin but prematurely terminate and then restart, as in a repetition stutter. Figure 3 also indicates, in red, three distinct (but not mutually exclusive) loci of impaired neural processing that could lead to these stuttering behaviors: impairment within the basal ganglia proper (PDS-1); impairment of axonal projections between cortex, basal ganglia, and thalamus (PDS-2); and impairment in cortical processing (PDS-3). The review of empirical data in the next section will make reference to these three possibilities.

Alm (2004) refers to signals such as the initiation and termination signals discussed above as timing signals, since they indicate the right time to terminate/initiate movements. This characterization provides an insight into the frequent observation that stuttering is often greatly reduced or eliminated in situations where external timing cues are available, such as choral reading and metronome-timed speech (Bloodstein, 1995). Interpreted within the DIVA/GODIVA framework, these tasks involve timing signals that are perceived by sensory cortical areas, which then relay the signals to SMA, thereby reducing dependence on the basal ganglia motor loop for generating initiation/termination signals. Singing, which also increases fluency in PDS (Starkweather, 1987), likely involves different mechanisms for generating phonemic timing than the basal ganglia motor loop used for initiating propositional speech.



THE CORTICO-BASAL GANGLIA-THALAMOCORTICAL LOOP AND STUTTERING: EMPIRICAL FINDINGS


Impairment in the Basal Ganglia Proper (PDS-1)

The basal ganglia are frequently associated with stuttering in the speech production literature. For example, neurogenic stuttering is often associated with damage to the left caudate nucleus and putamen (Theys et al., 2013). Furthermore, stuttering often develops or re-emerges in Parkinson’s disease (Koller, 1983; Leder, 1996; Benke et al., 2000; Shahed and Jankovic, 2001; Lim et al., 2005), the motor components of which are thought to arise from impairment of function within basal ganglia structures as described earlier. Deep brain stimulation applied to the STN of the basal ganglia can relieve acquired stuttering in some Parkinson’s disease patients (Walker et al., 2009; Thiriez et al., 2013), while in others, it seems to exacerbate stuttering (Burghaus et al., 2006; Toft and Dietrichs, 2011). Levodopa treatment, aimed at increasing dopamine levels in the striatum of the basal ganglia, can also exacerbate stuttering (Anderson et al., 1999; Louis et al., 2001; Tykalová et al., 2015).

This last finding fits well with one popular hypothesis regarding the neurogenesis of PDS, the dopamine excess theory, which is based on the Wu et al. (1997) finding of excessive dopamine in the striatum of three PWS compared to six non-stuttering control participants2. Computer simulations performed by Civier et al. (2013) verified that an increased level of dopamine in the striatum can lead to stuttering behaviors in a version of the DIVA model that includes higher-level speech sequencing circuitry, called the GODIVA model. To understand how this can occur, it is useful to note that there are two largely distinct pathways within the basal ganglia: a direct pathway that has the overall effect of exciting cerebral cortex (needed to activate the correct motor program) and an indirect pathway that has the overall effect of inhibiting cerebral cortex (needed to suppress competing motor programs). Striatal dopamine has opposite effects on the two pathways: it excites the direct pathway and inhibits the indirect pathway. Thus, excessive dopamine can lead to a situation in which there is insufficient inhibition to suppress competing motor programs, making it difficult for the correct motor program to be chosen over incorrect alternatives. Such a situation could delay the choice of the desired motor program, leading to a block or prolongation stutter, or it may lead to an unstable initiation signal that starts to increase but suffers dropouts that result in repetition stutters.

In support of the dopamine excess theory of stuttering, it has been noted that antipsychotic drugs such as haloperidol and risperidone that block dopamine D2 striatal receptors are effective in treating symptoms of stuttering3 (see Bothe et al., 2006, for a review). These D2 antagonists increase the efficacy of the indirect pathway by removing it from dopaminergic inhibition, thus correcting the hypothesized direct/indirect imbalance and increasing the inhibition of competing actions. A weakened indirect pathway and concomitant inability to maintain the chosen action over competing actions are also supported by the study of Webster (1989) demonstrating that PWS are particularly impaired in initiating and progressing through sequences in the presence of competing tasks. Alm (2004) suggests that developmental changes in dopamine receptor density in the putamen could also explain the pattern of early childhood onset and recovery, including gender differences.

Relatedly, the computer simulations of Civier et al. (2013) also indicate that decreased dopamine levels in the striatum could lead to stuttering dysfluencies, which would account for the onset of stuttering in individuals with Parkinson’s disease noted above. In this scenario, reduced excitation of the desired motor program through the direct pathway leads to a decrease in the competitive advantage of this motor program, which in turn leads to a delayed, weakened, and/or unstable initiation signal. It should be noted that many people with PD exhibit speech disruptions other than stuttering, further highlighting that the relationship between Parkinson’s disease and stuttering is not a simple one. Studies aimed at distinguishing the neural characteristics of PD patients with stuttering-like behaviors from those with other types of speech motor disruptions may help clarify this relationship.

These considerations suggest that there may be at least two subtypes of PDS: one characterized by an under-active indirect pathway and another characterized by an under-active direct pathway. Behaviorally, the former might be characterized by a tendency toward excessive motor activity due to reduced inhibition of movement from the indirect pathway, whereas the latter might be characterized by a reduced level of motor activity due to reduced excitation of movement from the direct pathway. This is similar to the proposal put forth by Alm (2004), who proposed a breakdown into D2-responsive and stimulant-responsive subgroups of PWS. It should be noted, however, that our treatment of basal ganglia anatomy and physiology has been highly schematic, and that the actual situation is very complex, involving many neurotransmitter types and axonal pathways in addition to those discussed herein. Nonetheless, there is sufficient evidence for the differentiation of stuttering subtypes involving different malfunctions of the basal ganglia to merit increased research on this topic, including large-sample studies investigating striatal dopamine levels in PDS.

Further evidence of possibly impaired basal ganglia functioning in PDS comes from a functional magnetic resonance imaging (fMRI) study by Giraud et al. (2008), who found that neural activity during speech in the striatum (specifically the head of the caudate nucleus, which lies immediately anterior to the putamen) was positively correlated with stuttering severity in 16 adults with PDS, and that this correlation largely disappeared after 3 weeks of intensive therapy. Possible impairment of the striatum (in this case the putamen) was also identified using voxel-based morphometry by Lu et al. (2010), who found increased gray matter volume concentration in the left putamen of adults who stutter compared to controls.



Impairments in Projections Between Cerebral Cortex, the Basal Ganglia, and Thalamus (PDS-2)

The second potential source of impairment in the basal ganglia motor loop of PDS identified in Figure 3, labeled PDS-2, is the set of projections from cerebral cortex to striatum that convey the current sensorimotor and cognitive context to the basal ganglia. Computer simulations of the GODIVA model by Civier et al. (2010, 2013) indicate that impaired corticostriatal connectivity can result in poor detection of the cognitive and sensorimotor context for initiating the next sound by the basal ganglia motor loop, thereby impairing the generation of initiation/termination signals to SMA. It is thus tempting to conclude that impaired left hemisphere corticostriatal connectivity may be a root cause of stuttering.

Neuroimaging results from several studies provide some support for this contention. Using diffusion tensor imaging (DTI) data acquired from CWS and age-matched controls, Chang and Zhu (2013) found that CWS have less structural connectivity between left putamen and several left hemisphere cortical regions, including IFo and SMA. In another DTI study, Chow and Chang (2017) reported decreased growth rate in a measure reflecting white matter integrity (fractional anisotropy; FA) in children with PDS in the anterior thalamic radiation, which connects the prefrontal areas with the cortico-BG loop (Alexander and Crutcher, 1990; Hélie et al., 2015). Although the role of this circuit in speech production is not fully understood, it has been implicated in sequence learning (Graybiel, 2005), rule-based categorization (Ell et al., 2010; Ashby et al., 2011), attention switching (Ravizza and Ciranni, 2002), and working memory (Taylor and Taylor, 2000; Voytek and Knight, 2010). The anomalies in the connections between prefrontal areas and the basal ganglia may affect higher-order cognitive functions (e.g., attention), which help establish and later develop speech control automaticity via the cortico-BG loop. This interpretation is also relevant to the Chow and Chang (2017) findings that show a negative relationship between stuttering severity and FA along the anterior and superior thalamic radiations in PDS. Specifically, lower FA in these tracts was associated with more severe stuttering in children with PDS. These results suggest that attenuated FA in tracts interconnecting frontal areas and the cortico-BG loop, which helps interface speech motor control and other cognitive functions, may contribute to severity and persistence in stuttering.

Atypical processing in corticostriatal circuits has also been shown through functional connectivity analyses of resting state fMRI data. In one study (Chang et al., 2016), the relationship between rhythm perception and timing-related brain network activity was examined. Rhythm processing is a skill that underlies not only rhythm perception but also speech perception and production (Kotz and Schwartze, 2010). In fluent children, correlated activity patterns involving the putamen and cortical areas within the cortico-BG loop (including premotor, motor, SMA, and auditory cortex) were associated with performance of a rhythm discrimination task, which requires proficient processing of timing information of auditory events. Namely, the extent of functional connectivity among these brain areas was strongly correlated with performance on the rhythm discrimination task. In the case of CWS, the strong association between functional connectivity and rhythm discrimination performance observed in controls was absent. This finding is suggestive of a deficit in the ability to perceive temporally structured sound sequences in CWS.

Compared to CWS, clear evidence of impaired cortico-subcortical connectivity in adults who stutter remains relatively scarce. However, Lu et al. (2010) used structural equation modeling (SEM) of brain activity during an fMRI picture naming task to identify anomalous functional connectivity in several pathways of the cortico-BG loop in adults who stutter, including pathways between auditory cortical areas and putamen and thalamus, between thalamus and pre-SMA, and between thalamus and putamen.



Impairments in the Network of Cortical Regions That Process Cognitive and Sensorimotor Aspects of Speech (PDS-3)

The third possible source of impairment in the basal ganglia motor loop of PDS is the network of cerebral cortical regions involved in speech production (PDS-3 in Figure 2). Neurogenic stuttering is generally associated with damage to speech-related areas in the left (language-dominant) cortical hemisphere in addition to the left striatum (Theys et al., 2013). Likewise, structural differences in the left inferior frontal and premotor cortex regions have been repeatedly reported for developmental stuttering, both in children and in adults (e.g., Chang et al., 2011; Beal et al., 2012). This suggests that stuttering involves prefrontal and/or premotor cortical mechanisms for speech, which, unlike primary sensory and motor cortical areas that show relatively little hemispheric differentiation, are predominantly located in the left hemisphere.

Structural neuroimaging studies of PDS further support this assertion. For example, Kronfeld-Duenias et al. (2016) used diffusion tensor imaging (DTI) to identify anomalous diffusivity of white matter in the left frontal aslant tract (FAT) of adults who stutter that correlated with stuttering severity; this tract connects medial premotor areas such as SMA and pre-SMA with posterior inferior frontal cortical areas (Dick et al., 2013) that are associated with speech motor programs in the DIVA model. Relatedly, Kemerdere et al. (2016) found that axonal stimulation of the FAT, which transiently “lesions” the tract, led to transitory stuttering.

Cai et al. (2014) used DTI and probabilistic tractography to identify correlations between stuttering severity and white matter tract strengths in PDS. It is commonly believed that, all else equal, stronger white matter tracts are associated with better performance, and that white matter structural changes correlate with learning/training (Scholz et al., 2009; Zatorre et al., 2012). According to this view, if a particular tract is part of the underlying cause of stuttering, we would expect that the weaker the tract, the more severe the stuttering, i.e., tract strength should be negatively correlated with stuttering severity. Conversely, the strength of a tract that is forced into action to (incompletely) compensate for the core neural impairment should be positively correlated with severity. Figure 4 indicates all intra-hemispheric tracts between inferior frontal cortical ROIs and sensorimotor (Rolandic) cortical ROIs that were significantly correlated with severity in the work of Cai et al. (2014). Strikingly, all such tracts in the left hemisphere were negatively correlated with stuttering, while all right hemisphere tracts were positively correlated. This finding suggests that impaired performance in the left hemisphere cortical network for speech in PDS forces reliance on right hemisphere homologues, leading to increased right hemisphere white matter tract strengths due to additional use. This interpretation is a variant of the atypical cerebral laterality view of stuttering that dates as far back as Orton (1927). Interpreted within the DIVA/GODIVA framework, the left hemisphere white matter impairments are indicative of impaired function of the left-lateralized feedforward control system, resulting in sensory errors that must be corrected by the right-lateralized auditory and somatosensory feedback control systems.
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FIGURE 4. Schematic of intra-hemispheric white matter tracts between inferior frontal cortical regions and Rolandic cortical regions whose strengths are significantly correlated with stuttering severity (Cai et al., 2014) plotted on (A) left and (B) right lateral inflated cortical surfaces. Red tracts indicate a negative correlation with severity (i.e., weaker tracts are associated with higher severity); green tracts indicate a positive correlation. (Abbreviations: IFo = inferior frontal gyrus pars opercularis; IFt = inferior frontal gyrus pars triangularis; PoCG = postcentral gyrus; PrCG = precentral gyrus).


Further support for the view that left hemisphere impairments in PDS result in increased right hemisphere involvement during speech comes from functional neuroimaging studies. Anomalous functioning in left hemisphere inferior frontal cortex in adults with PDS during single-word production was identified using magnetoencephalography by Salmelin et al. (2000), who also noted that suppression of motor rhythms (which reflect task-related processing) was right dominant in PDS but left dominant in fluent speakers. Hyperactivity in right hemisphere cerebral cortex of PWS has been noted in a number of prior PET and fMRI studies (e.g., Fox et al., 1996; Braun et al., 1997; Ingham et al., 2000; De Nil et al., 2001; Neef et al., 2018). The view that right hemisphere cortical hyperactivity results from impaired left hemisphere function is also consistent with the effects of fluency-inducing therapy on BOLD responses; successful treatment has been associated with a shift toward more normal, left-lateralized frontal activation (De Nil et al., 2003; Neumann et al., 2005).

Consistent with the view that left hemisphere anomalies underlie PDS, Garnett et al. (2018) identified several left hemisphere differences in cortical morphology of CWS compared to age-matched controls. Surface-based measures of cortical thickness and gyral anatomy were extracted in perisylvian and dorsal medial regions relevant to speech processing (Tourville and Guenther, 2003). The results showed that children with persistent stuttering had significantly decreased cortical thickness in left ventral motor cortex (vMC) and ventral premotor cortex (vPMC) areas relative to controls (Figure 5). vMC contains representations of the speech articulators, including the larynx (in particular, the ventral laryngeal representation; cf. Belyk and Brown, 2017), tongue, jaw, and lips (see Guenther, 2016, Appendix A for a review). This decreased thickness was not found in children who eventually recovered from stuttering. Recovered children had decreased gyrification4 in the SMA and pre-SMA areas with increasing age, which may indicate better long-range connectivity with regions such as left IFG.
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FIGURE 5. Morphometric differences in speech motor control regions differentiated children with persistent stuttering from those who recover. A compensatory mechanism involving left medial premotor cortex may contribute to recovery (Garnett et al., 2018). Reprinted from Garnett et al. (2018), by permission of Oxford University Press. Copyright © 2018 Oxford University Press.


In the first longitudinal DTI study in childhood stuttering, Chow and Chang (2017) showed that white matter integrity in major tracts such as the left arcuate fasciculus was decreased in CWS relative to their fluent peers. Specifically, sections along the left arcuate fasciculus underlying the temporoparietal junction and posterior temporal areas were decreased in CWS regardless of their eventual persistence or recovery. Furthermore, significant age-related white matter integrity increases were found in these same areas in the recovered group, but this was not the case for the persistent group. Namely, growth trajectories normalized with age in the recovered group but stagnated in the persistent group. This suggests that normalized structural connectivity among left premotor, motor, and auditory cortical areas may play a role in natural recovery from stuttering in childhood. The commonly reported finding of decreased FA affecting the frontal motor areas in stuttering speakers relative to fluent speakers (Sommer et al., 2002; Chang et al., 2008, 2011; Watkins et al., 2008; Cykowski et al., 2010) was also reported in this study.

Another common finding in adults with PDS is reduced neural activity in left hemisphere auditory cortex of the posterior superior temporal gyrus compared to fluent controls (e.g., Fox et al., 1996, 2000; Braun et al., 1997; De Nil et al., 2001). Auditory cortical activity impacts motor actions via corticostriatal projections (Znamenskiy and Zador, 2013). Thus, if auditory feedback of one’s own speech does not match the expected pattern for the current sound (due, for example, to subtle errors in articulation), the striatum may detect a mismatch between the current sensorimotor context and the context needed for initiating the next motor program, thus reducing its competitive advantage over competing motor programs, which in turn may lead to impaired generation of initiation signals by the basal ganglia and a concomitant stutter.

This view receives support from a number of findings. First, it has long been known that there is a very low rate of stuttering in congenitally deaf individuals (e.g., Backus, 1938; Harms and Malone, 1939; Van Riper, 1982). Furthermore, a number of manipulations that interfere with normal auditory feedback processing of one’s own speech can alleviate stuttering, including noise masking (Maraist and Hutton, 1957; Adams and Hutchinson, 1974), chorus reading (Barber, 1939; Kalinowski and Saltuklaroglu, 2003), pitch-shifted auditory feedback (Macleod et al., 1995), and delayed auditory feedback (Stephen and Haggard, 1980). These conditions may have the effect of eliminating the detection of small errors in articulation that would otherwise reduce the match between expected and actual sensorimotor context for the next motor program in striatum. In light of these considerations, the reduced activity in auditory cortex of adults who stutter may reflect a compensatory mechanism involving inhibition of auditory feedback of one’s own speech to avoid detection of minor errors in production. This conjecture receives some support from findings of reduced responses to auditory perturbations during speech in adult PWS compared to age-matched controls (e.g., Cai et al., 2012, 2014; Daliri et al., 2018). Interestingly, Daliri et al. (2018) found that CWS did not show a reduction in adaptation to auditory perturbation compared to non-stuttering children, suggesting that increased inhibition of auditory feedback during speech may develop gradually in PWS as a means to reduce dysfluency.

To date this conjecture has received relatively little support from neural studies of CWS, primarily due to difficulties in performing task-related functional neuroimaging in young children near the age of onset of stuttering. However, Walsh et al. (2017) used functional near infrared spectroscopy (fNIRS) to measure hemodynamic responses in CWS and age-matched controls performing a picture description task that induced continuous speech production. While the fluent controls showed the expected neural activity in the left inferior frontal and premotor cortices during this task, a deactivation in the same areas was observed in the case of CWS. There were no significant group differences found in the auditory areas, providing some support for the idea that deactivation of auditory cortex is a compensatory mechanism developed after years of stuttering rather than a root cause of the disorder.




DISCUSSION

In this paper, we reviewed theoretical perspectives and extant empirical data substantiating the possible critical role of the cortico-BG loop in stuttering etiology. Impairment of this loop was posited to take three different possible forms: deficits in the basal ganglia proper, deficits in the connections between the main neural structures of the cortico-BG loop (cortex, basal ganglia, and thalamus), and deficits in the cerebral cortex. Neuroimaging data to date from both children and adults who stutter have provided evidence to support deficits in each of these areas relative to fluent speakers. The differences that are present in the literature based on examining adults versus children give important insights into potential core deficits associated with stuttering versus compensatory changes that occur in the brain as a result of having stuttered for many years in the case of adults who stutter. Below we discuss some promising areas of investigation that have the potential to further our understanding of the role of the basal ganglia in stuttering pathophysiology.


Differences Between Adults and Children Who Stutter Provide Important Insights Into Distinguishing Primary Deficits From Secondary Effects in Stuttering

Anatomical and functional anomalies involving the left hemisphere premotor cortex, IFG, SMA, and putamen have been found in both adults and children who stutter, suggesting that these impairments may represent the primary deficits underlying stuttering. By contrast, differences between adults and children who stutter have been identified, including auditory cortex deactivation relative to controls during speech and decreased compensation to auditory perturbations in adults who stutter but not CWS. Currently, this assertion has only been supported in a small number of studies involving CWS, but if this pattern holds up in additional studies, it suggests that decreased auditory feedback processing during speech in adults who stutter is a secondary effect that may develop over years of stuttering; perhaps, as a compensatory mechanism that decreases the probability that a stutter will be induced by the detection of minor inaccuracies in speech output through auditory feedback. More generally, studies that directly compare adults and CWS as well as longitudinal studies of individuals who stutter (including both persistent cases and those that resolve over time) are needed to tease apart primary deficits from the many secondary behaviors and neural anomalies that have been identified in adults who stutter. In turn, this knowledge will aid in the development of effective treatments aimed squarely at the root causes of the disorder.



Network-Level Connectivity Analyses of the Cortico-Basal Ganglia-Thalamocortical Loop May Be Critical for Accurately Identifying and Characterizing Deficits in This Loop in Stuttering

The preceding review makes clear that neural anomalies in stuttering have been identified in a number of different portions of the cortico-BG loop. Furthermore, individual connectivity studies often report disparate neural pathways that differ in individuals who stutter compared to controls. These considerations are indicative of the fact that stuttering is likely a system-level problem rather than the result of impairment in a particular neural region or pathway.

One implication of this is that network-level analyses, such as those studied in graph theory, may provide a more reliable and effective means of identifying the neural bases of the disorder. For example, Cai et al. (2014) used network-based statistics to characterize connectivity anomalies in adults who stutter. This study identified a relatively large deficit in betweenness centrality of left vPMC within the speech network of adults who stutter, indicating that this region (which is normally the most “central” component of the speech network) plays a substantially less central role in the speech network of individuals who stutter, though the specific brain areas with which this area has decreased connectivity differ across individuals. In another study, Chang et al. (2018) used a whole-brain independent component analysis (ICA) of resting state fMRI data to show that CWS could be differentiated from fluent peers through examining how large-scale intrinsically connected networks interact within and between different canonical networks identified in prior resting state functional connectivity studies of neurotypical individuals (Damoiseaux et al., 2006; Spreng et al., 2013). This analysis was limited to cortical areas and was able to show that certain connectivity patterns during early years could predict later persistent stuttering in CWS. CWS in general showed aberrant connectivity patterns involving the somatomotor network and its connectivity with frontoparietal and attention networks. These findings have important implications for how attention could mediate corticocortical and corticostriatal connectivities that were discussed in earlier sections. The persistent CWS (but not the recovered CWS) also showed aberrant connectivity involving the default mode network (DMN) and its connections to attention and frontoparietal networks. These results suggest that cognitive and higher-order functions could be involved in mediating recovery or persistence in stuttering symptoms. The aberrant connectivity involving DMN indicates an immature pattern of network interaction that does not efficiently segregate between task positive (e.g., attention, frontoparietal, and somatomotor) and task negative (e.g., DMN) networks. It has been proposed in a “default network interference model” (Sonuga-Barke and Castellanos, 2007), that DMN intrudes on task-positive networks and adds variability in performance of externally directed tasks. Better segregation from task-negative networks to enable efficient functioning of the somatomotor, executive control, and attention networks could allow once-vulnerable children to recover from stuttering. Those who are not able to achieve normalized segregation among networks could have difficulty compensating for possibly aberrant cues from the basal ganglia by engaging auditory and motor areas. Future studies will look more closely into specific connectivity affecting the cortico-BG loop and better understand how speech motor control (cortical and subcortical areas) is affected by these large-scale networks.



Examining Neural Oscillations Could Help Reveal the Nature of Neural Communication Deficits Observed in Stuttering

Apart from MRI-based studies, we expect that increasing attention will be given to the temporal dynamics of neural communication, including anomalies in these dynamics in stuttering speakers. According to the “communication through coherence” hypothesis of neural communication (Fries, 2005), neural oscillatory synchrony mediates communication between different neural structures and subsystems. Neural oscillations are categorized based on the characteristic frequencies at which the rhythms occur; among these, beta oscillations that occur in the 13–30 Hz range are prevalent in the motor system (Pogosyan et al., 2009; Joundi et al., 2012; Kilavik et al., 2013). Beta activity seems to cue the initiation and termination of a movement sequence, enabling internally driven timing of movement sequences (Bartolo and Merchant, 2015). Coherence in beta oscillations reflects functional coordination between auditory and motor systems and “dynamically configures the sensorimotor networks for auditory-motor coupling” (Fujioka et al., 2012, p. 1791). Furthermore, basal ganglia (striatal) beta activity reflects the utilization of sensory cues to guide behavior (Leventhal et al., 2012), indicating that beta activity might serve as a channel for the basal ganglia to modulate cortical auditory-motor interaction relevant to motor control.

Specific to speech, beta oscillations in the motor cortex during speech preparation reflect the communication of the speech plan to the motor effectors and to the sensory regions required for monitoring speech output (Bowers et al., 2013, 2018; Liljeström et al., 2015). Coherence in the beta range is observed between bilateral primary motor and premotor cortices and auditory cortex during speech preparation (Liljeström et al., 2015). Results suggesting aberrant neural oscillations involving beta and other frequency bands have been reported in both children (Özge et al., 2004; Etchell et al., 2016) and adults who stutter (Joos et al., 2014; Mersov et al., 2016; Mock et al., 2016; Sengupta et al., 2016; Kikuchi et al., 2017; Saltuklaroglu et al., 2017). In adults who stutter, beta desynchronization and synchronization, which occur characteristically during movement preparation and execution respectively, were both exaggerated relative to controls (Mersov et al., 2016). These results point to an abnormal neural coordination during speech preparation and execution in stuttering.

In summary, extant research suggests that beta oscillations may provide a mechanism for coordinating auditory and motor components of the cortico-BG loop when producing speech sequences that are internally timed, and this mechanism may be impaired in stuttering speakers. Future studies investigating this aspect of stuttering should provide more fine-grained temporal information on how the basal ganglia and its connectivity with cortical areas differ in stuttering. This information can provide the basis for intervention development, which may involve better synchronizing and in turn inducing better communication across the basal ganglia, motor, and auditory regions to help achieve more fluent speech in people who stutter.



Animal Models and Genetics Investigations Into the Neurobiological Bases of Stuttering

Speech production abilities in humans are uniquely complex, making it difficult to study its mechanisms in an animal model. However, research involving animal models – in particular those that present with learned vocal abilities – presents critical opportunities to investigate the biological mechanisms relevant to stuttering in a tractable model. As mentioned in a previous section, song nuclei and the connectivity among vocal learning pathways found in songbirds have important parallels to brain areas and neural pathways supporting human speech production (Pidoux et al., 2018; Schneider and Mooney, 2018; Jarvis, 2019). Selective manipulation or lesioning of specific regions within the songbird basal ganglia-thalamocortical homologue pathway has been shown to induce stuttering in songbirds (Kubikova et al., 2014; Chakraborty et al., 2017). The specific regions affected that led to stuttering included premotor cortex and basal ganglia (striatum) homologues, which coincide with findings in human stuttering literature that have reported neuroanatomical differences in these regions in people who stutter (Giraud et al., 2008; Chang and Zhu, 2013; Garnett et al., 2018). Thus, hypotheses guided by the DIVA model that tests aberrant function in specific nodes along the cortico-BG circuits as reviewed in previous sections of this paper may be feasible by manipulating analogous songbird neural pathways and examining behavioral changes in song structure that may parallel stuttering in humans.

Apart from songbirds, mouse vocalizations have been studied as a possible animal model for human speech as well. Mouse vocalizations are innate rather than learned (Mahrt et al., 2013) and differ from humans and songbirds in that their ventral (laryngeal) motor cortex homologue is not necessary for producing vocalizations (though necessary for pitch modulation) and the region is embedded in a non-vocal motor area (Jarvis, 2019). However, mice vocalizations can comprise complex strings of variable syllables and are used in various social situations (Schneider and Mooney, 2018). In a recent study, Barnes et al. (2016) examined vocalization changes of mice with a knock-in mutation of a stuttering related gene, GNTAB. Compared to mice without the gene mutation, mice with the GNTAB mutation exhibited increased instances of long pausing and fewer vocalizations but no differences in non-vocal behaviors. In another study from the same group, Han et al. (2019) showed that mice with GNTAB mutations and resultant vocal deficits exhibited a specific abnormality in astrocytes, and the astrocyte pathology was primarily found in the corpus callosum. The differences in vocal characteristics, brain anatomy, and structure of vocal organs limit comparisons with human stuttering, but these studies provide initial support for using mice as an animal model for stuttering. A strength to considering mice as animal models is the substantial genetic and neurobiological tools that are available, which may translate into helping advance our understanding of cellular and molecular changes associated with stuttering.

The genes identified so far associated with persistent developmental stuttering include not only GNTAB mentioned above but also GNTPG, NAGPA, and AP4E1 (Kang et al., 2010; Raza et al., 2015), which have been reported to cumulatively account for 12–20% of all stuttering cases (Frigerio-Domingues and Drayna, 2017). This group of genes plays a role in lysosomal enzyme trafficking, a basic cellular housekeeping function. How mutations in these genes specifically affect stuttering is unclear. A couple of recent papers that examined the expression patterns of these genes across brain areas, in conjunction with brain morphometric (Chow et al., 2019) and functional network differences in stuttering (Benito-Aragón et al., 2019), provide novel insights into how these genes might affect brain anatomy and function in speakers who stutter. Specifically, spatial correspondence between areas of high stuttering gene expression and anomalous brain anatomy/function converged in perisylvian areas including the left motor and auditory cortex. Group differences in gray matter volume also showed high spatial correlation with expression patterns of the GNTPG (Chow et al., 2019; subcortical areas were not included in the analysis for Benito-Aragón et al., 2019). There are limited data available to date that provide definitive links between the neurobiology of the stuttering genes and the proposed basal ganglia circuitry and mechanisms discussed in this manuscript. We expect that it is likely that more genes will be discovered in association with stuttering. Understanding the function of these genes in relation to neural circuit development relevant to stuttering will lead to more insights into the pathomechanisms underlying stuttering the future.



Limitations of a Basal-Ganglia-Centric View of Stuttering

Although the studies reviewed herein provide broad support for basal ganglia-thalamocortical loop involvement in PDS, it is noteworthy that differences between fluent and stuttering individuals have been found for neural structures not in this loop, most notably the cerebellum (e.g., Connally et al., 2014; Yang et al., 2016), including numerous studies suggesting cerebellum-related mechanisms in compensation for stuttering (Lu et al., 2009; Etchell et al., 2014; Toyomura et al., 2015; Sitek et al., 2016; Kell et al., 2018). Importantly, the cerebellum and basal ganglia are interconnected at the subcortical level, with cerebellar output nuclei projecting to the striatum through a dense disynaptic projection (Bostan and Strick, 2018), suggesting the possibility that cerebellar projections to basal ganglia and/or cerebral cortex may provide a means for compensating for impaired basal ganglia function in stuttering. More generally, although the model described herein provides a comprehensive account of a wide range of data concerning the neural bases of stuttering, much work remains to be done to verify many details of this account, as well as to account for how brain regions not treated by our model (such as the cerebellum) impact stuttering behaviors.




CONCLUSIONS

The basal ganglia and their connections to cortical regions involved in speech form critical networks that support fluent speech production. Anatomy and function of this cortico-BG loop have been found to be atypical in an increasing number of studies of speakers who stutter, pointing to possible deficits within the basal ganglia proper; connections between cortex, basal ganglia, and thalamus; and in the cortical circuitry involved in speech production. Future studies that examine in greater detail neurological deficits in the morphology, interconnectivity, functionality, and developmental time course of the cortico-BG network have great potential to further our knowledge on possible neural vulnerabilities for chronic stuttering and for distinguishing core deficits from anomalies/compensatory deficits that develop after years of stuttering. These studies will in turn help pave the way to developing neuroscience-guided treatments for stuttering that may not only help alleviate stuttering in adults who stutter but also help prevent chronic stuttering during childhood with early intervention.
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ABBREVIATIONS

AF, Arcuate fasciculus; BA, Brodmann area; CST, Corticospinal tract; CWS, Children who stutter; dIFo, Inferior frontal gyrus pars opercularis, dorsal division; dMC, (Primary) motor cortex, dorsal division; DWI, Diffusion weighted imaging; FA, Fractional anisotropy; FDR, False discovery rate; FDT, FMRIB’s diffusion toolbox; FWE, Family-wise error; GM, Gray matter; IFo, Inferior frontal gyrus, pars opercularis; MNI, Montreal Neurological Institute; NBS, Network-based statistic; PDS, Persistent developmental stuttering; PFS, Person(s) with fluent speech; PWS, Person(s) who stutter; ROI, Region of interest; SLP, Speech language pathologist; SSI, Stuttering severity instrument; TBSS, Tract-based spatial statistic; TE, Echo time; TFCE, Threshold-free cluster enhancement; TI, Inversion time; TR, Repetition time; WM, White matter.


FOOTNOTES

1Impaired initiation and/or termination of movements in PDS has also been reported in a number of non-speech tasks such as auditory tracking (Nudelman et al., 1992) or producing a minimal displacement of the fingers or speech articulators (De Nil and Abbs, 1991; Howell et al., 1995; Loucks and De Nil, 2006).

2The small sample of PWS in this study, coupled with the lack of published follow-up studies, suggests caution in interpreting these experimental findings. In particular, excess striatal dopamine might be representative of only one subtype of stuttering, as discussed later in this section.

3Unfortunately, these drugs typically have serious side effects that often outweigh improvements in fluency in most study participants, as detailed in Bothe et al. (2006).

4To measure gyrification, we used the FreeSurfer (Fischl, 2012) tool to extract the local gyrification index (lGI), which quantifies the amount of cortex within sulcal folds relative to that of the outer cortex.
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Stuttering is a disorder that impacts the smooth flow of speech production and is associated with a deficit in sensorimotor integration. In a previous experiment, individuals who stutter were able to vocally compensate for pitch shifts in their auditory feedback, but they exhibited more variability in the timing of their corrective responses. In the current study, we focused on the neural correlates of the task using functional MRI. Participants produced a vowel sound in the scanner while hearing their own voice in real time through headphones. On some trials, the audio was shifted up or down in pitch, eliciting a corrective vocal response. Contrasting pitch-shifted vs. unshifted trials revealed bilateral superior temporal activation over all the participants. However, the groups differed in the activation of middle temporal gyrus and superior frontal gyrus [Brodmann area 10 (BA 10)], with individuals who stutter displaying deactivation while controls displayed activation. In addition to the standard univariate general linear modeling approach, we employed a data-driven technique (independent component analysis, or ICA) to separate task activity into functional networks. Among the networks most correlated with the experimental time course, there was a combined auditory-motor network in controls, but the two networks remained separable for individuals who stuttered. The decoupling of these networks may account for temporal variability in pitch compensation reported in our previous work, and supports the idea that neural network coherence is disturbed in the stuttering brain.

Keywords: stuttering, pitch, vocalization, altered feedback, fMRI, speech, sensorimotor


INTRODUCTION

Persistent developmental stuttering is a neurobiological disorder that results in the repetition and prolongation of speech sounds, syllables, and words (Bloodstein and Bernstein Ratner, 2008). It has been suggested that, on a neural level, stuttering is the result of a problem with sensorimotor integration (Max et al., 2004). Consistent with this idea is the observation that individuals who stutter do not respond to altered auditory feedback in the same way as fluent individuals during vocalization (Kalinowski et al., 1993; Bauer et al., 2007; Cai et al., 2012; Loucks et al., 2012; Daliri et al., 2018). We recently showed that individuals who stutter are more variable in responding to manipulations of pitch feedback while speaking, both in the number of compensatory responses and in the timing of those responses, and that this variability correlates with self-rated stuttering severity (Sares et al., 2018). The results of this and other behavioral studies (Kalinowski et al., 1993; Cai et al., 2014) point to a timing problem during auditory-motor behavior, something that also appears to extend to non-speech (Cooper and Allen, 1977; Ward, 1997; Boutsen et al., 2000; Subramanian and Yairi, 2006; Falk et al., 2015; van de Vorst and Gracco, 2017; Sares et al., 2019). Neuroimaging studies have identified differences in motor and auditory regions of the brain in adults who stutter (AWS; Foundas et al., 2001; Brown et al., 2005; Nil et al., 2008; Chang et al., 2009; Kell et al., 2009; Beal et al., 2010, 2011; Kikuchi et al., 2011; Budde et al., 2014; Belyk et al., 2015). Taken together, these behavioral and neuroimaging studies are consistent with compromised sensorimotor feedback interactions during speech production. In the current experiment, we will explore the neural processes underlying altered pitch feedback compensation in individuals who stutter using fMRI.

Several fMRI studies using pitch-altered feedback have been conducted on individuals with typical speech development (Watkins et al., 2005; Toyomura et al., 2007; Zarate and Zatorre, 2008; Zarate et al., 2010; Parkinson et al., 2012; Behroozmand et al., 2015). The regions involved are similar to those of delayed auditory feedback studies (Hashimoto and Sakai, 2003; Watkins et al., 2005), generating more activity in temporal areas during altered auditory feedback compared to normal feedback. Motor activation is less consistent, ranging from prefrontal and premotor (Toyomura et al., 2007) to the supplementary motor and primary motor areas (Zarate and Zatorre, 2008). In some cases, motor activation is not seen in the main contrast (Parkinson et al., 2012; Behroozmand et al., 2015).

In individuals who stutter, only one fMRI study by Watkins et al. (2008) examined altered pitch feedback. They had participants speak in the scanner and continuously played back their speech to them as auditory feedback. A consistent pitch shift was applied for all trials in one block, compared to another block where no shift was applied. This was intended to be a fluency-enhancing condition, and it was predictable in that the shift lasted for the entire block. The shift was also quite large (six semitones) and may not have been interpreted as the participants’ own voice. Thus, the manipulation used by Watkins et al. (2008) may have recruited additional processes (cognitive and attentional) and recruited brain areas associated with short-term sensorimotor learning. In contrast, our pitch compensation paradigm uses unpredictable and subtle shifts, allowing for a better estimation of on-line sensorimotor control processes. We can nevertheless predict that some common areas would be activated in a pitch-compensation experiment: namely, premotor/sensorimotor cortex, auditory cortex, and perhaps cerebellum. Some predictions about the stuttering brain’s response to pitch-altered feedback may also be made based on fMRI studies of delayed feedback in stuttering, which usually show that individuals who stutter differ in their recruitment of superior and middle temporal gyrus, as well as inferior frontal gyrus (Watkins et al., 2008; Sakai et al., 2009).

However, there is also evidence that neural differences in individuals who stutter may go beyond levels of activity in specific brain regions, additionally affecting connectivity between brain regions. Recent resting-state connectivity analyses suggest atypical functional brain organization in stuttering (Lu et al., 2009, 2010; Xuan et al., 2012; Chang et al., 2018), and white matter structure also seems to be affected (Jäncke et al., 2004; Watkins et al., 2008; Blecher et al., 2016; Kemerdere et al., 2016; Kronfeld-Duenias et al., 2016). Functional MRI analysis techniques like independent component analysis (ICA) can identify brain “networks” from fMRI data without resorting to seed regions or other a priori hypotheses. This whole-brain, data-driven approach separates coherent networks of voxels based on statistical patterns in the data. Data can be examined based on the number and type of networks, and which networks correlate with the time course of the task (Calhoun et al., 2001, 2004; Xu et al., 2013; Geranmayeh et al., 2014).

The current study was designed to investigate neural correlates of auditory-motor integration in AWS using an altered pitch feedback task. A General Linear Model (GLM) analysis identifies the brain regions associated with processing shifted vs. unshifted pitch for both AWS and fluent adult controls (AC). In order to obtain a more detailed neural picture of the manner in which AWS and AC accomplished the task, we also employed a spatial ICA analysis (sICA), uncovering additional differences between the two groups.



MATERIALS AND METHODS


Participants

Thirteen AWS and 15 fluent AC participants took part in the experiment (AWS: eight females/five males; AC: 10 females/five males), with both groups ranging in age from 18 to 51 years (mean 29.46 ± 11.19 years). Initial recruitment took place through advertisements, word of mouth, and contacting previous participants from other studies. Nineteen individuals with a stutter underwent the behavioral study (Sares et al., 2018), and 13 elected to go on to the MRI study. Others declined due to scheduling, personal preference, and medical concerns like claustrophobia. Eighteen of the nineteen control participants were willing to perform the MRI; we selected those who created the best-matched group, testing two additional participants for this purpose. The sample size was determined primarily by the ability to recruit local participants who stuttered.

An individual who stutters is usually classified based on one of two criteria: a previous diagnosis or a blind evaluation of a speech clip by a speech-language pathologist. Three of the 13 AWS did not meet either of these two criteria but were included in the present study as self-identified individuals who stutter. Stuttering participants also rated their own stuttering in terms of severity and anxiety on a 9-point Likert scale (O’Brian et al., 2004; Karimi et al., 2014). Self-rated stuttering severity, self-rated anxiety about stuttering, and speech-language pathologist ratings (Stuttering Severity Instrument, 4th edition) are presented in Table 1. Each of the 13 individuals who stutter was matched to a control participant in sex and age within 5 years (mean age difference per pair = 0.38 ± 2.79 years, with no group difference in age: two-tailed t(26) = 0.301, p = 0.766, Cohen’s D = 0.11). Participant groups were also balanced in terms of handedness (with one female in each group being left-handed), as measured by the Edinburgh Handedness Inventory (Oldfield, 1971) and in terms of music experience based on a modified version of the Montreal Music History Questionnaire (Coffey et al., 2011; t(26) = −0.574, p = 0.571, Cohens D = −0.22 for handedness; t(26) = −0.301, p = 0.765, Cohen’s D = −0.11 for log hours of music experience). This study was approved by the McGill Faculty of Medicine Institutional Review Board in accordance with principles expressed in the Declaration of Helsinki; informed written consent was obtained from all participants.

TABLE 1. Characteristics of self-identified participants with a stutter.

[image: image]



Task

The task involved vocalizing while simultaneously hearing one’s own voice through headphones. The auditory feedback was intermittently pitch-shifted and the participant’s vocal response was recorded (Fairbanks, 1955; Yates, 1963; Elman, 1981; Burnett et al., 1998; Houde and Jordan, 2002; Stuart et al., 2002; Liu and Larson, 2007). Participants were instructed to vocalize the vowel /a/ for 74 trials, a task with which they were already familiar, all of them having completed a separate out-of-scanner behavioral session (Sares et al., 2018). There was a partial overlap between the participants whose out-of-scanner data appeared in the previous report (Sares et al., 2018) and the participants whose MRI data appears here, depending on the inclusion criteria for the different studies and whether participants came back for the MRI session.

Participants heard their own voice through the headphones along with pink noise in order to minimize the participants’ bone-conducted feedback. On 26 of the trials, their voice was unaltered (unshifted trials). On the remaining 48 trials, the participants heard their voice briefly perturbed (shifted) by 100 cents, either up (24 trials) or down (24 trials) for a duration of 500 ms. A few participants in each group had truncated scans and thus had fewer than 74 trials (AC: 72, 63, and 62 trials; AWS: 69, 57, and 61 trials). Vocalizations all had a duration of at least 1.4 s. In the previous experiment, participants had been trained to maintain a consistent volume while vocalizing. The onset of the pitch shift was jittered between 350 and 800 ms after vocalization onset detection, to avoid unstable pitch at the beginning of the vocalization and also to make the shift less predictable.

The order of unshifted/up-shift/down-shift trials was randomized, with the constraint that there could be no more than two consecutive unshifted trials, and no more than four consecutive trials shifted in the same direction. An image appeared on the screen indicating the beginning of a trial, and a progress bar began at the bottom of the screen when the vocalization was detected. Participants were instructed to keep vocalizing until the progress bar was filled for each trial but were not informed that there would be shifts in the pitch. The task took about 15 min to complete. It is important to mention that this experiment was not designed to induce stuttering, but rather to study how the trait of stuttering affects basic auditory-motor processing during periods of fluent vocal production.



MRI Procedure

Testing took place at the Montreal Neurological Institute. Scanning was performed on a Siemens Trio 3T scanner with a 32-channel head coil. A high-resolution T1-weighted anatomical scan was first acquired with an MPRAGE ADNI iPAT2 sequence (voxel size = 1 mm3; TR = 2.30 s; TE = 2.98 ms; flip angle = 9°; FOV read = 256 mm).

Immediately after the anatomical scan, a T2*-weighted functional resting-state scan measuring a blood-oxygen-level-dependent signal (BOLD) took place (voxel size = 3 mm3; TR = 2.68 s; TE = 30 ms; flip angle = 90°; FOV read = 192 mm). The participant was presented with a black + sign in the middle of a white screen and told to fixate on it while remaining relaxed and not thinking of anything in particular. This lasted for 369 s.

For the speech task, a sparse-sampling paradigm was used (Belin et al., 1999; Gracco et al., 2005; Perrachione and Ghosh, 2013), with the same MRI acquisition protocol (voxel size = 3 mm3; TE = 30 ms; flip angle = 90°; FOV read = 192 mm) except for a repetition time (TR) of 8.08 s that was greater than the acquisition time (TA) of 2.68 s (Figure 1). The trial presentation occurred during the 5.4 s between volumes, assuring that scanner noise did not interfere with the auditory feedback, and that jaw motion during vocalization did not contaminate the MR signal. An MR-compatible microphone was used, along with ear inserts to deliver the feedback. The level of a test sound was used to adjust the volume to a comfortable level for the participant. In the experiment, this resulted in a sound pressure level of approximately 70–80 dB for the pink noise alone, and 80–88 dB for pink noise and vocal feedback together.


[image: image]

FIGURE 1. Schematic time course of a trial. The lower bar represents events that are not related to the onset of vocalization in each trial. The smaller bar above it (with a sample vocal trace in black) represents the trial time course once vocalization has begun. Trials are designed such that the blood-oxygen-level-dependent signal (BOLD) signal resulting from the perturbation will be likely to peak during the following acquisition. Dark gray: acquisition scan (brain activity recorded). TA, acquisition time (2.68 s). Dark blue: visual displays for trial onset and feedback. Peach: window of time during which a participant may begin vocalization. Light gray: buffer time necessary to process the trial and be ready for the next one. Dark green: time needed for the Audapter software to recognize vocalization. Maroon: time frame within which the perturbation will begin on a shifted trial (jittered). Red: duration of perturbation (always 500 ms). Turquoise: time window in which participants should stop vocalization in order to receive “success” during visual feedback.





Analysis


Behavioral Analysis

A pitch trace in Hertz was obtained for each trial using PRAAT’s PSOLA algorithm (Boersma and Weenink, 2013), and data were imported into Matlab R2015a (MATLAB, 2015). For additional details about the pitch trace preprocessing, see our report on the out-of-scanner data (Sares et al., 2018). Pitch traces were aligned at the moment of the perturbation, or for unshifted trials, a random moment when the perturbation could have occurred. Pitch was converted to cents relative to the moment of the perturbation using the following equation:

[image: image]


To control for some participants’ tendency to rise or fall in pitch over the course of a trial, each participant’s unshifted trials were averaged together, and this characteristic pitch trace was subtracted from the pitch-shifted trials to create normalized pitch traces.

We then calculated an average compensation curve per participant, per shift direction. Based on response data from our previous behavioral study (Sares et al., 2018), we chose a window of 150–650 ms after the shift onset to examine the response. We took the area under the curve during this window. This information was submitted to a 2 × 2 ANOVA (group, shift direction). Since no differences by direction were found (see “Results” section), we could compute an average compensation curve across both shift directions, with responses to up-shift trials flipped so that they could be averaged with down-shift trials. The grand average responses for each group were submitted to a one-sample t-test (one-tailed) to confirm that they were significantly greater than zero, meaning that compensation behavior was present for both groups.

In addition, we ran a 2 × 2 ANOVA (group, shift direction) on onset and peak time variability of the responses, as described in the previous study (Sares et al., 2018). Effect size for ANOVAs was measured using generalized eta squared ([image: image]; Olejnik and Algina, 2003; Bakeman, 2005).



MRI Preprocessing

Preprocessing was realized in SPM12 software (Wellcome Department of Imaging Neuroscience, London, UK) in Matlab. The initial volume(s) were not included in analyses; they were automatically removed during the Siemens scan sequences to allow the magnetization to stabilize. The functional images from each participant’s session were first motion-corrected and then co-registered to each individual’s anatomical file. A transformation matrix from the anatomical image to a standard image (MNI152 T1 average) was estimated and then applied to each functional image to facilitate comparisons across participants. Finally, the preprocessed functional images were spatially smoothed with an 8-mm full-width at half-maximum, and time-course data were high-pass filtered at 128 s. Mango1 was used for visualization of data.



General Linear Model (GLM) Analysis

The GLM approach was used to examine the neural response to the pitch shift and differences in the response between AWS and AC by subtraction of signals. First level (within-participant) analyses were performed in SPM12 software. The regression model for each participant included unshifted and shifted conditions (upshifts and downshifts were combined), and a proxy measure for the behavioral response to a shift, which was orthogonalized to the “shifted” regressor. Rigid-body movement parameters were included as covariates of no interest: x, y, and z translation, as well as pitch, roll, and yaw rotation. This GLM yielded a first-level shifted > unshifted contrast on a per-subject basis, as well as a contrast of all conditions vs baseline. Baseline consisted of scans before and after the experiment, dropped trials where insufficient vocalization was detected and scans where a trial did not initiate because the computer was still calculating. Because the contrast of interest was shifted vs. unshifted trials, there were not many baseline scans for some participants, so this contrast should be interpreted with caution.

At the second level, the neural response to pitch perturbations was defined as regions where BOLD activity in the shifted condition differed from the unshifted condition. Specifically, the shifted > unshifted contrast was tested by permutation, implemented in FSL software’s non-parametric randomise function (Winkler et al., 2014) with threshold-free cluster enhancement (Smith and Nichols, 2009; corrected two-tailed p < 0.05). The all conditions > baseline contrast was similarly calculated.

The difference in the neural response to the pitch shift between AWS and AC was also tested. We compared the shifted > unshifted contrast between the two groups by unpaired two-sample t-test, also implemented using the randomize function. There were no significant differences at the corrected threshold, but we present effects identified at a more lenient threshold (uncorrected voxel-wise two-tailed p < 0.001).

For each cluster found in the group difference contrast, post hoc correlations with self-rated stuttering severity were performed with the MarsBar toolbox2 (Brett et al., 2002). The values input to the correlation were the average beta values from the shifted > unshifted contrast across the cluster, and each individual’s self-rated stuttering severity. Two right frontal clusters in Brodmann area 10 (BA 10) were combined because of their proximity and small size (see “Results” section). Raw p-values are reported, which should be evaluated with a Bonferroni correction (alpha of 0.05 divided by two regions evaluated, giving a new alpha of 0.025).



Independent Component Analysis (ICA)

Task-related neural activity across distributed networks was assessed by ICA followed by GLM. Task-related patterns were obtained by applying GLM analysis to the spatiotemporal patterns estimated by ICA using GIFT software (Calhoun et al., 2001, 2004).

Group ICA was run on all participants together, as well as on each group individually. The ICA analysis on all participants allowed us to have the same components across groups so that we could perform group comparisons on the properties of the independent components (ICs). Separate application of ICA on the two groups allowed us to detect spatiotemporal patterns specific to each group.

In the ICA analysis, the time series of each voxel of the preprocessed data was normalized by its average intensity. The normalized data passed through a two-step data reduction by principal component analysis (PCA). In the first step, the data were reduced to 45 dimensions on a per-subject basis. In the second step, the processed data for all subjects were concatenated across time, and the concatenated result was then reduced to 30 dimensions. After these reductions, the number of ICs was estimated using the Infomax algorithm (Bell and Sejnowski, 1995) for all participants together. This yielded a spatial map and a time course for each IC. Since the estimation of ICs can vary slightly each time it is run, we repeated the ICA 30 times using the ICASSO toolbox and found reproducible ICs (Himberg et al., 2004). Finally, spatial maps and time courses of ICs at the group level were back-reconstructed to those for each subject.

Spatial maps of ICs shown in subsequent figures reflect a per-voxel permutation test where the beta weights of the component in participants’ back-reconstructed maps were significantly greater than zero, again using the randomize algorithm (corrected two-tailed p < 0.001, using threshold-free cluster enhancement). The threshold was increased to corrected p < 0.001 in order to restrict the spatial extent of the networks and make sure that any overlaps observed with other networks were relatively small. The same procedure was carried out for both task and resting-state data. Task data yielded 28 ICs for all participants together, and 29 ICs for both of the separate group analyses. Resting-state data yielded 33 ICs for all participants together, and 35 ICs for both of the separate group analyses.

The ICs then passed to an identification stage. Two raters (first author and a lab trainee who was blind to task and group) identified components of interest and eliminated ICs related to factors such as respiration, pulse, and scanner artifacts by examining both the spatial and frequency distributions (Griffanti et al., 2017). The mean agreement between the two raters over rest and task data was 94.38 ± 3.43%. Components identified as not-of-interest or unsure by both raters were removed from the analysis. For contested decisions, where one rater classified the component as not-of-interest and the other counted it as of-interest, the component was kept. For the task data across all participants, 13 out of 28 ICs were kept. For the group with a stutter, 16 of 29 ICs were kept, and for the control group, 13 of 29 ICs were kept. For the resting-state data across all participants, 22 out of 33 ICs were kept. For the group with a stutter, 21 of 35 ICs were kept, and for the control group, 21 of 35 ICs were kept. A number of accepted ICs between 10 and 20 are comparable to other recently published work (Rummel et al., 2013; Griffanti et al., 2014), regardless of how many ICs are initially identified.

Multiple regression was performed with the time courses of the experiment conditions (unshifted, up-shift, and down-shift) entered as predictors for each of the IC time courses. For the remaining components, statistics were carried out on the beta weights in the form of 2 × 3 ANOVA (group, condition). ANOVA results were corrected with a false discovery rate (FDR) to account for the total number of ANOVAs performed in that group of ICs.

To associate the spatial distribution of the task-based functional networks identified by ICA with resting-state networks, we derived Tanimoto Indices (also known as Jaccard Indices) by comparing each task-based network to all resting-state networks (Wang and Peterson, 2008; Qiao et al., 2017). Overlaps of the top five task-related networks for each group (all participants, AC, AWS) with resting-state networks are presented in Supplementary Tables S1–S3. Finally, based on the involvement of auditory and motor networks in the task, functional network connectivity over the entire time course was assessed between auditory and motor networks in both rest and task data using the Dynamic FNC (dFNC) toolbox within GIFT (Allen et al., 2011).





RESULTS


Behavior

In our previous behavioral study (Sares et al., 2018), we obtained compensation magnitudes around 20–30 cents. Behavioral compensation in the scanner (Figure 2) was smaller—about 10–20 cents—but nonetheless comparable to the results from Parkinson et al. (2012), who conducted the same in-scanner task for fluent participants. The proportion of trials that led to the expected response (opposing the shift) varied widely by each participant (minimum 30%, maximum 93%).
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FIGURE 2. In-scanner behavioral responses to shifted trials in cents, exhibiting a typical compensation effect, although the magnitude of the effect was reduced compared with out-of-scanner responses (Sares et al., 2018). Trials are centered at the moment of the perturbation, and responses to up-shifts are flipped in order to be averaged with down-shifts. Each participant’s shifted trials are normalized by subtracting their characteristic pitch trace in the unshifted trials. Shaded areas show standard error of the mean.




Area Under the Average Response Curve

A one-sample t-test (one-tailed) on areas under the curve for shifted trials revealed the expected compensation behavior in both groups (AC: t(14) = 3.9, p < 0.001, Cohen’s D = 1.00; AWS: t(12) = 1.8, p = 0.047, Cohen’s D = 0.50). Though an attenuated average response in AWS compared to AC is visually evident, the group difference in area under the curve did not reach significance, whereas it had in the out-of-scanner data (F(1,26) = 1.5, p = 0.235, [image: image] = 0.04). There was no effect of shift direction on the magnitude of responses (F(1,26) = 0.02, p = 0.895, [image: image] < 0.01) and no interaction between group and shift direction (F(1,26) = 0.46, p = 0.505, [image: image] = 0.01).



Variance in Onset Time

Though onset time variability (as measured in standard deviation) was less in AC (142.6 ms) than in AWS (159.9 ms), there was no statistically significant main effect of group (F(1,26) = 1.7, p = 0.199, [image: image] = 0.03), no main effect of direction (F(1,26) = 2.3, p = 0.138, [image: image] = 0.05), and no interaction (F(1,26) < 0.1, p = 0.858, [image: image] < 0.01).



Variance in Peak Time

Peak time variability (as measured in standard deviation) was slightly less in AC (170 ms) than in AWS (175.2 ms). There was no statistically significant main effect of population (F(1,26) = 0.2, p = 0.685, [image: image] < 0.01), no effect of direction (F(1,26) = 3.0, p = 0.095, [image: image] = 0.05), and no interaction (F(1,26) = 0.1, p = 0.735, [image: image] < 0.01).

The lack of statistical significance in these results could be due to the inclusion of individuals with a milder stutter compared to the previous experiment, or (more likely) differences in the auditory environment of the scanner, where responses to altered auditory feedback seem to be attenuated. However, even when behavior is not noticeably different, neural processing can differ, as we will show.


MRI—GLM

Vocalization resulted in auditory and motor activity (Figure 3A, Table 2). Pooling all participants together, we observed increased BOLD activity in the superior temporal cortices for shifted trials compared to unshifted trials (Figure 3B, Table 2). Additionally, there were two regions where the groups differed in their responses to shifted vs. unshifted trials at an uncorrected threshold (p < 0.001; Figure 3C, Table 2). These were the right middle temporal gyrus (rMTG), and the frontal BA 10. AC had greater activity in these areas than AWS. In fact, almost all of the individuals who stuttered showed lower activity in the shifted condition than in the unshifted (negative y values in Figure 4), whereas controls almost all show positive values.


[image: image]

FIGURE 3. (A) Activation over all trials for all participants, corrected p < 0.05. (B) Shifted > unshifted trials for all participants, corrected p < 0.05. (C) AC > AWS for shifted > unshifted; uncorrected p < 0.001. AC, adult control participants; AWS, adults who stutter.



TABLE 2. General linear model analysis: peak tables.
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FIGURE 4. The plot of pitch-shift related activation by self-rated stuttering severity in areas where there was a group difference: (A) right middle temporal gyrus and (B) right Brodmann area 10. Empty circles represent adult control participants (AC), black and gray circles represent adults who stutter (AWS). Gray circles are self-identified AWS whose stuttering was not confirmed by speech-language pathologist evaluation. The trend line and correlation are shown within the AWS group.



Looking at these two regions to see whether there was also a relationship with self-rated stuttering severity, this relationship did not reach significance (Figure 4; MTG: r2 = 0.10, p = 0.300; BA 10: r2 = 0.14, p = 0.207). Correlations with SSI scores were similar; these can be found in the Supplementary Figures S4.1, S4.2, and S7.2.



MRI—ICA


ICA ANOVA for All Participants

ICA yielded 13 task-related ICs for data from AWS and AC taken together. There were differences of interest in motor, auditory and fronto-temporoparietal networks (IC 8, IC 15, IC 22 and IC 26 in Figure 5 and Supplementary Figure S1, Table S1) in which task- and group-related differences were detected in GLM analysis (see “GLM Analysis” section). IC 8, which accounted for 15% of the variance of the task-related neural activity, was a motor network that extended into auditory areas. IC 15, which accounted for 13% of variance, was a bilateral superior temporal network that also extended into the basal ganglia. IC 22 and IC 26 were left and right fronto-temporoparietal networks. These networks included inferior and middle frontal areas (including BA 10), middle temporal areas (including the MTG), and inferior parietal areas, as well as the anterior cingulate, precuneus, and cerebellar Crus I, II, and VI. We tested differences in the activity of the networks between AWS and AC or over conditions using ANOVA.
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FIGURE 5. Independent component analysis (ICA) with all participants: components that showed a main effect or interaction between groups/conditions. Spatial maps of components are p < 0.001, corrected for multiple comparisons and using threshold-free cluster enhancement). The top two components (IC 8 and 15) also accounted for the most task variance. Below each map is a bar graph of the mean percent signal change by group and condition within each network.



In line with the GLM results, there was a significant effect of condition on neural activity of the auditory network (IC 15: F(2,52) = 7.41, FDR-corrected p = 0.019, [image: image] = 0.02). Post hoc tests with a Tukey correction detected significant differences between each shifted condition and the unshifted condition (down-shift vs. unshifted: t(52) = 3.52, p = 0.003, Cohen’s D = 0.28; up-shift vs. unshifted: t(52) = 3.11, p = 0.009, Cohen’s D = 0.23).

For the AWS group, auditory and motor networks were slightly over-activated across all conditions (IC 8: F(1,26) = 6.31, p = 0.018, [image: image] = 0.19; IC 15: F(1,26) = 4.89, p = 0.036, [image: image] = 0.15); however, these group differences did not survive FDR correction (FDR-corrected p = 0.234). There were no interactions between group and condition in the auditory and motor networks.

In the right and left fronto-temporoparietal networks, AC and AWS diverged under conditions of the shifted pitch. This was evidenced by a significant interaction between group and condition in the left fronto-temporoparietal network (IC 22: F(2,52) = 6.43, FDR-corrected p = 0.042, [image: image] = 0.01). Activity in this network seemed to be more negatively related to shifted pitch for adults with a stutter, specifically in the up-shift condition (post hoc up-shift vs. unshifted in AWS: t(52) = −2.61, p = 0.031, Cohen’s D = 0.43). A similar trend was also present for the interaction between group and condition in the right homolog of this network, again with slightly more negative values for the shifted condition in AWS (IC 26: F(2,52) = 4.51, FDR-corrected p = 0.102, [image: image] = 0.01). Activity in the right-lateralized network was less negative in the down-shift condition in AC (post hoc down-shift vs. unshifted in AC: t(52) = 2.80, p = 0.019, Cohen’s D = 0.35). Notably, this right-lateralized network contained a portion of the posterior middle temporal gyrus, immediately posterior to the peak where GLM differences were found between AC and AWS (Table 2; Shifted > Unshifted; AC > AWS).



Comparing Task-ICA to Resting State

Next, we measured the overlap of the most task-related components with resting-state components using the Tanimoto index. Comparing task-based ICA with resting-state ICA allowed us to see if the pitch compensation task induced the formation of networks with different spatial distributions than networks at rest. This analysis was performed for all participants together, and for each group separately. Networks were primarily motor, auditory, or default-mode in character; with AC showing a true auditory-motor network and an inferior frontal component while adults who stuttered had separate auditory and motor networks.

Visualizations of the top task-related components for AC and AWS separately can be found in Figure 6. In the ICA with AC only (Figure 6, left; Supplementary Figure S2, Table S2), the component accounting for most of the variance was distinctly auditory-motor in nature, overlapping with both a resting-state motor network (Tanimoto overlap = 0.326) and a resting-state auditory network (Tanimoto overlap = 0.322). The component accounting for the second greatest portion of the variance was a bilateral inferior frontal network (somewhat right-lateralized). Interestingly, the top two components of the ICA with individuals who stutter were an auditory and a motor component, still separate (Figure 6, right; Supplementary Figure S3, Table S3). These networks overlapped with only one resting-state network each—an auditory (Tanimoto overlap = 0.524) and a motor network (Tanimoto overlap = 0.6), respectively. Supplementary Tables S1–S3 provide more information, showing the top five components accounting for the greatest amount of variance in task-related neural activity for each sample, and the three resting-state networks that were the most spatially similar to each.


[image: image]

FIGURE 6. Top three networks, by relationship to the compensation task, for ICA performed separately on each group. IC, independent component. Left: adult controls (AC), at coordinates [54 −4 10] for IC 23, [48 30 12] for IC 28, and [0 28 42)] for IC 29. Right: adults with a stutter, at coordinates [58 −24 12] for IC 18, [60 −8 38] for IC 13, and [26 −74 48] for IC 15.



After observing the decoupled auditory and motor networks in individuals who stutter during the compensation task, we asked whether decreased functional connectivity between these networks was related to self-rated stuttering severity (see “Materials and Methods” section). In AWS, auditory and motor network functional connectivity during the task did not relate to stuttering severity (r2 = 0.03, p = 0.588). During resting state, AWS did not differ from AC in their auditory-motor connectivity (t(26) = 0.24, p = 0.816), but there was a trend for a relationship to stuttering severity during resting state (Figure 7; r2 = −0.26, p = 0.074).
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FIGURE 7. Relationship between auditory-motor connectivity at rest (fisher-z transformed correlation) and self-rated stuttering severity.









DISCUSSION


Eliciting Compensation Behavior in the Scanner

In previous work, we showed that individuals who stutter compensate for altered pitch feedback, but do so in a less reliable way; the number of compensatory responses and the timing of those responses were both affected, reflecting increased variability in the stuttering group (Sares et al., 2018). In the current study, we successfully elicited compensation behavior from both groups in the MR environment. We did not fully replicate the differences between groups, but the data trended in the same direction. There are likely factors in the MR environment that affect the degree of response to altered feedback, such as external noise from the helium pump and the use of earbuds rather than on-ear headphones.

While performing the task in the scanner, participants on average recruited the superior temporal gyrus to process shifted pitch relative to unshifted pitch, replicating previous MRI studies on pitch compensation (Toyomura et al., 2007; Zarate and Zatorre, 2008; Zarate et al., 2010; Parkinson et al., 2012; Behroozmand et al., 2015). No motor areas appeared at a corrected threshold in this contrast; this is not surprising as other studies of altered feedback have also failed to find motor activity in their main contrast of shifted vs. unshifted trials (Parkinson et al., 2012; Behroozmand et al., 2015). It could be that more power is needed to detect the motor changes involved in compensating for a small pitch shift (whereas the auditory areas respond much more robustly), or that motor changes are taking place subcortically in brainstem vocal motor areas.



Decreased Activity in Middle Temporal Gyrus and Frontal BA 10

In the GLM analysis (Figure 3), when compared to controls, individuals who stutter respond to a pitch shift with less activation in both right middle temporal gyrus (MTG) and BA 10. This was supported by an interaction between group and condition in the fronto-temporoparietal networks in the ICA analysis.

The MTG has been implicated in monitoring sensory feedback based on pitch-shifting and delayed feedback studies (McGuire et al., 1996; Hashimoto and Sakai, 2003). When reading aloud under large shifts in pitch, non-stuttering participants increased activation in lateral temporal cortex, with a greater response on the right side compared to the left (McGuire et al., 1996). Similarly, under delayed auditory feedback during oral reading, non-stuttering participants increased activation in right superior temporal gyrus extending into MTG (Hashimoto and Sakai, 2003). A recent study using active and passive movements of the hand showed that MTG, in conjunction with the cerebellum, was involved in the processing of temporal discrepancies in active feedback monitoring (van Kemenade et al., 2019). The MTG may process information about sensory feedback, especially in terms of timing, for sensorimotor integration. Our previous behavioral results demonstrating increased temporal variability (Sares et al., 2018), and a reduced neural response to pitch shifts in the present study suggest that the MTG may contribute to atypical compensatory responses seen in individuals who stutter.

Anatomical structure and functional connectivity also support a link between MTG and sensorimotor integration deficits observed in individuals who stutter. They have less gray matter in MTG (Lu et al., 2010), while people highly trained in sensorimotor integration, like musicians and dancers, show increased gray matter (Bermudez et al., 2009; Cross et al., 2009; Karpati et al., 2017). Children who stutter have weaker functional connectivity between the MTG region and other brain regions at rest, and this is related to stuttering persistence (Chang et al., 2018). This last article proposed the MTG as a hub of the dorsal attentional network, which has hypoconnectivity in stuttering, especially to the default mode network. Thus, relative deactivation of the MTG may be a result of more broad atypical neural organization.

The functional role of the frontopolar cortex (BA 10) is poorly understood, but is known to be involved with task monitoring and switching behaviors (Koechlin and Hyafil, 2007). This area has been found to be densely interconnected with the auditory association area in monkeys (Medalla and Barbas, 2014). In humans, the frontopolar cortex is functionally connected with the MTG (Yeo et al., 2011), consistent with the ICA results in the present study (all subjects; ICs 22 and 26). The coincidental activity of BA 10 and the MTG during the shifted trials implies that BA 10 may receive information about auditory feedback from the MTG and engage a compensatory response for pitch shifts. Fluent participants showed a relative increase in activation in these two coupled areas in response to the shift while individuals who stutter did not. In fact, individuals who stutter showed a relative deactivation of these regions on average (see Figure 4).

It is worth mentioning that the differences seen in the contrast of AC > AS for shifted > unshifted condition are relative. There were not many baseline trials (i.e., no-vocalization trials) in this experiment, so there are not separate contrasts for shifted > baseline and unshifted > baseline to ground this difference. In fact, the ICA results from the fronto-temporoparietal networks (Figure 5; ICs 22 and 26) suggest that these areas may undergo deactivation during vocalization in general, with fluent speakers showing less deactivation during altered feedback conditions, while individuals who stutter show more deactivation.



Dissociation of Auditory and Motor Components

For all participants combined (Figure 5), we found that the two components most correlated with the task were sensory and motor in nature, with one being located in bilateral auditory areas (IC 15) and the other in bilateral motor areas (IC 8) that included pitch-controlling laryngeal muscles (Dichter et al., 2018). Auditory network activity varied significantly between the shifted and unshifted trials, being more positively correlated with the shifted trials in both groups. Additionally, AWS displayed higher activity in the auditory network (although this statistic did not meet the FDR correction threshold).

ICA results from the separate groups (Figure 6) demonstrate that the auditory and motor components were dissociated (or at least not as tightly associated) in AWS during vocalization (IC 23 for AC, ICs 18 and 13 for AWS). This was in contrast to the resting state data, where the auditory and motor areas were separable for both groups (though even here there is a trend towards less connectivity between the two networks with greater stuttering severity).

This apparent neural decoupling fits well with our previous finding of more variable compensation to pitch shifts for individuals who stutter (Sares et al., 2018). Unreliable or inconsistent communication between the auditory and motor networks may explain the more variable behavior we observed previously. A related finding under altered auditory feedback has been demonstrated independently using EEG (Sengupta et al., 2016, 2017), which also suggested a network-level discoordination (or aberrant communication) in stuttering.



Other Network Differences in Individuals Who Stutter Compared to Fluent Speakers

Both groups had primary auditory and motor cortices in their top networks related to the task. However, in the ICA with all participants, the auditory and motor networks of individuals who stuttered were more correlated with every task condition (shifted up, shifted down, and even unshifted; Figure 5). Over-activity in the motor network is consistent with a meta-analytical examination of the speech of individuals who stutter (Brown et al., 2005). However, the same meta-analysis found that auditory activation tends to be reduced. In the current study, we observed that individuals who stutter had increased activity, much like in the motor network. This may be because our task-based “auditory” component covered some motor regions as well (see Figure 5). As an aside, it is interesting that vocalization alone results in this motor over-activity, even in the absence of spoken words.

Another network involved with the task in AC but not AWS was a somewhat right-lateralized inferior and middle frontal network (Figure 6, IC 28). The inferior frontal cortex was also part of the right and left fronto-temporoparietal networks in the ICA of both groups together, which showed AC responding more positively to a shifted condition and AWS responding more negatively to a shifted condition. The inferior frontal gyrus has been a focus of stuttering research, with individuals who stutter having abnormal activity (Neumann et al., 2003; Kell et al., 2009; Walsh et al., 2017), gray matter (Chang et al., 2008; Beal et al., 2013), and white matter connectivity (Jäncke et al., 2004; Chang et al., 2008; Watkins et al., 2008; Chang and Zhu, 2013) in this region. Improvement in IFG function has been related to post-therapy amelioration of fluency (Kell et al., 2009), and transcranial direct current stimulation of this area shows promise in reducing stuttering when combined with behavioral therapy (Chesters et al., 2018). The frontal aslant tract, connecting medial frontal motor planning regions to inferior frontal regions, has greater mean diffusivity in individuals who stutter, indicating abnormal connectivity between these regions (Neef et al., 2015; Kronfeld-Duenias et al., 2016), and intraoperative stimulation of this tract can also induce stuttering (Kemerdere et al., 2016). The IFG is also an endpoint for the arcuate fasciculus, which connects the temporal and frontal lobes directly and may be affected in stuttering (Chang et al., 2008). Our ICA results confirm the importance of the IFG, showing that it is more implicated in this pitch compensation task for fluent speakers than those with a stutter.

Though this study has not found strong evidence of the involvement of other regions in this task, we do not preclude areas such as basal ganglia and cerebellum. Indeed, the cerebellum was also present in the aforementioned fronto-temporoparietal networks, and the basal ganglia were a part of the auditory network of both groups together. In addition, the default mode network was among the top five networks most correlated with the task for fluent speakers, but not for AWS.



Implications for Mechanistic Theories of Stuttering

Civier and colleagues (Civier et al., 2010, 2013) have proposed some possible mechanisms for stuttering based on the DIVA model of speech production. These mechanisms include an over-reliance on auditory feedback, abnormal levels of dopamine expression in the basal ganglia, and abnormal corticostriatal white matter tracts. We will discuss some ways our data could fit with these hypotheses; however, we caution the reader that the DIVA models are simplified and that MRI experiments like this one cannot always distinguish between the mechanistic explanations they offer.

The auditory over-reliance hypothesis (Civier et al., 2010) is difficult to justify with our current data. The GLM analysis only showed two areas of difference, MTG, and BA 10. Neither of these areas is explicitly present in the DIVA model. However, the MTG and BA 10 could be part of the “monitoring system” proposed in the model, whose neural correlates were not specified. In the ICA, we did observe slightly greater activity in the auditory network during vocalization for the stuttering group (Figure 5); however, the motor network also showed the same pattern.

The biggest problem for the auditory over-reliance hypothesis is its prediction for the behavioral response to pitch shifts in individuals who stutter. To our understanding, a heavy reliance on auditory feedback and an over-active error detection system predicts a delayed, more robust response to shifted feedback, but we see a less robust response that is not delayed. The response to pitch-shifted feedback was not simulated in the 2010 model, but it would be interesting to see whether the simulations can account for this in some way.

The dopamine and white matter models (Civier et al., 2013) seem to be more consistent with our data. They both result in inconsistent communication in the basal ganglia-thalamocortical loop, which has connections throughout the cortex, and could be a factor in the dissociation we see between the auditory and motor networks (Figure 6). This model might even account for increased local activation in both auditory and motor networks (Figure 5): the brain might be increasing the “gain” in a noisy sensorimotor system in order to deal with the demands of speech. Importantly, these models also fit better with the kind of variable, inconsistent pitch-correction behavior we observed for this task in our previous study.




CONCLUSION

Using ICA to examine neural activity during a vocal compensation task, we highlight the dissociation between auditory and motor networks during vocalization in individuals who stutter. The coupling of auditory and motor networks is bidirectional (Rauschecker and Scott, 2009) and direct as well as indirect; during vocalization, the brain engages in both feed-forward and feedback signaling, updating its models based on new information from the environment while also engaging in suppression of self-generated stimuli (Eliades and Wang, 2006; Guenther et al., 2006).

This study suggests that middle temporal, frontopolar, and inferior frontal areas could contribute to an auditory-motor dissociation in the case of stuttering. We found that during shifted feedback relative to normal feedback, the right posterior middle temporal gyrus and frontal BA 10 both deactivate on average in individuals who stutter, while activating in controls. Thus, middle temporal gyrus may not be processing pitch shifts normally in AWS, leading to unreliable compensation for pitch shifts. In addition, the inferior frontal region, while implicated in control participants for this task, was less strongly implicated for the stuttering group. Information passing between auditory and motor cortices can pass by way of the inferior frontal regions, making them potentially important for helping maintain auditory-motor connectivity (Rauschecker and Scott, 2009). Overall, the results align well with previous behavioral and neuroimaging research, demonstrating that the effects of stuttering are not observed in a single brain region, but in diverse brain networks.
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Stuttering is a DSM V psychiatric condition for which there are no FDA-approved medications for treatment. A growing body of evidence suggests that dopamine antagonist medications are effective in reducing the severity of stuttering symptoms. Stuttering shares many similarities to Tourette’s Syndrome in that both begin in childhood, follow a similar male to female ratio of 4:1, respond to dopamine antagonists, and symptomatically worsen with dopamine agonists. In recent years, advances in the neurophysiology of stuttering have helped further guide pharmacological treatment. A newer medication with a novel mechanism of action, selective D1 antagonism, is currently being investigated in FDA trials for the treatment of stuttering. D1 antagonists possess different side-effect profiles than D2 antagonist medications and may provide a unique option for those who stutter. In addition, VMAT-2 inhibitors alter dopamine transmission in a unique mechanism of action that offers a promising treatment avenue in stuttering. This review seeks to highlight the different treatment options to help guide the practicing clinician in the treatment of stuttering.
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INTRODUCTION

Childhood-onset fluency disorder (stuttering) is defined by the American Psychiatric Association (APA) Diagnostic and Statistical Manual (DSM), fifth edition (V), as a disturbance in the normal fluency and time pattern of speech that is inappropriate for the individual’s age and persists over time. Repetitions, prolongations, broken words, blocking, circumlocutions, and excess physical tension characterize these disturbances. Motor movements (e.g., eye blinks, tics, tremors, head jerking, breathing movements) may accompany stuttering. The extent of these disturbances varies situationally and can be associated with fearful anticipation of stuttering, which exacerbates dysfluency. The resulting anxiety, embarrassment, insecurity, stress, shame, and bullying can cause limitations in effective social participation and academic or occupational achievement. For many individuals, avoidance and social anxiety are often the disabling features of this condition.

Previously classified as “stuttering” and listed as an Axis 1 disorder in the DSM IV, the APA modified the classification and description of stuttering for the DSM V published in 2013. This included changing the diagnostic label from “stuttering” to “childhood-onset fluency disorder,” removing the interjection criteria, inclusion of avoidance/anxiety criteria concerning speaking situations, and further distinguishing adult-onset stuttering from childhood-onset fluency disorder (American Psychiatric Association Dsm-5 Task Force, 2013).

Dysfluency usually starts gradually, affecting single words, but becomes more frequent and interferes with complete phrases as the disorder progresses. Age of developmental stuttering onset ranges from 2 to 7 years, with 80–90% of affected individuals showing symptoms by age 6. This chronic speech motor disorder affects approximately 5% of children; however, recent data suggest a lifetime incidence upward of 10%, with most incidents occurring in children (Yairi and Ambrose, 2013). Longitudinal research shows that 65–85% of children recover from dysfluency by age 16, leading to prevalence of less than 1% in adults (Andrews et al., 1983; Andrews and Craig, 1988).

Stuttering meets criteria as a disorder when it causes functional impairments, and early intervention has the best long-term outcomes. Stuttering has a high association with other DSM V diagnoses, likely secondary to the cumulative negative impact of stuttering (Craig and Tran, 2014; Iverach and Rapee, 2014). Evidence suggests that individuals with stuttering have increased risk of developing social anxiety, which often begins in adolescence and continues throughout adulthood (Smith et al., 2014). Adults who stutter have a twofold increase in mood disorders and threefold increase in personality disorders when compared to controls (Iverach et al., 2009a). Stuttering in adults has been associated with lower quality of life, occupation and educational barriers, and difficulties with access to high-quality treatment plans (Orton, 1927; Koedoot et al., 2011). There remains no medication with FDA approval for the treatment of stuttering. Continued research into stuttering will allow clinicians to understand its causes, pathophysiology, and treatment in order to assure the most appropriate care.



ETIOLOGY

Stuttering has occurred in every culture throughout recorded history, yet to this day the exact cause remains unknown. Historically, stuttering was considered secondary to physical abnormalities of the larynx and tongue; however, surgical and chemical treatments focused on these anatomical areas did not improve symptoms. It wasn’t until the early 20th century that Orton and Travis conceptualized stuttering as a brain abnormality. They postulated that stuttering may arise from abnormal cerebral activity, leading to new theories regarding the etiology of stuttering. Psychoanalytic theory then attempted to explain stuttering as unconscious neurotic need fulfillment with unresolved oral conflict during one’s early parent–child interactions. Unfortunately, this furthered the stigma of stuttering. Stuttering is now viewed as a neurologic disorder brought on by incomplete dominance of the primary speech centers in the brain with a multifactorial etiology (Travis, 1931).

Genetics are thought to be involved in many cases of stuttering, with twin and family studies suggesting genetics account for 50–80% of stuttering, while fraternal studies suggest a 19% genetic correlation (Yairi and Ambrose, 2013). Twin studies indicate that monozygotic twins consistently display higher concordance for stuttering than dizygotic twins and estimated heritability has shown to exceed 0.80 in some studies (Ooki, 2005; Fagnani et al., 2011; Rautakoski et al., 2012). Other studies indicate a risk of stuttering to be three times higher in those with first-degree biological relatives compared to the general population.

Several studies focused on the genetic basis for stuttering have identified a single process of intracellular trafficking as the cellular defect for the disorder. These studies provide evidence for a strong genetic factor pertaining to stuttering with linkage associated to genes on chromosomes 9, 10, 12, 13, and 18. However, the results do not conclusively identify any specific genes that can contribute to the development of stuttering within the population at large (Wittke-Thompson et al., 2007; Lan et al., 2009; Kang et al., 2010). Newer studies have demonstrated an association between dopaminergic genes (SLC6A3 and DRD2) and stuttering, further supporting the dopamine theories of stuttering (Montag et al., 2012; Chen et al., 2014).

Stuttering shares many similarities with Tourette’s Syndrome – both start in childhood, have 4:1 male to female ratio, have a waxing and waning course, are made worse with anxiety, are associated with tic motions, have brain abnormalities localized to the basal ganglia, have symptoms worsened by dopamine agonists, and symptoms improved with dopamine antagonists.

A recent case report also suggests that certain cases of stuttering could be due to pediatric autoimmune disorders associated with streptococcus infections (PANDAS) (Maguire G. A. et al., 2010). PANDAS has more established etiologic mechanisms in Tourette syndrome and obsessive–compulsive disorders. Some case studies hypothesize that stuttering occurs when antibodies directed against streptococcal infection cross-react and attack the developing basal ganglia.

Finally, there are rare cases of acquired stuttering that begin in adulthood that are related to iatrogenic causes, including medications and brain trauma (Ludlow and Dooman, 1992).



IMAGING

Brain imaging and neurophysiological tools have begun to elucidate the dysfunctional neural dynamics in developmental stuttering. Overall, it appears that people who stutter show decreased activity in brain areas associated with language processing (left-sided cortical speech sites) and dysfunctional activity in areas associated with the timing and coordination of motor function (basal ganglia) (Speech production, 1997; Chang and Zhu, 2013; Neef et al., 2016). Spontaneous stuttering is hypothesized to be secondary to a defect in the inner subcortical speech loop, including the striatum of the basal ganglia. Abnormally low function of the left striatum can lead to low activity in left-cortical speech areas. Induced fluency through techniques such as chorus reading shows increased activity of left-hemispheric speech areas equal to normal controls. Clinicians theorized that induced fluency activates the outer cortical speech loops, bypassing the inactive striatum in the inner speech loop (Chang et al., 2016). Furthermore, the low function of the striatum in stuttering is associated with an overactive presynaptic dopamine system disrupting the selection, initiation, and execution of motor sequences necessary for fluent speech production (Wu et al., 1997).

Structural neuroimaging has mapped morphological changes in people who stutter, leading to the hypothesis that the main deficit in stuttering is an impaired feedforward control system in the left hemisphere, forcing a compensatory overreliance on the feedback control system of the right hemisphere over time (Chang et al., 2019). Children who stutter are noted to have smaller volume and decreased white matter integrity/connectivity in tracts of the left hemisphere, compared to fluent peers (Chow and Chang, 2017). Adults who stutter are noted to have larger volume and increased white matter integrity in tracts of the right hemisphere, with increased right-frontal structural connectivity negatively correlated with stuttering severity (Jancke et al., 2004; Neef et al., 2018). Furthermore, neural oscillations reflecting rhythmic fluctuations of neuron excitability appear overly exaggerated in adults who stutter, with increased beta desynchronization and synchronization during speech preparation and execution compared to fluent controls (Mersov et al., 2018). Gender differences in the prevalence of stuttering have also been noted in neuroimaging studies, with decreased connectivity between the left motor to left pars opercularis in boys but not girls who stutter (Chang and Zhu, 2013). It is speculated that girls with intact connectivity of this region are more likely to spontaneously recover from stuttering, perhaps explaining the skewed sex ratio in persistent stuttering onto adulthood (Chang and Zhu, 2013).

Other brain imaging studies measuring glucose metabolism (FDG-PET) showed an association with abnormally low activity of speech cortical areas (Broca’s and Wernicke’s) and low activity of the striatum in stuttering subjects. Interestingly, when fluency was induced in these subjects, cortical speech areas increased to normal or high-normal activity, but striatal activity remained low (Wu et al., 1997). PET scans measuring 6-FDOPA uptake as a marker of presynaptic dopamine activity in stuttering subjects also illustrated almost a threefold increase in 6-FDOPA uptake compared to normal controls in the right ventral medial prefrontal cortex and left caudate tail (Wu et al., 1997). FDOPA uptake was increased by >100% in limbic structures, including the deep orbital cortex, insular cortex, and extended amygdala, suggesting an overactive mesocortical dopamine tract in those who stutter (Wu et al., 1997).



PHARMACOLOGIC TREATMENT OF STUTTERING

Currently there is no FDA-approved medication for the treatment of stuttering. Medications with dopamine-blocking activity have shown the most efficacy; however, they can be limited by their respective side-effect profiles. Other agents have been tried in the past with limited efficacy, but newer medications with novel mechanisms are showing promise in the pharmacologic treatment of stuttering.

Early research in 1980 illustrated that a first-generation dopamine-blocking antipsychotic, haloperidol, improved fluency by increasing brain activity in speech areas (Wood et al., 1980). Unfortunately, haloperidol has low tolerability and poor long-term compliance due to disabling side-effects (e.g., dysphoria, sexual dysfunction, extrapyramidal symptoms, and tardive dyskinesia) (Rosenberger et al., 1976). Nevertheless, haloperidol research led to further brain imaging studies (SPECT), which revealed that stuttering was associated with abnormally low brain activity in left-sided speech cortical areas (Pool et al., 1991).

It is postulated that elevated dopamine levels are associated with stuttering and lower activity of the striatum, supported by a 1997 study showing significantly higher 6-FDOPA uptake in the ventral limbic cortical and subcortical regions leading to an overactive presynaptic dopamine system (Wu et al., 1997). It is also known that atypical antipsychotic medications such as olanzapine and risperidone block dopamine at the D2 receptor, thus leading to increased activity of the striatum and improved fluency (Maguire et al., 2002). Furthermore, dopamine agonists, medications that enhance the activity of dopamine (the opposite of dopamine blocking), such as L-dopa, worsen the symptoms of stuttering (Burd and Kerbeshian, 1991).

Pimozide, another dopamine blocking medication similar to haloperidol, showed positive clinical responses but can be associated with treatment-limiting side-effects (e.g., EPS, TD, dysphoria, prolactin elevation, and cardiac conduction concerns) (Bloch et al., 1997). In contrast, paroxetine, an antidepressant medication that decreases the reuptake of serotonin (SSRI), exhibited no clinical response in stuttering (Stager et al., 2005). Like SSRIs, tricyclic antidepressants have shown little benefit for the treatment of stuttering. A comparison of clomipramine and desipramine showed minimal short-term improvements in fluency and self-reported speaking avoidance, with clomipramine showing superior improvement then desipramine on self-reported scales of fluency in another analysis (Gordon et al., 1995; Stager et al., 1995).

Newer, second-generation dopamine-blocking medications such as risperidone and olanzapine have a lower risk of motor system side-effects (e.g., tardive dyskinesia) and are generally better tolerated than first-generation dopamine-blocking medications like haloperidol. Risperidone is associated with increased activity in the striatum and cortical speech areas and significantly decreased overall stuttering severity at doses between 0.5 and 2 mg/day (Maguire et al., 2000a). While risperidone is generally well tolerated, it can increase blood levels of the hormone prolactin, leading to potentially concerning side-effects including sexual dysfunction, galactorrhea, amenorrhea, and dysphoria. In a case series of risperidone treatment by Maguire et al., the mean change score in the stuttering frequency (%SS) of the risperidone group was –4.83 (SD = 3.72) compared to placebo –2.11 (SD = 2.66), with a Cohen’s d of 0.84 indicating a large effect size. An NNT cannot be calculated based on the statistical analysis of the study utilizing mean reductions (Maguire et al., 2000a). Risperidone was also associated via FDG PET imaging to be associated with increased metabolism of left striatal function compared to patients treated with placebo (Maguire et al., 2000b).

Further research shows that olanzapine possesses a different tolerability profile than risperidone (fewer motor symptom side-effects, sexual dysfunction, and prolactin elevation), but does have a greater propensity for significant weight gain (Tran et al., 1997). While olanzapine at doses between 2.5 and 5 mg has been more effective than a placebo at reducing stuttering, it is also correlated with an average of 4 kg weight gain (Maguire et al., 2004). In a double-blind, placebo-controlled trial by Maguire et al. (2004) olanzapine was statistically superior to placebo in improving symptoms according to different rating systems of stuttering severity. The percent reduction on the subjective stuttering scale 22% on active medication and <1% on placebo. A more recent 2013 study compared the effects of olanzapine versus haloperidol in controlling the signs and symptoms of stuttering, with results showing olanzapine reduced the severity of stuttering more than haloperidol and may be the recommended first-choice medication for individuals who stutter (Shaygannejad et al., 2013). Olanzapine has also been noted to induce down-regulation of postsynaptic GABA-A receptors, suggesting that directly acting GABA-A agonists or partial agonists may have benefit in the treatment of stuttering (Farnbach Pralong et al., 1998).

A recent case report demonstrated ziprasidone to be an effective and well tolerated medication for the treatment of stuttering and may be considered as an alternative atypical antipsychotic (Munjal et al., 2018). Additional newer dopamine antagonist medications include asenapine, which has less association with significant weight gain or glucose/lipid increases compared to olanzapine. Asenapine utilizes sublingual administration, which is absorbed more quickly. Asenapine, in a limited open-label trial for stuttering, indicated improved fluency on well-tolerated doses of 5–10 mg (Maguire et al., 2011).

Aripiprazole is a unique medication that acts as a partial agonist of D2 and 5HT1a receptors. It is FDA-approved for Tourette’s in children and adults. There are published case reports examining the safety and efficacy in stuttering (at dosages of 15 mg per day) for adults and adolescents (Hoang et al., 2016). However, akathisia is a side-effect that can limit aripiprazole’s utility in stuttering. There is a generic version available that may make it more cost-effective than other new medications (Tran et al., 2008).

Lurasidone is another newer dopamine antagonist with a unique pharmacologic profile. It is approved in children/adolescents for schizophrenia (13–17 years old) and bipolar depression (10–17 years old). A small open-label study of lurasidone in patients with stuttering showed improvement in the Subjective Screening of Stuttering (SSS) Scale. Improvement was also seen in subjective symptoms and the Clinical Global Impression Scale. Advantages include less sedation and lower risk of metabolic side effects (including weight gain and lipid elevations) (Charoensook and Maguire, 2017).

Numerous medications for stuttering are have been studied, but until recently only those with dopamine blocking activity have confirmed efficacy. Pagoclone, a selective GABA-A partial agonist, was theorized to have downstream effects on dopamine; however, it showed limited efficacy in the largest pharmacologic trial of stuttering ever conducted. Pagoclone showed strong placebo response in the trial and was likely under-dosed. It is possible that pagoclone decreased stuttering by lowering social anxiety levels, which can make stuttering worse. There has been no further development of this compound (Maguire G. et al., 2010).

Clonidine is an alpha receptor agonist, shown to be effective in controlling signs and symptoms of Tourette’s Syndrome. It was thus hypothesized that clonidine may be effective for stuttering; however, a well-designed study failed to show any difference between clonidine and placebo for objective measures of stuttering as well as parent and teacher ratings (Althaus et al., 1995).

Calcium channel blockers such as verapamil and nimodipine have also shown limited efficacy in stuttering in separate studies (Brumfitt and Peake, 1988; Brady et al., 1990). GABA receptor agents have also been investigated due to their known anxiolytic effects, including benzodiazepines and barbiturates. They were shown to reduce anxiety short term; however, they have not shown to improve fluency in stuttering and did not demonstrate any benefits compared to placebo (Sedlackova, 1970; Novak, 1975; Brady, 1991).

Ecopipam has a unique pharmacologic mechanism in its action as a D1 antagonist. This is different from other dopamine antagonists, which mostly act on the D2 receptor. Also, unlike other dopamine antagonists, ecopipam is an investigational drug not FDA approved for any other conditions, but it has shown efficacy in adolescent Tourette’s. An open-label study of ecopipam in adults demonstrated no reports of parkinsonian-like EPS typically seen with D2 antagonists. In addition, ecopipam had no reported weight gain; in fact, subjects experienced weight loss. Ecopipam has been studied for stuttering in adults in an open-label single-case experimental design funded by philanthropy. The results revealed that Ecopipam significantly improved stuttering symptoms on objective and subjective scales including the Overall Assessment of the Speaker’s Experience of Stuttering (OASES), which measures the impact of stuttering on a person’s life. Ecopipam was also well-tolerated, so further research is warranted. Ecopipam was also associated in this short-term study with improved quality of life in individuals who stutter (Maguire et al., 2019).

Another category of new medications under review is vesicular monoamine transporter 2 (VMAT2) inhibitors. Valbenazine and deutetrabenazine decrease the synthesis of dopamine through inhibition of VMAT2, a transport protein that packages dopamine into synaptic vesicles for release within the central nervous system. VMAT inhibitors have shown efficacy in Tourette’s, Tardive Dyskinesia, and abnormal movements associated with Huntington’s. One drawback is that VMAT2 inhibition is non-selective for monoamines and decreased serotonin could precipitate symptoms of depression; however, newer forms appear to lower that risk.



NON-PHARMACOLOGIC TREATMENT OF STUTTERING

Non-pharmacologic treatments for stuttering range from non-invasive to maximally invasive approaches. Most established is speech therapy, which is supported by a large body of literature and has been proven to target different physiological centers of the brain.

Various speech and behavioral therapies for stuttering have shown limited significant differences in controlled clinical trials across time with higher relapse rates and negative effects on speech naturalness (Novelli, 2018). As stuttering tractability decreases during the school-age years, the Lidcombe program was developed for preschool children based on operant principles, with verbal contingencies for stuttering administered by the parents (de Sonneville-Koedoot et al., 2015). In a large randomized controlled trial presented by Sonneville-Koedoot et al., direct treatment with the Lidcombe program versus indirect treatment of reducing communicative pressures showed greater decline in stuttering at 3 months with the Lidcombe program, but comparable outcomes in stuttering frequency at 18 months. There were no significant differences in treatment approaches (de Sonneville-Koedoot et al., 2015). In children aged 9–14, Craig et al. (1996) showed that therapeutic treatment with intensive smooth speech, intensive electromyography feedback, and home-based smooth speech showed decreased stuttering frequency of 85–90% across all assessment contexts, regardless of treatment modality. Intensive smooth speech showed more immediate improvement (<1% SS); however, participants showed better long-term success with the EMG and home-based smooth speech 1 year post-treatment. There were no statistically significant differences between the three treatment groups when measuring stuttering frequency across time (Craig et al., 1996).

Using the anomalies in brain morphology and activations during fluent speech production, recent data postulates a model of spontaneous recovery versus therapy-induced assisted recovery. Developmental stuttering is associated with reduced cortical gray matter of the left inferior frontal region and with a secondary basal ganglia dysfunction independent from recovery (Kell et al., 2009). An fMRI study by Neumann et al. illustrated that this hypoactivation can be normalized after therapy-induced modification of speech melody and frequency, even 1 year post-therapy (Neumann et al., 2018). Fluency-induced therapies are associated with a shift of over-activations to the left hemisphere to normalize the merging auditory feedback and motor program (Kell et al., 2009). Auditory feedback controls the rhythm of articulation and dysfluency can be corrected by temporal auditory feedback manipulation. Furthermore, therapy has been shown to decrease the compensatory over-activation in the right lateral prefrontal and parietal regions involving attentional and executive control. Yet, while fluency-inducing therapies can assist in restoring a left dominant network for speech production, this effect requires continued maintenance through refresher therapies (Kell et al., 2009; Neumann et al., 2018).

Furthermore, as a large percentage of early spontaneous recoveries occur around age 3, Alm hypothesized an association with spontaneous early recovery and the natural phase of basal ganglia development. There is a significant peak in the D2 dopamine receptors in the basal ganglia occurring at age 2.5–3 (Alm, 2004). The dual premotor systems model of stuttering emphasized the basal ganglia as part of the larger medial system that is dominant during spontaneous, automatic speech, especially in speech conveying thought and emotions. Behavioral therapy modalities, such as metronome-timed speech, unison reading, accent imitation, and role-play, are believed to bypass control from the medial to the lateral system (consisting of the lateral premotor cortex and cerebellum) to produce attentional, controlled speech based on auditory and somatosensory feedback (Alm, 2004).

Other non-pharmacological therapeutic interventions may be beneficial, including different forms of psychotherapy such as cognitive behavioral therapy (CBT). In the management of chronic stuttering, the importance of social anxiety or other anxiety disorders should not be overlooked. A study out of Australia indicates that adults who suffer from stuttering have six- to sevenfold increased odds of having an anxiety disorder, specifically the study indicated a 16- to 34-fold increased odds of meeting criteria for DSM IV or ICD-10 social phobia, fourfold increased odds of meeting criteria for DSM IV generalized anxiety disorder, and sixfold increased odds of meeting criteria for ICD-10 panic disorder (Iverach et al., 2009b). Other studies indicate adults with persistent stuttering report high levels of trait, state, and social anxiety, independent of the severity of stuttering speech, and oftentimes warrant a comorbid diagnosis of social phobia. High anxiety often predicts poor treatment outcomes in standard speech programs. An Australian questionnaire of 300 speech-language pathologists (SLPs) and 300 stuttering adults indicate that 65% of SLPs treating stuttering report utilizing anxiety management strategies despite no formal anxiety management training (Menzies et al., 2008).

Cognitive behavioral therapy is a psychotherapeutic intervention that may be useful for stuttering, especially because of the high co-occurrence of social anxiety or other anxiety disorders. A clinical trial of CBT combined with speech restructuring treatment indicated that while CBT had no impact on stuttering frequency, CBT treatment was associated with less anxiety and avoidance of daily speaking situations (Menzies et al., 2008).

More interventional forms of treatment, as well as different forms of neuromodulation, have also been studied. Recent research has attempted to pair transcranial direct current stimulation (tDCS) to the left inferior frontal cortex, known to be underactive during speaking in those who stutter, in order to improve behavioral therapy interventions including choral speech and metronome-timed speech (Chesters et al., 2018). Daily application of 20 min of 1-mA anodal tDCS over the left inferior frontal cortex combined with tasks performed under choral and metronome-timed speaking conditions for five consecutive days indicated a significant reduction in disfluency at 1 week post-intervention that was maintained in reading tasks at 6 weeks, compared to the same behavioral intervention paired with sham stimulation. However, conversation tasks returned to pre-intervention baseline levels (Chesters et al., 2018).

Repetitive transcranial magnetic stimulation (rTMS) is another form of neuromodulation that alters the brain’s electrical activity with large magnets oriented outside the skull. TMS potentials have been used to reconstruct timed neural integration in intracortical motor networks to further our understanding of functional brain dynamics in people who stutter, with future possibility in clinical treatment (Busan et al., 2019). On the maximally invasive end of the spectrum, deep brain stimulation (DBS) involves the insertion of programmed electrodes into the brain and is FDA approved for the treatment of Parkinson’s disease and essential tremor. There are cases in the literature of DBS treatment for acquired stuttering, and recently the first case was published of DBS treatment for developmental stuttering (Maguire et al., 2012; Lochhead et al., 2016). This DBS case for developmental stuttering has since been replicated in France (Thiriez et al., 2013). A patent has since been filed by Medtronic for the treatment of stuttering by DBS.



DISCUSSION

The pharmacologic treatment of stuttering has progressed from the earliest dopamine-blocking medications to a variety of second-generation dopamine-blocking medications with more tolerable side-effect profiles. However, even with numerous studies indicating the benefits of pharmacological treatment in reducing the burden of disease, no medications to date have been FDA approved. We postulate that one reason for this discrepancy is that no company has been willing to invest the hundreds of millions of dollars to push medications through the FDA process. While medications have shown benefit in the past, like antipsychotics, all are already generic and have no patent extension; thus, no financial incentive exists to have one of these medications studied and submitted for FDA approval. However, currently there are two active medications, mentioned previously and under patent, ecopipam and deutetrabenazine, that are currently going through clinical trials with the hope of eventually being FDA approved for stuttering.

Future directions include further investigation of these medications, which have a unique activity on dopamine. Another potential therapeutic target for medications is the modification of lysosomal storage, suggesting that further research in this area is needed. Additional research is also needed to address stuttering in adolescents, since some FDA-approved medications do not include research in this population. Future research should also include improving the accuracy of assessing changes in stuttering severity. Although global scales are consistent with treatment effect, stuttering research needs standardization among quantitative measures of outcomes in order to improve comparisons between medications. As for now, we have no head-to-head comparative trials between speech therapy and pharmacologic treatment of stuttering, and with different raters and subject pools, comparative analyses cannot be adequately performed. However, future studies should include three arms in the same randomized sample with the appropriate inter-rater reliability – speech therapy alone, medication alone, and speech therapy combined with medication. One can postulate that stuttering will be similar to other neuropsychiatric conditions such as depression where “talk” therapy combined with medication will be the most effective form of therapy. Moving forward, psychiatrists, due to their knowledge in both psychotherapy and psychotropic medications, should serve an integral part of the treatment team along with phoniatric physicians, speech-language pathologists, and psychologists. Psychiatrists should partner with these specialists in order to optimize the treatment of stuttering.
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Speech-induced suppression is the normal, relative amplitude reduction of the auditory evoked potential for self-, compared to externally-generated, auditory stimulation. It remains controversial as to whether adults who stutter exhibit expected auditory modulation during speech; some studies have reported a significant difference between stuttering and fluent groups in speech-induced suppression during speech movement planning, while others have not. We compared auditory evoked potentials (N1 component) for auditory feedback arising from one’s own voice (Speaking condition) with passive listening to a recording of one’s own voice (Listening condition) in 24 normally-fluent speakers and 16 adults who stutter under various delayed auditory feedback (DAF) time conditions (100 ms, 200 ms, 500 ms, and 1,000 ms). We presented the participant’s own voice with a delay, immediately after presenting it without a delay. Our working hypothesis was that the shorter the delay time, the more likely the delayed sound is perceived as self-generated. Therefore, shorter delay time conditions are proposed to result in relatively enhanced suppression of the auditory system. Results showed that in fluent speakers, the shorter the delay time, the more the auditory evoked potential in the Speaking condition tended to be suppressed. In the Listening condition, there was a larger evoked potential with shorter delay times. As a result, speech-induced suppression was only significant at the short delay time conditions of 100 and 200 ms. Adults who stutter did not show the opposing changes in the Speaking and Listening conditions seen in the fluent group. Although the evoked potential in the Listening condition tended to decrease as the delay time increased, that in the Speaking condition did not show a distinct trend, and there was a significant suppression only at 200 ms delay. For the 200 ms delay condition, speakers with more severe stuttering showed significantly greater speech-induced suppression than those with less severe stuttering. This preliminary study suggests our methods for investigating evoked potentials by presenting own voice with a delay may provide a clue as to the nature of auditory modulation in stuttering.

Keywords: speech-induced suppression, delayed auditory feedback, auditory evoked potentials, stuttering, EEG


INTRODUCTION

Stuttering is a fluency disorder that prevents smooth production of speech. Repetitions (co-co-co-coffee), prolongations (cooooooffee), and blocks (…… cooffee) are the core symptoms characterizing the dysfluencies of stuttering. The population incidence ranges from 1 to 11% (Craig et al., 2002; McLeod and Harrison, 2009; Boyle et al., 2011; Reilly et al., 2013), and 60–80% of the cases of developmental stuttering recover without intervention (Kefalianos et al., 2017; Shimada et al., 2018). However, the remainder will often continue to experience lifelong speech dysfluency. Although numerous studies have reported potential neurobiological mechanisms underlying stuttering, at present no definite cause nor reliable treatment that all researchers accept, exists. Considering that the prevalence of stuttering is not small (around 1%; Yairi and Ambrose, 2013) and persistent stuttering often has a long-term negative impact on quality of life (Craig and Tran, 2014; Smith et al., 2014), investigating and describing the mechanisms and nature of stuttering remain an important endeavor.

There exist conditions under which stuttering can be transiently alleviated; both synchronization of speech with another person (the chorus effect; Andrews et al., 1982) and auditory feedback transformations, where the voice is pitch-shifted and/or time-delayed (Lincoln et al., 2006), are conditions under which dysfluency is temporarily suppressed. In general, distinguishing between externally produced sounds and those which are self-produced by one’s own speech is a function important for speech-related behaviors. Sensory representations of sounds are used to monitor for salient, action-triggering signals in the external environment, whereas self-produced vocal sounds are important inputs into auditory feedback pathways necessary for control of the speaker’s own vocal production. Making the distinction between sensory experiences created by one’s self vs. another is therefore an important auditory processing function. Moreover, it is not a process limited to hearing, but one common to all sensory domains. The distinction of self-produced afference from that produced by an external source gives rise to a number of interesting behavioral phenomena, e.g., self-produced tactile stimulation does not tickle, whereas that produced by another might (Blakemore et al., 1998). To account for such differences in sensory experience, the concept of an internal forward model has been proposed (Wolpert et al., 1995). In the auditory domain, an efference copy (a copy of the speech motor command), also known as a corollary discharge (Sperry, 1950; Crapse and Sommer, 2008), is sent to the auditory cortex in parallel with the motor command for the speech sent to the motor cortex. This “forward” prediction of the auditory consequence of one’s own speech, results in relative suppression of the auditory cortex response to one’s own voice, compared to that in response to an externally generated sound, i.e., speech-induced suppression (Numminen et al., 1999; Curio et al., 2000; Houde et al., 2002; Martikainen et al., 2005; Christoffels et al., 2011).

Speech-induced suppression in people who stutter has been examined in some previous studies. Daliri and Max (2015b) recorded the event-related potential in response to a probe tone (1-kHz pure tone) during speech movement planning. They reported that although fluent speakers showed a statistically significant modulation of the auditory evoked potential (reduced N1 amplitude), adults who stuttered did not show any significant modulation. They speculated that stuttering is associated with deficiencies in modulating the cortical auditory system during speech movement planning. This conclusion was followed-up later by Daliri and Max (2015a) who suggested that general auditory prediction difficulties exist in adults who stutter. However, similar studies from other laboratories [magnetoencephalography (MEG) studies: Beal et al., 2010, 2011; electroencephalography (EEG) study: Liotti et al., 2010], did not find a significant difference between stuttering and fluent groups. The major methodological difference between studies by Daliri and Max (2015a,b, 2018), and studies from other groups (Beal et al., 2010, 2011; Liotti et al., 2010) is that to measure auditory evoked potentials, the former studies presented pure tones during speech movement planning, while the latter studies used the speakers’ own voice. Therefore, these conflicting findings indicate that the atypical modulation of the auditory system in adults who stutter may not be induced when they perceive their own voice as an auditory stimulus, but instead may only be induced when perceiving sound stimuli other than their own voice, such as pure tones. In a recent study by Daliri and Max (2018), deficient auditory modulation (reduced speech-induced suppression) in adults who stutter normalized (increased) when they spoke under a delayed auditory feedback (DAF) condition, while that of fluent speakers decreased. Although Daliri and Max (2018) examined auditory modulation under DAF conditions, they only investigated the effect of a 100-ms delay condition. Also, considering that auditory attention differs when hearing pure tones and one’s own voice and that the N1 component is modulated by selective attention (e.g., Coles et al., 1990), it is not clear whether adults who stutter still show atypical modulation of the auditory system when they perceive their own voice at various DAF times.

In the current study, we compared auditory evoked potentials for auditory feedback arising from one’s own voice (Speaking condition) with that for passive listening to a recording of one’s own voice (Listening condition) under various DAF time conditions (100 ms, 200 ms, 500 ms, and 1,000 ms). To test the effect of hearing one’s own voice under DAF conditions, we presented the participant’s own voice again with a delay immediately after presenting auditory feedback without a delay. This experimental paradigm may be able to infer how much the auditory system is suppressed by efference copy when vocalizing under DAF conditions. The shorter the delay time, the more likely the delayed sound is perceived by participants as their own voice generated by themselves. Consequently, shorter delay time conditions are considered to induce stronger suppression of the auditory system. We examined the cortical activity in stuttering and fluent speakers by using our experimental methods and inferred the possibility of a deficiency in modulating the cortical auditory system during speech production.



MATERIALS AND METHODS


Participants

Twenty-four fluent speakers (12 women, mean age = 19.8, SD = 2.0) and 16 adults who stutter (three women, mean age = 27.7, SD = 6.8) participated. None of them reported a history of speech, language, or hearing problems. All participants were native Japanese speakers. Three fluent speakers were left-handed and the others were right-handed, as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971). Among the stuttering group, one was left-handed and the others were right-handed. There was a significant difference in age between groups (t(16.7) = 4.39, p < 0.01). Therefore, we applied the analysis of covariance (ANCOVA) where age was a covariate if the ERP data satisfied the assumption that underlies the use of ANCOVA (see “Analysis section”). This study and protocol were approved by the Gunma University Ethical Review Board for Medical Research Involving Human Subjects. Written informed consent was obtained from all individuals before they participated following the Declaration of Helsinki.

Before the experiment, stuttering participants engaged in a conversation session in front of the experimenter and their speech was video-recorded. The severity of their stuttering was evaluated as percent syllables stuttered (%SS) based on video-recorded speech samples. We counted the core behaviors of stuttering in speaking, including repetitions, prolongations, blocking, and interjections due to blocking. The %SS ranged from 0.14% to 8.92% (mean = 1.96, SD = 2.31). Although this study included adults with very mild stuttering severity (e.g., 0.14%SS), such speakers disclosed that they generally stuttered more in more difficult situations and so they were included in the sample. To determine the measurement reliability of the evaluation, a second evaluator also independently identified stuttering episodes on the videos for four of the participants who stuttered (25% of the data; Guitar, 2005). Point-by point agreement was 97.5% on average, which was calculated as the number of agreements between two raters divided by the total number of agreements plus disagreements.




EXPERIMENTAL PARADIGM


EEG Setups

The methods of subsequent EEG experiments were the same in both groups. The experiment was conducted within a shielded room. EEG was recorded from silver-silver chloride electrodes placed at Fz, Cz, Pz, C3, C4, T3, and T4 according to the international 10–20 system with a digital amplifier (Neurofax EEG 1200, Nihon Kohden, Tokyo, Japan). All electrodes were referenced to the average of the two earlobes. A ground electrode was placed on the forehead (Fpz). To monitor blinks, electrooculograms (EOGs) were recorded via electrodes placed above the left eye and below the right eye. All signals were digitized at a sampling rate of 1,000 Hz. The impedance of all electrodes was kept below 5 kΩ. Participants were required to perform the following two kinds of tasks (Speaking task and Listening task) under 100 ms, 200 ms, 500 ms, and 1,000 ms DAF.



Speaking Task

In this study, participants were instructed to speak /a/ very lightly, without moving their mouths very much and with their mouth slightly opened; it is not feasible to investigate EEG signals during continuous speech because speech-related electromyogram artifacts negatively affect EEG signals. However, in pilot experiments, we visually confirmed that our method, where participants were instructed to speak very lightly, without moving their mouth very much and with their mouth slightly open, did not induce significant EEG artifacts. Using this speaking method, participants were required to vocalize /a/ 100 times per condition during EEG acquisition. Participants repeatedly practiced this speaking method while they were monitoring a VU meter (AMU-2SII, TOMOKA, Tokyo, Japan) before the experiment. The sound pressure of the vocalization was about 77 dB SPL (LAFmax), which was measured at 10 cm from the mouth at an angle of 30 degrees via a sound level meter (Type 2250, Brüel and Kjær, Naerum, Denmark). Participants were told to minimize blinking as much as possible. DAF behavioral experiments often incorporate pink noise to suppress the effects of bone conduction. However, it is known that noise-masking differentially affects the EEG signals of people who stutter compared to fluent speakers (Saltuklaroglu et al., 2017). Therefore, we did not use pink noise masking in this experiment.

Participants’ voices were recorded through a microphone (SM58, SHURE, Niles, IL, USA) at a distance of 3 cm from the participants’ mouth. Speech was fed back to the participant via insert earphones (ER4 microPro, Etymotic Research, Elk Grove Village, IL, USA) through an artificial auditory feedback circuit. Simultaneously, the speech was sent to a delay circuit incorporated in an effects unit (Eclipse, Eventide, Little Ferry, NJ, USA) to realize the DAF condition. This was fed back to participants’ ears with a delay at the same sound pressure level (Figure 1). The speech signal was sent into an auxiliary EEG channel for offline-extraction of onsets of individual speech. Because the sampling rate (1,000 Hz) was low for recording voice signal, the voice was also sent to another PC and was recorded with Audition CS6 (Adobe Systems, San José, CA, USA) at a sampling rate of 44.1 kHz. The recorded voice sampling at 44.1 kHz was also used in the subsequent Listening task. Timing of speech was instructed by visual stimuli implemented using Psychtoolbox-31 running on MATLAB (MathWorks, Inc., Natick, MA, USA): participants were instructed to vocalize soon after a gray circle is drawn on a black background changed to a gray square (Figure 1). To prevent anticipatory or rhythmic speaking on the part of the participants, the onsets of successive speech cues were temporally jittered: the gray circles were presented for 0.5–1.5 s, and gray squares for 2 s immediately after the circles, Therefore, the participants vocalized /a/ every 2.5–3.5 s. One run for each condition (100 ms, 200 ms, 500 ms, and 1,000 ms delay time conditions) lasted about 5 min. The order of delay time was randomly assigned between participants. Because the long-latency auditory evoked potential (N1 component) is observed at around 100 ms post-stimulus, we set the minimum delay time to be 100 ms so that the N1 component for the next sound was not mixed with the N1 for the first sound.
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FIGURE 1. Speaking condition in the electroencephalography (EEG) experiment. Participants were instructed to vocalize /a/ very lightly soon after that a gray circle drawn on a black background changed to a gray square. Three midline electrodes Fz, Cz, and Pz were used for calculating auditory evoked potential in response to auditory feedback of speech. The speech signal was sent into an auxiliary EEG channel for offline-extraction of the onsets of individual speech.





Listening Task

Following the Speaking condition at each delay time (e.g., 100 ms delay), the Listening task with the same delay condition (e.g., 100 ms delay) was conducted. Participants were required to passively listen to their own voice which was recorded at a sampling rate of 44.1 kHz with Audition CS6 during the Speaking task. A black circle on a gray background was presented as an eye fixation point during this session. Similarly to the Speaking task, the voice signal was also sent to a delay circuit. Therefore, the series of sounds presented was the same as that for the Speaking condition and included both the directly vocalized sound and the delayed sound. The sound pressure of the stimuli was the same as that for the Speaking condition. The voice signal was sent into an auxiliary EEG channel for offline-extraction of the onsets of individual sound stimuli.




ANALYSIS


Voice Onset Extraction

Voice onsets, from the speech waveforms recorded on the auxiliary EEG channel and Audition CS6, were extracted in MATLAB for the calculation of auditory evoked potentials in response to auditory feedback of voice. The waveform was Hilbert transformed and the amplitude envelope calculated. The speech onset matrix was created by regarding the case where the envelope of the waveform was above a threshold. The threshold was visually determined for each participant. Finally, extracted onset timings and waveforms were overlapped and the onset matrix corrected manually.



Auditory Evoked Potentials

EEG data were analyzed in BrainVision Analyzer2 (Brain Products, Gilching, Germany). Independent component analysis (ICA) correction was applied to remove artifacts due to EOG activity. An IIR bandpass filter (0.1–30 Hz) was applied to all data sets to minimize the effect of high-frequency noise sources such as powerline interference or electromyographic activity, as well as low-frequency slow voltage changes (Luck, 2014). The baseline for auditory evoked potential segmentation was defined as −100 ms to 0 ms before voice onset. Automatic artifact rejection was applied to remove epochs containing large drifts. Also, epochs containing artifacts were eliminated by visual inspection for all segments. Artifact-free epochs were averaged to compute auditory evoked potentials. Three midline electrodes Fz, Cz, and Pz were used for calculating auditory evoked potentials in response to auditory feedback of speech. The N1 component was automatically inspected within the window of 50–150 ms post-speech onset. The analysis methods used here are largely the same as those used in our previous study (Miyashiro et al., 2019).

In the current experiment, we calculated evoked potentials locked to the speech onset time rather than the feedback onset time. This design was employed for the following reason: The efference copy is sent at the moment the speaker produces speech, and speech-induced suppression is time-locked to this event. If we were to evaluate speech-induced suppression of the delayed feedback signals (i.e., calculate evoked potentials for DAF of voice between 100 ms and 1,000 ms), we would not expect to observe significant suppression as the suppression epoch would likely have passed already—especially at long delays. However, by requiring participants to vocalize /a/ 100 times under the same delay-time condition, the participants could predict the delayed sound at the timing of vocalization. Therefore, even if we calculated the speech-induced suppression locked to the speech onset, we hypothesized that behaviorally effective DAF time (i.e., around 200 ms), which is a peculiar delay that confuses the speakers, would differentially affect the speech-induced suppression.

Participants who showed noisy EEG data or who did not show clear N1 peak in the Listening condition were excluded from the analysis. Accordingly, eight participants from the 24 members of the fluent speaker group, and four from the 16 members of the stuttering group were excluded from the analysis.

ANCOVA was performed treating the participants’ age as a covariate. First, we assessed the following assumption that underlies the use of ANCOVA, the dependent variable increases or decreases as the covariate increases or decreases. Alternatively, a significant correlation is assumed between the covariate and the dependent variable. The N1 amplitude did not significantly correlate with the covariate (age) for any delay condition in either speaker group in our sample (p > 0.05). This non-significant effect does not satisfy the assumption that underlies the use of ANCOVA. Therefore, we performed an analysis of variance (ANOVA). A three-way ANOVA of N1 amplitude with the factors of group (fluent vs. stuttering group), task (Listening vs. Speaking conditions), and delay time (100 ms, 200 ms, 500 ms, and 1,000 ms) was performed. Also, we performed a two-way ANOVA with factors of group and delay time on speech-induced suppression (Listening—Speaking). Based on our a priori hypothesis, multiple comparisons using Tukey’s HSD test were performed between the Listening and Speaking conditions in each group and for each delay time (100 ms, 200 ms, 500 ms, and 1,000 ms) to investigate whether speech-induced suppression was significant. The relationship between the stuttering frequency (% SS) of each speaker in the stuttering group and the magnitude of the N1 amplitude of each condition was investigated by Spearman’s rank correlation analysis.

To investigate the change in N1 amplitude due to the increase in delay time, a regression analysis was performed for each participant using the four delay times as independent variables and N1 amplitude as a dependent variable, and regression coefficients were calculated. Using a one-sample t-test we investigated whether the calculated regression coefficients were significantly different from zero. Furthermore, a two-way ANOVA of the regression coefficient, with the factors of group and condition, was conducted to investigate the effect of each on the regression coefficient.




RESULTS

Figure 2 (fluent group) and Figure 3 (stuttering group) display: (a) the ERP waveforms; and (b) the amplitude of the N1 component at a latency of around 100 ms (window of 50–150 ms post-speech onset) under the four delay conditions. In the fluent group, averaged ERP waveforms show clear speech-induced suppression (Listening > Speaking) for all conditions (Figure 2). In the stuttering group, by contrast, although the waveforms for the 100 ms, 200 ms and 500 ms delay conditions show speech-induced suppression, the waveforms for the 1,000 ms delay condition did not (Figure 3).
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FIGURE 2. Auditory evoked potentials in fluent speakers. (A) Averaged auditory evoked potentials under each delay time condition. The blue line represents the Listening task and the red line represents the Speaking task. (B) N1 amplitude extracted from each participant’s auditory evoked potentials. Graphs represent mean ± SEM. There were significant differences between Listening and Speaking conditions for the N1 amplitude under the 100 ms and under 200 ms (p < 0.05) delay conditions with Tukey’s HSD test, but no significant differences under the 500 ms or 1,000 ms delay conditions.




[image: image]

FIGURE 3. Auditory evoked potentials in the stuttering group. (A) Averaged auditory evoked potential under each delayed auditory feedback (DAF) time condition. The blue line represents the Listening task and the red line represents the Speaking task. (B) N1 amplitude extracted from each participant’s auditory evoked potential. Graphs represent mean ± SEM. Only the 200 ms delay condition showed a significant difference in comparison with Tukey’s HSD test between the N1 amplitude for Listening and Speaking conditions (p < 0.01).



A three-way ANOVA with factors of group, condition, and delay time on N1 amplitude showed that there was a significant main effect only for condition (Listening vs. Speaking; F(1,26) = 15.46, p < 0.001), demonstrating that speech-induced suppression was evident in this experiment. There were no significant effects or interactions for group or delay time. Also, a two-way ANOVA with factors of group and delay time on speech-induced suppression (Listening—Speaking) did not show significant effects or interactions for group or delay time.

Multiple comparisons were conducted using Tukey’s HSD test between Listening and Speaking conditions based on a priori hypotheses. In the fluent group, there were significant differences between Listening and Speaking conditions for the N1 amplitude under the 100 ms and 200 ms delay conditions (p < 0.05), but no significant differences under the 500 ms or 1,000 ms delay conditions. In the stuttering group, a significant difference between Listening and Speaking conditions only occurred for the 200 ms delay condition (p < 0.01). The 100 ms, 500 ms, and 1,000 ms delay condition did not yield significant effects. These results showed that, in both groups, only the short delay time conditions (100 ms and/or 200 ms) induced significant suppression of the Speaking condition compared to the Listening condition.

The relationships between the stuttering frequency (%SS) of each speaker in the stuttering group, and the magnitude of the N1 amplitude of each condition (Listening and Speaking conditions) as well as the speech-induced suppression (Listening—Speaking), were examined by Spearman’s rank correlation analysis. Through this analysis, we found that the auditory evoked potential was significantly modulated by stuttering frequency only for the 200 ms delay condition, where significant speech-induced suppression was found. For the 200 ms delay condition, the N1 amplitude in the Speaking condition (r = 0.580, p < 0.05) and the magnitude of speech-induced suppression (r = –0.636, p < 0.05) were significantly correlated with %SS, but the N1 amplitude in the Listening condition (r = –441, p = 0.15) was not. In all other conditions (Speaking, Listening conditions and the speech-induced suppression, under 100, 500, 1,000 ms delay conditions), amplitudes did not significantly correlate with %SS. We divided the stuttering group (n = 12) into two subgroups (n = 6 vs. 6) by the median %SS, and compared the speech-induced suppression (Listening—Speaking) for the 200 ms condition (Figure 4). Speakers with more severe stuttering showed significantly greater speech-induced suppression than speakers with less severe stuttering (t(10) = 2.702, p < 0.05). This result indicates that, when vocalizing /a/ under the 200 ms DAF condition, speakers with more severe stuttering suppressed the perception of their auditory feedback more. Participants with relatively severe stuttering among the participants thus contributed most to the significant speech-induced suppression in the 200 ms delay.
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FIGURE 4. Magnitude of the speech-induced suppression under the 200 ms condition of the stuttering group. The stuttering group (n = 12) was divided into two subgroups (n = 6 vs. 6) by the median value of %SS. Graphs represent mean ± SEM. There was a significant difference between these subgroups (t(10) = 2.702, p < 0.05), suggesting that more severely stuttered speakers suppressed the perception of their auditory feedback voice more when vocalizing /a/ under the 200 ms DAF condition. Star (*) indicates p < 0.05.



Regression coefficients were estimated for each task (Speaking and Listening) in each participant. In the fluent group, as the delay time increased, the N1 amplitude in the Listening condition tended to decrease, while the N1 amplitude in the Speaking condition tended to increase (Figure 5A). The mean regression coefficient (β) in the Listening condition in this group was 0.28 and was significantly different from zero (t(15) = 2.14, p < 0.05). The coefficient in the Speaking condition in the same group was –0.23, but this was not significantly different from zero (t(15) = 0.86, p = 0.40). In the stuttering group, however, although the N1 amplitude in the Listening condition tended to decrease as the delay time increased, a consistent trend was not noted in the Speaking condition (Figure 5B). The mean regression coefficient in the Listening condition in the stuttering group was 0.36 and was not significantly different from zero (t(11) = 1.60, p = 0.14). The coefficient in the Speaking condition in this group was 0.11 and not significantly different from zero (t(11) = 0.39, p = 0.71). A two-way ANOVA of the regression coefficient with the factors of group and condition did not reveal a significant effect of group, condition, or an interaction.
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FIGURE 5. Delay time dependence of auditory evoked potentials in the fluent group (A) and stuttering group (B). The dotted line represents the transition of the average of the evoked potential under each delay time condition and the solid line represents the average of the regression lines estimated from each participant. Note that because the Y-axis is inverted, the beta value is opposite in sign to the slope of the regression line. Star (*) indicates p < 0.05.





DISCUSSION

The results of the current study show that for fluent speakers, auditory evoked potentials in the Listening condition significantly decreased as the DAF delay time increased (from 100 ms to 1,000 ms). Evoked potentials in the Speaking condition tended to increase as the delay time increased. A novel aspect of this study is that we presented the participant’s own voice again with a delay (100 ms, 200 ms, 500 ms, or 1,000 ms) immediately after presenting auditory feedback sound without a delay. We interpret our findings to mean that the shorter the delay time, the more likely that feedback is perceived as one’s own voice. In the longer delay times, such as 500 ms or 1,000 ms, although the delayed sound could be “recognized” as their own voice, the sound might not be perceived as the voice that they just generated by themselves. Analogously, the rubber hand illusion persists with delays between visual and tactile feedback up to approximately 300 ms but decays at longer delays, i.e., the recognition of feedback as being self-induced has been demonstrated to be robust to short delays in other modalities (Shimada et al., 2009). In the present experiment, the shorter the delay time, the more the auditory system was suppressed by efference copy. Feedback evoked relatively small potentials for the short delay conditions (100 ms and 200 ms) in the Speaking condition. However, in the Listening condition, where the recorded sound is presented passively, the shorter the delay, the higher the sound density per unit of time (i.e., two successive sounds with a 100-ms interval concentrate more energy in a short time than two successive sounds with a 1,000-ms interval). This, in turn, causes a larger amplitude auditory evoked potential.

As a result of these opposite trends between Speaking and Listening conditions, speech-induced suppression decreased as the delay time increased, and significant suppression was observed only with short delay times (100 and 200 ms) in the fluent group. For normally fluent speakers, speech production under DAF conditions is a state where confusion occurs due to mismatches between auditory feedback of voice and its prediction. Therefore, this result also could be interpreted as being an attempt to avoid the confusion caused by DAF, by suppressing the perception of the auditory feedback sound that induces the confusion. However, the question remains as to why it only happens with short delays. The speech used in this experiment was not continuous speech but rather a short vocalization of /a/, thus we cannot directly compare the present study with experiments using continuous speech tasks. However, significant suppression at short delay times is consistent with the findings of traditional DAF studies where short delay times are most effective in disturbing continuous speech production (e.g., Lee, 1950; Black, 1951; Fairbanks, 1955; Yates, 1963; Kalinowski et al., 1993; Lincoln et al., 2006). Further studies incorporating continuous speech tasks are necessary to clarify the mechanism of auditory suppression at short delay times.

The stuttering group also showed a tendency for decreased evoked potentials as the delay time increased in the Listening condition. However, in the Speaking condition, a consistent trend, such as that seen in the fluent group, was not evident. A significant suppression was noted only in the 200-ms delay condition. Also, the slope of the relationship between evoked potentials and the delay tended to decrease rather than increase as was the case in the fluent group, though a statistically significant difference in the regression coefficients between groups was not detected.

Both groups showed speech-induced suppression with 200 ms DAF, suggesting that 200 ms is critical in the auditory feedback loop regardless of the speaker. Subgroup analysis within the stuttering group indicated that speakers with more severe stuttering contributed most to the significant speech-induced suppression at the 200 ms delay (Figure 4). Speakers with severe stuttering are more likely to cope with a stuttered speech in conversation by paraphrasing and choosing words, due to their frequent disfluency. We speculate that at the critical delay time condition (200 ms), participants with more severe stuttering might try to adapt to the DAF condition, which is a state that induces confusion, by suppressing the perception of auditory feedback voice even in a simple vocalization task. A similar result was found in a MEG study on children who stutter; Beal et al. (2011) reported that children who stutter with more severe stuttering showed lower left hemisphere M50 amplitude in the auditory cortex when vocalizing /a/. However, another study on adults who stutter by the same group did not find a significant correlation (Beal et al., 2010).

Our result of no significant group difference in the magnitude of speech-induced suppression (Listening vs. Speaking) is not consistent with the results of a series of works by Daliri and Max (2015a,b, 2018) but do agree with Beal et al. (2010) and Liotti et al. (2010), neither of whom found group differences in speech-induced suppression. These apparent discrepancies should be considered in the context of important methodological differences in the studies mentioned; Daliri and Max (2015a,b, 2018) presented a pure tone to participants whereas Beal et al. (2010) and Liotti et al. (2010), along with our experiment presented participants’ own voice as an auditory stimulus. Furthermore, the timing of presenting the stimuli were different; the studies by Daliri and Max (2015a,b, 2018) presented the auditory stimulus during speech movement planning, whereas Beal et al. (2010) and Liotti et al. (2010), and our experiment presented the auditory stimulus during speech production (immediately after speech onset). It is therefore difficult to derive a coherent conclusion from these results as a whole, though at a minimum there is consistent evidence that the magnitude of speech-induced suppression when speakers listen to their own voice through auditory feedback during speech production is likely not to differ between adults who do and do not stutter. Another study that used both pure tone and speech sounds (first consonant-vowel of a word) presented during speech movement planning reported that the amplitude of N1 was comparable between groups, but the latency of P200 was longer in adults who stutter than in fluent speakers (Mock et al., 2015). The stuttering of participants in this study was mild (mean %SS was 1.96), which also may be a reason for not finding a significant difference between groups.

Several neuroimaging studies (functional MRI and PET) have reported that adults who stutter showed lower auditory cortex activity than fluent controls when they speak (Fox et al., 1996; Brown et al., 2005; De Nil et al., 2008; Budde et al., 2014; Toyomura et al., 2015). The speech conditions used in these neuroimaging studies induce longer sound stimuli (auditory feedback sound) than our experiment. Therefore, although we cannot directly compare the studies of evoked potentials (evoked fields) with these neuroimaging studies, the finding of lower auditory cortex activity reported in neuroimaging studies is not consistent with our results (evoked potential in Speaking condition was not different between groups) nor those of Daliri and colleagues (stuttering speakers fail to suppress the auditory cortex; Daliri and Max, 2015a,b, 2018).

Because the experimental design of this study was novel, rather than replicating previous studies, there is a necessity for follow-up studies. We did not measure a non-DAF condition. The presence or absence of the lack of auditory modulation in adults who stutter could be considered in more detail by comparing the auditory evoked potentials in DAF with non-DAF conditions. Also, we focused on the amplitude of the evoked potential and did not measure latencies. The inclusion of the evaluation of latency would highlight another aspect of the auditory cortex’s response to speaking. As discussed above, the fact that the stuttering of participants in this experiment was relatively mild might have led to the non-significant difference between groups. We also did not systematically collect treatment history from stuttering participants in this study—another variable that might bear upon the findings.

In summary, this preliminary study showed that, in fluent speakers, the auditory evoked potential in response to feedback with one’s own voice increased as the delay time increased, but the pattern reversed when listening to a recorded voice. Adults who stutter did not show a clear trend when speaking in delayed feedback conditions. However, speech-induced suppression was most evident for short delay times (100–200 ms) in both groups. Because of the limitations of our study design, further studies are required to reach a definitive conclusion regarding whether stuttering is associated with atypical speech-induced suppression during the speech.
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A number of studies have shown that phonetic peculiarities, especially at the coarticulation level, exist in the disfluent as well as in the perceptively fluent speech of people who stutter (PWS). However, results from fluent speech are very disparate and not easily interpretable. Are the coarticulatory features observed in fluent speech of PWS a manifestation of the disorder, or rather a compensation for the disorder itself? The purpose of the present study is to investigate the coarticulatory behavior in the fluent speech of PWS in the attempt to answer the question on its symptomatic or adaptive nature. In order to achieve this, we have studied the speech of 21 adult PWS (10 French and 11 Italian) compared to that of 20 fluent adults (10 French and 10 Italian). The participants had to repeat simple CV syllables in short carrier sentences, where C = /b, d, g/ and V = /a, i, u/. Crucially, this repetition task was performed in order to compare fluent speech coarticulation of PWS to that of PWNS, and to compare the coarticulation of PWS under a condition with normal auditory feedback (NAF) and under a fluency-enhancing condition due to an altered auditory feedback (AAF). This is the first study, to our knowledge, to investigate the coarticulation behavior under AAF. The degree of coarticulation was measured by means of the Locus Equations (LE). The coarticulation degree observed in fluent PWS speech is lower than that of the PWNS, and, more importantly, in AAF condition, PWS coarticulation appears even weaker than in the NAF condition. The results allow to interpret the lower degree of coarticulation found in fluent speech of PWS under NAF condition as a compensation for the disorder, based on the fact that PWS’s coarticulation is weakening in fluency-enhancing conditions, further away from the degree of coarticulation observed in PWNS. Since a lower degree of coarticulation is associated to a greater separation between the places of articulation of the consonant and the vowel, these results are compatible with the hypothesis that larger articulatory movements could be responsible for the stabilization of the PWS speech motor system, increasing the kinesthetic feedback from the effector system. This interpretation shares with a number of relatively recent proposal the idea that stuttering derives from an impaired feedforward (open-loop) control system, which makes PWS rely more heavily on a feedback-based (closed loop) motor control strategy.
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INTRODUCTION

Several phonetic studies of stuttered speech have focused on coarticulation, defined as the interweaving between different articulatory gestures associated with different adjacent sounds (Hardcastle and Hewlett, 2006). Among the firsts to explore coarticulation in stuttering, Van Riper (1971, 1982) and Wingate (1969; 1977; 1988; 2002) considered the disfluencies not to be failures in sound production but rather the result of a deficit in the transition between consecutive sounds. This is notably the hypothesis of Wingate’s fault line, for which the transition from one phoneme to another within a syllable would constitute a fragile area (fault line), on which disfluencies are more likely to occur. The difficulty cannot be with the sound per se; the crux of abnormality is the evident failure (better, transient inability) to move on, into the sound that should follow (Wingate, 2002, p. 298–299).

Subsequently, several studies were carried out to test the above hypothesis in adult and children people who stutter (PWS). In the following review, for sake of clarity and synthesis, no results from studies on children will be presented (interested readers could refer to Chang et al., 2002; Subramanian et al., 2003). Most of the studies were made measuring acoustic formants, and particularly second formant (F2) transitions, which are particularly sensitive to changes in tongue advancement during vowel production. Some of these studies showed that F2 formant transitions within disfluent syllables, between the consonant and the following vowel, are either absent or abnormal (for about 85% of the realizations, according to Howell and Vause, 1986; Harrington, 1987).

Coarticulation has also been studied in the perceptually fluent speech of PWS, considering that speech without disfluencies could perhaps already present peculiarities. For this reason, the fluent syllables of the PWS are compared to those of the people who do not stutter (PWNS) using different acoustic measures according to studies: measures of F2, duration of the vowels, area of the vowel triangle and for certain studies also the calculation of the degree of coarticulation using the Locus Equation method (Lindblom, 1963; Krull, 1989). The results of these studies are quite disparate.

Two studies conclude that the articulatory movements are restricted in PWS: in fluent syllables /CV/ and /hVt/ (Klich and May, 1982), and in syllables /CVp/ pronounced both at a normal and fast speech rate (Hirsch, 2007). In addition, this latter author finds, among the persistent PWS, an inadequacy of the speech system to keep pace with rate changes. Indeed, the area of vowel triangle (i.e., the area of the triangle constituted by F2 values for C followed by /a, i, u/ vowels, see Blomgren et al., 1998) of persistent PWS appeared already reduced at normal rate and did not vary with rate increase. On the other hand, by increasing speech rate, PWNS and recovered PWS showed an “undershoot” phenomenon and did not attain the articulatory targets. There was therefore a reduction in the area of the vowel triangle when speech rate increases from normal to fast, suggesting that their speech production system compensated faster speech by making gestures smaller. This adaptation was not found in persistent PWS.

An opposite interpretation is proposed by Robb and Blomgren (1997), whose study focused on the larger and faster tongue movements made by PWS from the closed to the open articulatory position. They measured tongue coarticulation through measurements of F2 formant transitions in a reading task of carrier sentences including /CVt/ syllables (where C = / p, b, s, z/ and V = /a, i, u/). As to plosives, PWS had larger transitions slopes than PWNS. More recently, Dehqan et al. (2016) compared formant transitions in fluent speech segments of Farsi (Persian) PWS and PWNS. Mean overall formant frequency extent was significantly greater for PWS, who also exhibited significantly longer overall F2 transitions. These two studies interpret the larger F2 formant transitions as a manifestation of wider and faster tongue movements.

Others studies rely on the degree of coarticulation as estimated by the slope of the Locus Equation (LE) (Lindblom, 1963; Krull, 1989). An LE describes a 1st order regression fit to a scatter of vowel steady-state frequency values predicting vowel onset frequency values in CV sequences with a fixed C. This measure provides an overall estimation of coarticulation, provided that LE slopes be calculated on CV sequences with vowel pooling and voiced plosives (Tabain, 2000). According to the Hypo and Hyper speech theory (H&H theory, Lindblom, 1990), a weak coarticulation would underlie a non-economic articulatory functioning (large articulatory movements causing more energy expenditure), whereas a strong coarticulation would underlie a thrifty articulatory functioning (more restricted articulatory movements). Whereas Löfqvist (1999) found no support for the slope being an index of the degree of coarticulation, several studies have confirmed the articulatory origins of LE, finding in kinematic domains the same linear relations present in the acoustic domain (Iskarous et al., 2010; Lindblom and Sussman, 2012). Tabain (2000) finds that LEs provide accurate information on the degree of coarticulation for stops, but not for fricatives. This method has already been shown to give information on several types of speech disorders other than stuttering (deafness, dysarthria, and apraxia of speech, etc…see Hardcastle and Tjaden, 2008 for a review). It has been shown to give information on the changes of degree of coarticulation by PWNS when increasing speech rate (LE slopes increase; Berry and Weismer, 2013), when producing prominent syllables (LE slopes decrease; Lindblom et al., 2007) or with more spontaneous speech (LE slopes increase; Duez, 1992).

This method was used by Zmarich and Marchiori (2004) to analyze anticipatory coarticulation (by the vowel on the consonant in a CV syllable) under prosodic stress in four Italian adult PWS and four PWNS. Emphasized/focused syllables are known to be less coarticulated than non emphasized/focused syllables (Lindblom et al., 2007). Results obtained by means of the LE method showed no significant difference between PWS and PWNS. However, the authors noted that, despite the absence of a significant difference, the slope of the LE was higher for PWS than for PWNS on unstressed syllables (higher degree of coarticulation), and lower on stressed syllables under contrastive focus (lower degree of coarticulation). Since the appearance of disfluencies is largely influenced by the word-initial position of the syllable, which also requests, ceteris paribus, a lower degree of coarticulation (de Jong et al., 1993; Keating et al., 2004) especially if under contrastive focus (Lindblom et al., 2007), a following study by Pisciotta et al. (2010) carried out the same analysis as Zmarich and Marchiori (2004) but on initial syllables only. The authors found a significantly greater degree of coarticulation (slope of LE) for PWS on initial stressed syllables under contrastive focus only. Sussman et al. (2011) also obtained no significant differences between PWS and PWNS. Results revealed that the LE parameters of both fluent and stuttered syllables were within normal values, although there was a tendency for the most severe PWS to coarticulate less. The authors commented that planning and execution of the anticipatory coarticulation were the same in fluent and disfluent syllables of PWS. The last experimental report is a study by Maruthy et al. (2018), who used a sensitive acoustic technique (spectral coefficient analysis) in order to compare PWS and PWNS with regard to vowel-dependent anticipatory influences as early as the onset burst of a preceding voiceless stop consonant. The observed patterns of anticipatory coarticulation showed no statistically significant differences, nor trends toward such differences, between PWS and PWNS.

To sum up, most studies report no difference between PWS and PWNS (Zmarich and Marchiori, 2004; Sussman et al., 2011; Maruthy et al., 2018), while some found significantly lower coarticulation in PWS (Robb and Blomgren, 1997; Dehqan et al., 2016), and others, on the opposite side, higher coarticulation in PWS (Klich and May, 1982; Pisciotta et al., 2010). These disparate results can be explained by the low number of speakers studied (between 4 and 8, only one study with 10 PWS: Dehqan et al., 2016), the number of different vowels and prosodic conditions, and the number of total occurrences. The speaker-specific variability may be too large to account for coarticulation measured by acoustic measurements, no matter how faithful they are to articulatory movements.

Studies of motor speech control can help interpret the observed data on PWS coarticulation. Namasivayam and van Lieshout (2008) recorded five PWS and five PWNS on a non-word repetition task, /bipa/ and /bapi/. The participants were asked to perform the repetition task at two rates, comfortable and fast, and the movements of the articulators were recorded by means of an electro-magnetic midsagittal articulograph. The results showed that at normal and fast speech rate, PWS exhibited greater upper-lip movement amplitude: the authors assumed that this might reflect a strategy to maintain a stable coordination of movements for the articulatory structure. Namasivayam et al. (2008) continued the investigation by adding the insertion of a bite-block during the repetition task of non-words (/bapi/ and /bipa/). At normal rate, PWS showed a greater range of motion of the upper lip, larger velocity peaks, and longer durations of lip movements compared to PWNS. In contrast, the effect of the bite-block insertion was the same within both groups (larger amplitude and shorter duration of movements, and lower Spatio-Temporal-Index values, see Smith et al., 1995). At rapid speech rate, a significant interaction was found between the groups and the bite-block condition. For PWS, but not for PWNS, the insertion of the bite-block caused an increase in the range of movements and in peak velocity for the lower lip. Again, the authors suggested that PWS make larger movements in order to gain stability. Indeed, the authors of the study relied on the hypothesis of a relationship between range of movement and stability of motor performance (van Lieshout et al., 2004); the larger amplitudes during the insertion of the bite-block could intensify kinesthetic feedbacks and stabilize the movement of speech articulators. Similarly, Namasivayam and van Lieshout (2011) have explained that, in order to speed up the speech rate, two strategies are possible: a reduction both in the amplitude of the movements and in the duration of the segments, allowing the motor system not to increase its speed of operation; or an increase in the speed of movements, allowing the amplitudes to remain unchanged. However, the authors suggested that the first strategy rather leads to a destabilization of the articulatory coordination, since greater variability is found within PWS. More recently, van Lieshout (2017) systematically explored the effects of changes in amplitude (by varying specific segments in a VCV string) and duration (by varying speaking rate) of lips and tongue articulatory gestures and of a measure of the relative phase between the two gestures on sequences of reiterated VCV produced by ten PWNS. The results showed that with small movement amplitudes there was a decrease in coordination stability, independent from movement duration. Thus, these studies on speech motor control show that large amplitude movements could be seen as stabilizers for the speech motor system. In light of this consideration, the low degree of coarticulation found by some studies in PWS would characterize the stable end of the fluency continuum proposed by Peters et al. (2000) and may be interpreted as a sign of compensation for the disorder rather than one of its features.

More recently Didirková and Hirsch (2019) studied coarticulation of articulatory movements for both fluent and disfluent syllables produced by two PWS. They performed a kinematic analysis of the speech gestures involved in the transitions between a stuttered phone and its preceding and subsequent phones by means of electromagnetic articulography (Schönle et al., 1987; Hasegawa-Johnson, 1998). The articulatory configurations were linked to the traditional categories of disfluencies (blocks, repetitions, prolongations, and combined disfluency). The main conclusion was that a stuttering-like disfluency is not always due to a coarticulatory disturbance, since correct coarticulatory patterns of lips, tongue, and jaw can be observed between the disfluent phone and the previous and the subsequent phone. It seems difficult to establish a causal link between disfluency and a low degree of coarticulation. Therefore, the observation of movements greater than usual (and less coarticulated than usual) could be the result of a compensatory strategy to increase stability (Namasivayam and van Lieshout, 2008, 2011) rather than a disturbance of the expected coarticulatory patterns considered as a symptomatic feature of stuttering (Wingate, 2002).

There are, however, other opinions about the larger-than-normal articulatory gestures shown by PWS. Civier et al. (2010) synthesized an acoustic signal by simulating the production of the syllable /bid/ through a neural model of speech production (DIVA, Guenther, 1994). The authors assume that, in tasks requiring speech motor control, PWS are impaired in their capacity to read the feedforward commands (i.e., based on the open loop circuitery) and consequently over-rely on auditory feedback (for a review on sensory feedback and forward modeling, see Desmurget and Grafton, 2000; Perkell, 2012; Guenther and Hickok, 2016; Parrell and Houde, 2019). To prove this hypothesis, the authors biased the DIVA model against feedforward control and towards (auditory) feedback control, resulting in an increase of the frequency of production errors. Indeed, feedback control requires the detection and correction of production errors (e.g., unexpected tongue position or formant pattern). Errors due to reliance on auditory feedback are expected to be the greatest for phonetic events with rapid formant transitions since the rate of acoustic change will exceed the feedback controller’s ability to make timely adjustments. In such a way, the model generated an acoustic signal for [bid] which evidenced the same wide rising of F2 produced by the PWS while producing /bit/ in the experiment of Robb and Blomgren (1997). According to Civier et al. (2010), this wide and fast F2 rising was due to a delayed onset of the F2 transition (caused by the time lag inherent to the auditory feedback) and the acoustic distance between the low F2 locus of the bilabials and the high F2 frequency of the vowels, which cannot be tracked accurately by a feedback-based control system. Therefore, rather than a strategy to increase stability, Civier et al. (2010) hypothesize a weakening of anticipatory, feedfoward command and a greater weighting of auditory feedback in the control of speech production in PWS.

The results described above point to a critical role played by the auditory feedback in stuttering. Indeed, in recent years, many studies have referred to stuttering as a disorder that may present perceptual anomalies (Foundas et al., 2004; Chang et al., 2018) and the role of auditory feedback is particularly intriguing: changing the auditory feedback of PWS can lead to an improvement in fluency (Cherry and Sayers, 1956). The speech of PWS is significantly improved also when they speak under masking noise, Delayed Auditory Feedback (DAF), Frequency Altered Feedback (FAF) or a combination of both (Auditory Altered Feedback AAF), which also helps enhancing fluency in PWS (Howell and Powell, 1987; Kalinowski et al., 1993; Macleod et al., 1995; Natke and Kalveram, 2001; Stuart et al., 2003: Stuart et al., 2004; Armson et al., 2006; Lincoln et al., 2006; Stuart et al., 2008; Antipova et al., 2008; Armson and Kiefte, 2008; Saltuklaroglu et al., 2009). It appears that under the effects of the modified auditory feedback, the rate of disfluencies decreases in most PWS. This improvement varies from one subject to another and depends on the task (Armson et al., 2006; Armson and Kiefte, 2008), the type of alteration (Kalinowski et al., 2000) and the severity of stuttering (Foundas et al., 2013).

Several explanatory hypotheses of the beneficial effect of AAF, not mutually exclusive, have been advanced1 : the most relevant of them point to a remediation for inaccuracies in inverse internal models (Max et al., 2004; Daliri and Max, 2018), consisting in a paradoxical normalization of the otherwise limited pre-speech auditory modulation (see below; Daliri and Max, 2018); an involvement of mirror neurons (Kalinowski and Saltuklaroglu, 2003); a neural anchorage to exogenous timing (Etchell et al., 2014).

In particular, the findings from Max et al., summed up in Max and Daliri (2019), potentially bring along important implications, as three relevant phenomena are broadly reported in literature: first, many PWS experience a decrease in the frequency of their stuttering symptoms during consecutive speech in such DAF conditions; second, while the level of pre-speech auditory modulation (consisting in a reduction in amplitude of the electrical activity in planum temporalis when auditory feedback matches auditory expectations) is lower than normal in PWS, it rises under DAF, and it is positively correlated with stuttering frequency during colloquial speech; and third, it has been argued that the fluency-enhancing benefits of DAF are greater for those with more severe stuttering (see Lincoln et al., 2006). This behavioral evidence is supported by a number of neurophysiological researches based on both (1) structural brain imaging that discovered abnormalities in various fronto-parieto-temporal pathways, suggesting that stuttering is associated with deficits in the integration of auditory and motor information for speech production (for a review, see Chang et al., 2018), and (2) animal neurophysiological evidence (Eliades and Wang, 2017; Eliades and Tsunada, 2018). Max and Daliri (2019) concluded that, under typical auditory feedback conditions, adult PWS do not correctly modulate auditory processing prior to the onset of speech, leading to maladaptive, feedback-driven movement corrections that manifest themselves as disfluencies. The speech of the PWS is then disturbed by readjustments that modify the trajectory of the articulators and their coarticulation. This disturbance is weakened with an altered auditory feedback, allowing a more fluent speech as it seems that delayed feedback normalizes the otherwise low pre-speech auditory modulation. The effect of the modified auditory feedback is then assumed to counterbalance the deficiencies of the PWS and allow them to produce more fluent speech, approximating the characteristics of PWNS speech.

While DAF/FAF are known to increase fluency, it is unclear if they impact the coarticulation differences that have been observed in PWS. Consequently, in this experiment, we aim to:


(1)Compare the degree of anticipatory coarticulation of PWS in the so called fluent speech to that of PWNS by means of Locus Equation (LE) in order to ascertain whether it is different from that of PWNS, and, if found different, whether it is higher or lower than that of PWNS;

(2)Use the information gathered in (1) to compare the degree of coarticulation exhibited by PWS under NAF to the degree of coarticulation exhibited by PWS under AAF (which is a condition known to promote a fluency enhancing compensation), in order to obtain insights into the nature, whether symptomatic or compensatory, of the coarticulation in the so called fluent speech of PWS, and on possible articulatory strategies underlying this coarticulation.



Curiously and unfortunately, coarticulation has not been studied, up to our knowledge, for PWS when speaking under AAF. For the study of coarticulation, we used the method based on LE. We suppose LE slope for PWS to be lower than LE slope for PWNS, possibly due to a strategy used to gain in stability (Namasivayam and van Lieshout, 2008, 2011), or to problems in integrating auditory and motor information (Daliri et al., 2017; Daliri and Max, 2018; Max and Daliri, 2019).

As the effect of AAF allows PWS to produce more fluent speech, we postulate that for PWS, were the results on coarticulation measurements under AAF in the same direction of the results obtained for the fluent speech without AAF, the latter could be interpreted as a compensation for the disorder rather than a direct symptom of it. If, as proposed by Max and Daliri (2019), the effect of AAF seems to counterbalance the deficiencies of the PWS, then the consequences on coarticulation should be in the same direction of the values obtained for PWNS.

Furthermore, since most of the previous studies focused on English-speaking populations, and since the degree of coarticulation for a given CV syllable could depend on the language spoken (Sussman et al., 1993; Manuel, 1999), we decided to analyze the coarticulation both in French and Italian PWS and PWNS (French and Italian are both romance languages). The consonants and the vowels constituting the “same” CV stimuli in both languages of the experiment (see below) grossly share the same articulatory features (as for places, manner and voicing; for French, see Léon, 2007; for Italian, see Canepari, 2006; acoustic references for the vowels are, respectively, Gendrot and Adda-Decker, 2005 and Cosi et al., 1995). We also recorded French and Italian PWS when producing more complex syllables CCCV which differed as to their relative frequency in spoken language (Pendeliau-Verdurand, 2014) but this part of the experiment is out of the scope of the present work. Concerning the CV syllables, both Italian and French PWS would be compared to Italian and French PWNS and the results have likely been independent from the language spoken.

We also hold a number of secondary aims, some of which were functional to deepening answers to the two main questions:


(1)Is the hypothesized low degree of anticipatory coarticulation effectively realized by an increase in the amplitude of articulatory gesture? Could this articulatory increase be indexed by the F2 difference between the values at consonant release and at vowel target?

(2)Could derivative measures of ΔF2 and acoustic durations bring some further lighting to the nature of PWS coarticulation? We make reference to the studies measuring the rate of transition (Hz/s), during the whole syllable production or during its beginning by PWS. As a matter of fact, the initial part of a syllable has been discovered to be sensitive to sharp movement accelerations (Civier et al., 2010; Dehqan et al., 2016).

(3)As the last question, we wanted to investigate the possible relationships between stuttering severity and individual difference in coarticulation, as well as in sensitivity to the AAF effects. There are several findings which indicate as the most severe stutterers coarticulate less in fluent speech (Sussman et al., 2011) and benefit more from the application of AAF condition (Max and Daliri, 2019).





MATERIALS AND METHODS


Subjects

In each language, we recorded both PWS and PWNS adults (Verdurand et al., 2013; Pendeliau-Verdurand, 2014). A total of 43 people were recruited, 21 Italian and 22 French. As for French, we recorded 12 PWS recruited through their therapist. Indeed, the first author is a speech and language therapist and recruited the PWSs from among her clients and those of her colleagues. PWNS have been recruited among friends and acquaintances. The recordings took place at the office of the first author (except for one, recorded at home), in a quiet room. As for Italian, 11 PWS were recruited thanks to the Centro Medico di Foniatria in Padova, to Daria Balbo (Speech Therapy student, University of Padova) and to the third author (professor at the same Speech Therapy program), while PWNS were recruited by word of mouth, with the aim to match the subjects for age and sex to PWS. The recordings took place either at the CNR-ISTC, at the CMF or at people’s homes for some PWNS, but a quiet environment was always guaranteed. The samples of French and Italian subjects are not similar as to the males/females ratio, but the same ratio was guaranteed within each language sample.

French and Italian PWS were all diagnosed by speech and language therapists with experience in the assessment and management of stuttering. Based on their answers to a questionnaire, two French PWS were excluded from the study because of associated pathologies; none of the subjects (PWS or PWNS) in the study suffered from hearing impairment, speech/language impairment, or neurological disorders. As for the 11 Italian PWS, all participants had not been in therapy for more than 5 years. As for the 10 French PWS, 6 were into therapy at the time of the experiment, three had not been in therapy for less than 5 years, and one had not been in therapy for more than 5 years. The therapeutic management of stuttering was left to the therapist’s free discretion2. This study was carried out in conformity with ethical standards. All the subjects gave informed consent to participate in the study. Table 1 summarizes the speakers analyzed in this study.


TABLE 1. Distribution of the number of subjects (mean age in parentheses), according to language and fluency.

[image: Table 1]


Speech Production Task

The subjects carried out two speech tasks in one session:


–spontaneous speech and reading;

–syllables repetition.



Afterward for PWS, both tasks were performed under altered auditory feedback (AAF, see section “Acoustic Analysis”). The recording of PWNS speech production was limited only to the acoustic signal. That of PWS was both video and audio, in order to disambiguate some particular occurrences of disfluencies like silent blocks, as a function of the assessment of stuttering severity using Stuttering Severity Instrument for Children and Adults-3rd Edition (SSI-3, Riley, 1994), that considers the physical manifestations associated with stuttering.


Assessing Severity: Spontaneous Speech and Text-Reading

Spontaneous speech and text-reading tasks allowed the first author to rate the severity of PWS (see Table 2) by means of the SSI-3 (Riley, 1994). Successively, in order to explore the possibility of a relationship between some dimension of the articulatory movements and stuttering severity, we grouped all the subjects according to their stuttering severity assessed by the SSI-3 test and independently from the language (in order to increase statistical power). Because we had missed the raw scores of four French subjects, we used the four-degrees categorical classification of the subjects, and conflated the “very mild” (1 subject) and “mild” PWS (3 subjects) to a unique category (level 1: 4 subjects, 2 French, and 2 Italians). The other two categories were represented by moderate PWS (level 2: 12 subjects, 6 French, and 6 Italians) and severe PWS (level 3: 5 subjects, 2 French, and 3 Italians).


TABLE 2. Language, Gender, Age, and Stuttering Severity [according to SSI-3: Very Mild (VM), Mild (M), Moderate (Mo), and Severe (S)] for each PWS.

[image: Table 2]


Syllable Repetition

The French and Italian subjects had to repeat short sentences, immediately after having heard them (see next paragraph), containing the target CV syllables, where C = /b, d, g/ and V = /a, i, u/. For the French subjects, the carrier sentence was ≪je dis SYLLABE puis SYLLABE puis SYLLABE≫. For the Italian subjects, the carrier sentence was ≪Dico SILLABA, poi SILLABA, poi SILLABA≫ The translation is: “I say SYLLABLE, then SYLLABLE, then SYLLABLE”for both languages.

The target syllables produced by the 41 subjects were the same in the two languages, and each sentence type was produced three times. The delivery was randomized. We obtained nine occurrences for each syllable type, but because of final F0 declination, the last syllable of the sentences was not considered for the analysis, thus leaving a total of six for each syllable type. Thus, each subject was expected to produce 81 syllables, 54 of which were acoustically analyzed during the repetition task. Therefore, more than 2200 syllables have been analyzed to compare the coarticulation of PWS and PWNS (exactly 1105 for PWNS and 1120 for PWS) and an additional analysis of about 1100 syllables were performed in order to explore the evolution of PWS’s coarticulation under AAF (exactly 1138 syllables).



Experimental Procedure

Subjects were sitting in front of the examiner, in a quiet room. The examiner had two computers in front of him. The first computer was equipped with the E-Prime software, which allowed to deliver the stimuli (audio sentences previously recorded by a native speaker), and the passage from one sentence to another was controlled by the examiner. The subject put on the headphones and repeated the sentences. Audio recordings were made using a professional AKG C1000S microphone connected to a Marantz PMD recorder.

PWS participants performed speech tasks in two auditory feedback conditions, in this sequence:


–Normal auditory feedback condition: NAF;

–Altered auditory feedback condition: AAF.



The second computer was equipped with the MaxMSP software (Zicarelli, 1998) for auditory feedback modification. In the AAF condition, the speech of the subject was picked up by the microphone, modified in real time using the software MaxMSP, and redirected to both ears of the subject by means of the earphones. The alteration of the auditory feedback was a combination of a delayed auditory feedback (DAF) with a temporal delay of 60 ms and a frequency shifted auditory feedback with a reduction of 40% of the fundamental frequency (F0). This setting was selected on the basis of a pilot study to achieve the maximal fluency enhancement with 4 adults stuttering patients.

Whereas the delay and the lowering of F0 were fixed, the intensity of the AAF was adjusted according to each PWS at a comfortable level and the fluency-enhancing by the AAF was evaluated during the previous tasks of spontaneous speaking and reading and the same level of intensity is kept for the repetition tasks. PWS wore both earphones in which they heard their own speech modified and headphones where they heard the sentences they had to repeat. When disfluencies or errors occurred on CV syllables, the examiner asked the participant to repeat the sentence. Subjects were also video recorded (Figure 1). Thus, in order for a syllable to be targeted for acoustic analysis, the entire phrase needed to be produced fluently and correctly articulated.


[image: image]

FIGURE 1. Experimental setting.




Acoustic Analysis

Using a semi-automatic annotation software, such as EasyAlign (Goldman, 2011), was not possible. Indeed, the disfluent speech, especially in subjects whose stuttering is from severe to very severe, led to too many misalignments. The recording of PWNS could have been processed with EasyAlign (Goldman, 2011), but for the sake of corpus homogeneity we chose to treat all the recordings in the same way. Thus, all the annotations were entirely done manually by the first author using Praat (Boersma and Weenink, 2012). As shown in Figure 2, the annotation includes five tiers. In the first one, named ‘type’, an interval framing the carrier sentence was created. The target syllable was written orthographically. The second tier was used to annotate the vowel. The beginning was placed at the first glottal pulse. The end was determined by the end of the formant structure, particularly F2. In the third tier the release of the plosion was marked. We annotated /p/ (for plosion) if there was a visible/audible release, /f/ (for friction) if we observed/heard a lenition. We also specified the presence of a voicing lead VOT by adding a /v/. Finally, the two following tiers were used to annotate the possible errors of pronunciation and disfluencies. When they occurred during target syllables, theses syllables were not taken into account for the acoustic analysis. Figure 2 illustrates some annotations.


[image: image]

FIGURE 2. Example of annotation: /ga/.


The second formant frequencies (F2) were measured on each CV at three instants as shown in Figure 3:


[image: image]

FIGURE 3. Example of three measurements taken on F2: at vowel onset (F2cons), at 10% (F210%), and at 50% (F250%) of the duration of the vowel.



–at vowel onset, at the beginning of the first clearly recognizable cycles of the vowel (F2cons);

–at the first 10 % of the vowel duration (F210%);

–at 50% of the vowel duration (F250%).



F2cons and F250% allow to quantify the coarticulatory behavior according to the Locus Equation formula (Lindblom, 1963):

[image: image]

The values of the LE variables were calculated over the 18 occurrences of a given consonant produced in the 3 vowel contexts (/a, i, and u/). Previous research demonstrated the cardinal vowel pooling to approximate well the all-vowel pooling (Berry and Weismer, 2013). The k value represents the regression slope that indexes the degree of the anticipatory coarticulation for each plosive consonant. This slope k can vary from values near 0 (absence of coarticulation), when the consonant represented by its F2cons is not modified by the following vowel, up to about 1 (high degree of coarticulation), when the realization of the consonant is highly dependent on the following vowel. The b value represents the point of intersection of the regression line with the y-axis.

In addition, in order to compare the F2 transitions of CV syllables with and without AAF, we quantified the F2 transition for each syllable with the following measures:


–the extent of the whole F2 transition ΔF2 (Hz) defined as the value of F250% - F2cons;

–the rate of the whole F2 transition ΔF2/Δt (Hz/s);

–the initial F2 transition extent, ΔF2beg (Hz), defined as the value of F210% - F2cons;

–the initial F2 transition rate ΔF2beg/Δt (Hz/s).



We also measured the duration of the vowels (duration, ms). Assuming that subjects could be globally different one from another in terms of coarticulatory habits/capacities, we tried to index this individual characteristic by averaging the values of the considered variable, one by one, across the repetitions of each syllable (ΔF2, ΔF2/Δt, ΔF2beg, ΔF2beg/Δt, and duration). Importantly, here we used the absolute value, and not the positive or negative values resulting from the different combination of any particular C with any particular V. Smaller values in each variable would characterize the syllables produced by subjects more prone to coarticulate and larger values would characterize the syllables produced by subjects less prone to coarticulate. However, we kept the positive or negative values of ΔF2, ΔF2/Δt, ΔF2beg, and ΔF2beg/Δt when comparing values within each syllable.



RESULTS


Results for PWS and PWNS Under NAF Condition


Locus Equations

We present the values of k from the Locus Equations calculated for the fluent CV syllables produced by PWS and PWNS for both languages. For each participant and each consonant, the slope of the Locus Equation is obtained from 18 pairs of values (F2cons and F250%). Results for the subjects under NAF condition are presented on Table 3 that shows the mean values and standard deviations of k.


TABLE 3. Mean values and standard deviations (SD) of k for each place of articulation in French and Italian PWNS and PWS.

[image: Table 3]We carried out a repeated-measure analysis of variance (ANOVA) using R (R Development Core Team, 2017) on the dependent variable k, considering the place of articulation of the consonant as a within-subject factor, and the group (PWS/PWNS) and language (Italian/French) as between-subject factors.

Overall, the place of articulation of the consonant strongly influences k values [F(2,76) = 139.257; p < 0.001]. Moreover, the interaction between the place of articulation and the language is not significant, suggesting that the influence of the place of articulation is equivalent in both languages. However, the language spoken has a significant effect on k [F(1,38) = 18.136; p < 0.001]. The value of k is lower for French than for Italians for bilabials and alveolars. More importantly, the group category (PWS/PWNS) has significant influence [F(1,38) = 9.042; p = 0.006] on k values, since PWS have lower k values than PWNS, without significant interaction with the language spoken. Thus, the differences in k values between PWS and PWNS are similar for French and Italian subjects.



Derivative Measures of F2 and Duration

Since initial F2 transition extent ΔF2beg (Hz) and rate ΔF2beg/Δt (Hz/s) are measures which have proved to critically distinguish PWS from PWNS (Robb and Blomgren, 1997; Civier et al., 2010; Dehqan et al., 2016), we considered them, together with the extent of the whole F2 transition and the rate of the whole F2 transition. All these measures were estimated on each syllable and then we calculated the mean value for each speaker and each syllable across the 6 repetitions of the same syllable, expressed as absolute value. We carried out four separate repeated measure ANOVA, considering the syllable as a within-subject factor, and the group (PWS/PWNS) and the language (Italian/French) as between-subject factors. The absolute extent of the whole F2 transition ΔF2 (Hz) revealed significant differences according to the syllable [F(8,310) = 88.836; p < 0.001] and the language spoken [F(1,37) = 4.717; p = 0.036] with a significant interaction between both factors. However, no differences were found regarding the group of the speakers (PWS/PWNS), neither for French speakers nor for Italians (no interaction between group and language factors) in our data. Similar patterns were observed for the other three variables under study, the absolute values of the rate of the whole F2 transition ΔF2/Δt (Hz/s), of the initial F2 transition extent, ΔF2beg (Hz) and of the initial F2 transition rate ΔF2beg/Δt (Hz/s), as no significant differences were observed for these variables depending on the group (PWS/PWNS). For the absolute values of ΔF2/Δt, ΔF2beg (Hz), and ΔF2beg/Δt, no significant differences were found according to the language spoken, the syllables were the only factor explaining variation of the corresponding variables.

Since PWS speech is often slower than PWNS speech (Bloodstein and Bernstein Ratner, 2008), we also analyzed the duration of vowels with a repeated-measure analysis of variance (ANOVA) on the dependent variable Duration (s), considering the syllable as a within-subject factor, and the group (PWS/PWNS) and the language (Italian/French) as between-subject factors. The type of the CV sequence was a significant factor [F(8,319) = 4.371 < 0.001] as it was also the case for the language spoken [F(1,38) = 5.350; p = 0.026], with a significant interaction between both factors [F(8,319) = 4.079; p < 0.001]. Indeed, the mean durations of vowel in CV sequences are shorter for Italians than for French speakers (mean = 68.4 ms; sd = 14.4 ms and mean = 77.1 ms; sd = 13.1 ms, respectively) and shorter for the type of CV sequences (/bi/ shorter than /da/). The group category (PWS/PWNS) has no significant influence [F(1,38) = 0.020; p = 0.887].



Coarticulation of PWS Under AAF and NAF Conditions

As an effect of the AAF condition, stuttering occurrence virtually reduces to zero for almost all PWS. Table 4 shows the percentages of stuttered syllables out of the total number of syllables constituting the sentences (seven for each sentence, considering also the syllables of the carrier sentence, see section “Syllable Repetition”) under NAF and AAF condition.


TABLE 4. Language, Stuttering Severity (according to SSI-3), and measured percentages of stuttered syllables under NAF and AAF condition for each PWS.

[image: Table 4]

Locus Equations

Table 5 shows the mean and the standard deviations of k values in each condition (NAF and AAF) for French and Italian PWS.


TABLE 5. Values of k in PWS, by consonants, language and auditory condition: mean and Standard Deviation.

[image: Table 5]Figure 4 shows the coordinates of kAAF as a function of kNAF for each French (left) and Italian (right) subject. It can be appreciated the role of the auditory feedback on the values of k: if k values are higher under AAF, the points will be above the bisector line and vice versa.
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FIGURE 4. Value of k according to the consonants (b, d, g), and groups (PWNS / PWS) for French and Italian subjects under NAF (x-axis) and AAF (y-axis) condition.


We can observe that in French and Italian PWS, AAF condition reduces the value of k. Thus, AAF condition further lowers the values previously found for the subjects under NAF conditions. In addition, the values of standard deviations show that inter-individual variability remains high in AAF among PWS of both languages.

We carried out a repeated-measure analysis of variance (ANOVA) on the dependent variable k, considering the place of articulation of the consonant and the auditory condition (NAF or AAF) as within-subject factors and the language (Italian/French) as between-subject factor. The statistical results confirm this impression: the auditory condition is significant [F(1,100) = 7.966; p = 0.006]. PWS have lower k values under AAF than in NAF condition. As previously shown, the language has a significant impact on k values. However, no significant interaction is found with the auditory condition [F(1,100) = 2.970; p = 0.088]. Apart from velars among Italian PWS, all k values decrease under AAF. So, the trend moves toward less coarticulation under AAF in PWS.



Relationship Between Coarticulation Difference and Gesture Amplitude

Assuming that a lower k value corresponds to a greater articulatory distance between the consonant target and the vowel target, we considered the absolute value of ΔF2 (Hz) as the acoustic cue of this distance. We verified the relationship between individual k values with the individual scores of the absolute value of ΔF2 at each consonantal place mediated across each vocalic context, by correlating them, separately for NAF and AAF conditions and independently from language. We used here the absolute value of ΔF2, and not a positive or negative value depending on the syllables (according to the different combination of C with V). In this way, we obtained a series of individual values where smaller values would characterize the syllables produced by subjects more prone to coarticulate and larger values would characterize the syllables produced by subjects less prone to coarticulate, based on the reasoning that low absolute values of ΔF2 reflect an articulatory proximity of C to V and therefore a stronger coarticulation, and, high absolute values of ΔF2 reflect a relative articulatory distance of C from V and therefore a weaker coarticulation.

In NAF condition, there was a highly significant negative association between k values and the mean of the absolute values of ΔF2 for each PWS and each place of articulation (r = −0.636, p < 0.001 for Pearson product-moment uncorrected scores, based on 63 observations). As for the AAF condition, also in this case there was a highly significant negative association (r = −0.663, p < 0.001 for Pearson product-moment uncorrected scores, based on 63 observations).



Derivative Measures of F2 and Duration

After being reassured about the existence of a trend toward a negative relation between k and the absolute values of ΔF2, we first carried on a repeated-measure analysis of variance (ANOVA) on the absolute values of ΔF2 as a dependent variable, considering the auditory condition (NAF/AAF) and the syllable (/ba, bi, bu, da, di, du, ga, gi, and gu/) as within-subject factors, and the language (Italian/French) as a between-subject factor. The syllable was a significant factor of variation for ΔF2 [F(8,388) = 96.784; p < 0.001] as expected, but not the language [F(1,18) = 0.062; p = 0.807]. We found statistical significance for the auditory condition [F(1,338) = 8.915; p = 0.003], with wider ΔF2 under AAF than under NAF. In addition, we performed two series of separated matched-pairs t-test, 9 for each of the two languages, on the ΔF2 mean values of each subject for each syllable under NAF vs. AAF condition (see Table 6).


TABLE 6. For each syllable and each language under NAF and AAF condition: Mean values (Hz) of ΔF2, mean of the difference (Hz), 95% of the Confidence Interval (Hz), Standard Deviation of the Differences (Hz), t value (Degrees of Freedom), and p value (matched pairs t-tests).

[image: Table 6]As to Italians, there was only 1 syllable (/ba/) out of 9, where the ΔF2 values for AAF condition were significantly greater than the values of NAF condition, while another one (/bi/) was almost significant. As for French, 3 syllables out of 9 presented values significantly greater for AAF condition than for NAF condition (/bu/, /du/, and /ga/).

We considered also the absolute values of ΔF2/Δt, of ΔF2beg, and of ΔF2beg/Δt. We carried out three separate repeated measure ANOVA on each of these variables, considering the syllable and the auditory condition (AAF/NAF) as within-subject factors, and the language (Italian/French) as a between-subject factor. Following the observations made with ΔF2, we observed for those three variables that the syllable was a significant factor whereas the language was not. According to the auditory condition, it was significant when comparing the absolute values of ΔF2/Δt [F(1,338) = 13.063; p < 0.001], when comparing absolute values of ΔF2beg [F(1,338) = 32.260; p < 0.001] and when comparing the absolute values of ΔF2beg/Δt [F(1,338) = 5.934; p = 0.015].

We performed two series of separated matched-pairs t-test, 9 for each of the two languages, on the ΔF2beg mean values of each syllable for each subject under NAF vs. AAF condition (see Table 7).


TABLE 7. For each syllable and each language under NAF and AAF condition: Mean values (Hz) of F2 transition extent during the first tenth of the vowel duration (ΔF2beg), mean of the difference (Hz), 95% of the Confidence Interval (Hz), Standard Deviation of the Differences (Hz), t value (Degrees of Freedom), and p value (matched pairs t-tests).

[image: Table 7]As to Italians, 5 syllables out of 9 exhibited significantly greater values in AAF condition with respect to NAF condition (/ba/, /bi/, /di/, /ga/, and /gi/). As to French 4 syllables out of 9 exhibited significantly greater values in AAF condition with respect to NAF condition (/da/, /du/, /ga/, and /gu/).

Regarding the transition rate ΔF2beg/Δt, we performed two series of separated matched-pairs t-test, 9 for each of the two languages, on the mean values of each syllable for each subject under NAF vs. AAF condition (see Table 8).


TABLE 8. For each syllable and each language under NAF and AAF condition: Mean values (Hz/s) of ΔF2beg/Δt, mean of the difference (Hz/s), 95% of the Confidence Interval (Hz/s), Standard Deviation of the Differences (Hz/s), t value (Degrees of Freedom), and p value (matched pairs t-tests).

[image: Table 8]As to Italians 5 syllables out of 9 exhibited significantly (p < 0.05) greater values for AAF condition with respect to NAF condition (/ba/, /bi/, /di/, /ga/, and /gi/). As to French 3 syllables out of 9 exhibited significantly greater values for the AAF condition with respect to the NAF condition (/du/, /ga/, and /gu/).

As a final analysis, we performed a repeated-measure analysis of variance (ANOVA) on the dependent variable duration (ms), considering the syllable and the auditory condition (NAF/AAF) as within-subject factors, and the language (Italian/French) as a between-subject factor. Durations of the vowels under NAF appeared to be significantly shorter than durations under AAF (mean = 73 ms; s.d. = 14 for NAF and mean = 102 ms; s.d. = 26 for AAF; [F(1,338) = 536.213; p < 0.001)]. This vowel lengthening under AAF is similar for French and Italian’s PWS as no significant difference was found for the factor language [F(1,18) = 0.707; p = 0.411]. We completed our analysis with two series of separated matched-pairs t-test, 9 for each of the two languages, on the mean duration values of each syllable for each subject under NAF vs. AAF condition. For both languages, all syllables (9 out of 9) exhibited significantly (p < 0.05) higher values for AAF condition with respect to NAF condition.



Stuttering Severity

In order to ascertain whether there were any differences among subjects as a function of stuttering severity, we considered the mean value of a parameter averaged across all the values (all syllables) for each PWS under NAF and under AAF. A series of separated repeated model ANOVAs was performed on the mean values for duration, the absolute values of ΔF2, ΔF2beg/Δt, ΔF2beg, and ΔF2beg/Δt, and also on k (averaged across consonant places), with SSI-3 categories as between factor and auditory condition as within factor (see Table 9).


TABLE 9. Mean values for Repeated ANOVAs on dependent variables (duration (ms), absolute values of ΔF2 (Hz), of ΔF2beg (Hz) and of ΔF2beg/Δt (Hz/s), and k-slope).

[image: Table 9]The results of these ANOVAs confirmed the predominant role of auditory condition for all the parameters: it was significant for duration, the absolute values of ΔF2 were higher under AAF (223 Hz) than under NAF (192 Hz) as well as for ΔF2beg, where AAF values (59 Hz) were higher than NAF values (36 Hz) and for the initial transition rate ΔF2beg/Δt, with higher values under AAF (5,461 Hz/s) than under NAF (4,453 Hz/s). However, the opposite effect of auditory feedback was observed with the absolute values of ΔF2/Δt: significantly higher NAF values (5,370 Hz/s) than AAF values (4,489 Hz/s) [F(1,18) = 9.894; p = 0.006]. Therefore, we found for all the parameters except ΔF2/Δt, a tendency to wider F2 extent under AAF. The results suggest larger movements realized with less coarticulation, as confirmed by the statistical significance of the auditory condition on k, with lower slope under AAF than under NAF. The severity groups did not differ significantly for any measure. The anticipatory coarticulation degree, as indexed by the different parameters we studied, was not significantly different across the groups with different severity level, and no interaction was found between the severity group and the auditory condition.

As we noted for k a difference between the relative order of magnitude for the 3 groups in the two auditory conditions, we performed a series of separated matched-pairs t-test, as a function of the severity level. The k values under NAF condition were always higher than in the AAF condition: while the difference did not reach statistical significance [t11 = 1.374; p = 0.374] for the very-mild-to-mild subjects (level 1), it was progressively more significant for the moderate subjects (level 2), [t35 = 1.889; p = 0.067] and for the severe subjects (level 3), [t14 = 3.405; p = 0.004].

We recognize the issue of reduced sample size and the unbalanced distribution of stuttering severity across the speakers investigated, as well as the need to be cautious in drawing general conclusions from the analysis that should be considered as avenues for further investigation.



GENERAL DISCUSSION AND CONCLUSION

The primary purpose of the current study was to extend our knowledge on the nature of anticipatory coarticulation, as indexed by the Locus Equation method, in the fluent speech of PWS, first by comparing it to that of PWNS, and second by trying to ascertain whether the resulting differences could be attributed to etiological mechanisms or to compensatory behavior. The secondary purposes were to investigate whether and how the degree of coarticulation and derivative measures of F2 transition and duration could give insights into the way coarticulation behaves in PWS with and without altered auditory feedback.


Coarticulation of PWS and PWNS

When using the Locus Equation to compare coarticulation effects, PWS (both French and Italian speakers) demonstrate reduced coarticulation compared to fluent controls. While there are coarticulation differences between French and Italian speakers, there are no language by group (PWS vs. PWNS) interaction. Therefore, in this study, the observed values of k depend on language (French vs. Italian) and group (PWS vs. PWNS) in addition to the well-known place of articulation of the consonant.

Values of k resulting from the Locus Equations are within the range of values obtained in the data of literature, notably those of Sussman et al. (1991, 1993) and Agwuele et al. (2008). In French as in Italian, k values are higher for bilabials and velars, and lower for alveolars, the latter being more resistant to coarticulation. The k values measured (cf. Table 3) fall within the range of values available in the literature:


–for /b/, between 0.63 (Krull, 1989) and 1.004 (Iskarous et al., 2010);

–for /d/, between 0.25 (Sussman et al., 1993) and 0.59 (Zmarich and Marchiori, 2004);

–for /g/, between 0.71 (Sussman et al., 1991) and 0.97 (Sussman et al., 1998).



These ranges of k values are quite wide and some of this variation can be attributed to language. Indeed, Sussman’s studies (1991, 1993) showed that k values revealed differences between speakers of English, Urdu, Thai and Arabic. Our results show that even for two languages that are both Romance languages, the language spoken has a significant effect with k values lower for French than for Italians for bilabials and alveolars. Therefore, we compared the observed values of k with values found in the literature for French and Italian speakers. For French speakers, Duez (1992) obtained mean k values across five speakers of 0.75 and 0.81 with C = /b,m/ and of 0.51 and 0.67 for C = /d,n,l/, respectively, for read speech and spontaneous speech (no available data for velars). We obtained slightly higher k values with a mean of 0.85 for /b/ and similar values for /d/ (cf. Table 3) for PWNS. For Italian speakers, Zmarich and Marchiori (2004) found the k values of the alveolar /d/ averaging 0.59 in four Italian PWNS, and we obtained quite close values with a mean of 0.61 for dentals.

This significant difference in coarticulation as a function of language is hard to explain, because the phonological and the acoustic description of the phonetic system of the two languages do not lead to suspect the existence of differences. As a tentative explanation, we can advance that a difference could reside on phonetic ground: although the consonants are equivalent, vowels could be different. In fact, Mioni (1973) stated /i/ and /u/ to be more closed (higher) in French than in Italian. A further explanation on phonetic ground could rely on different coarticulation strategies within syllables, as it is now widely accepted that the extent and amplitude of the coarticulatory processes often appear to differ among languages when closely examined (Öhman, 1966; Manuel, 1999; Beddor et al., 2002). In addition, in this study, the language factor is found to reach significance when considering k values from both groups PWS and PWNS. Further investigations show that, when comparing only PWNS, the k values that we obtained for French and for Italian speakers did not reach statistical significance. This result may then be due to reduced statistical power. The observed differences in the degree of coarticulation between Italian and French could also rely on PWS. From this, a second hypothesis has to do with the different treatment history of PWS as a function of the languages: while for all the Italian PWS the last therapy had been administered at least 5 years before, most of the French PWS were under therapy at the moment of the experiment, and possibly some of them were applying some techniques impacting on the coarticulation degree.

More importantly, there are significant differences for k values between PWS and PWNS, regardless of their native language as there is no significant interaction in the ANOVA analysis. When considering both languages, PWS present k values that were generally lower than those of PWNS. These results are similar to those of Zmarich and Marchiori (2004) who also found, in Italian PWS, a tendency for the focus-accented /dV/ syllables toward lower coarticulation (see also Robb and Blomgren, 1997; Dehqan et al., 2016). From a motor control point of view, this result means that PWS of the present experiment do not tend toward an economy of the articulatory gestures. The articulatory movements implied in the C-to-V sequence are wider, thus resulting in a consonant target, as it is acoustically expressed at the very first beginning of the vowel, that is less influenced by the following vowel target defined by the steady part of the vowel.

The interpretation of lower k values in the fluent speech of PWS compared to PWNS remains difficult as it is a global measure, made on several CV sequences, and therefore cannot be clearly attributed to a specific C-to-V sequence and its articulatory gesture. Larger F2 extents and rates were expected in fluent speech of PWS as they reflect a different articulatory strategy compared to PWNS according to the findings about F2 transition differences between PWS and PWNS in previous studies in English speakers (Robb and Blomgren, 1997) and Farsi speakers (Dehqan et al., 2016), and they replicate the results found by Zmarich and Marchiori (2004) on Italians. However, when analyzing the extents and the rates of global or initial F2 transitions, no significant difference was found between the fluent speech of PWS and the fluent speech of PWNS. Indeed, the global measure of k reaches statistical significance whereas more local measures derived from F2 transitions did not reach significance. A hypothesis for these apparently inconsistent results may reside in the inherent intra-speaker variability on F2 transitions. This variability was reduced for k as each k value was estimated over 18 syllables for each place of articulation, whereas ΔF2, ΔF2/Δt, ΔF2beg, andΔF2beg/Δt have been estimated by averaging over 6 repetitions of the same CV syllable.

It is worth noting that differences in k values can not be related to differences in speaking rate as the vowel durations were similar in both PWS’ and PWNS’ fluent speech. Therefore, our findings lead us to the conclusion that these changes in coarticulation are independent from characteristics of individual language or culture as no interaction was found between the Group (PWS and PWNS) and the language (Italian/French), and they may be attributed to some universal neurophysiological mechanisms. By using the words of Dehquan et al., we can interpret that ≪decreased anticipatory coarticulation may result in stuttering speakers applying more lingual adjustment during CV transitions, rather than preparing the tongue for upcoming vowels during production of a preceding consonant≫ (Dehqan et al., 2016: p. 12). The same authors were uncertain about the nature of this behavior, whether compensatory or symptomatic. It may be possible that these late occurring adjustments are symptomatic of altered speech motor planning and/or control. Relating to this, Max and Daliri (2019) excluded an inefficient motor command generation process, pointing instead to a forward modeling generation one.



Coarticulation of PWS Under AAF and NAF Conditions

Our second main hypothesis was to ascertain whether the resulting differences could be attributed to etiological mechanisms or to compensatory behavior, comparing the two following conditions for PWS: (i) non altered auditory feedback (NAF) and (ii) altered auditory feedback (AAF), that increases fluency for PWS (cf. Table 4), as expected from literature. The main change affecting syllables from NAF to AAF condition consists in a slowing down of the speech rate, as indexed by vowel duration. This result is nothing new, as many studies have reported a slowing down in speech rate when AAF condition is applied (as to PWNS, see Sasisekaran, 2012; Chon et al., 2013; for a review on PWS, see Antipova et al., 2008; Bloodstein and Bernstein Ratner, 2008; Unger et al., 2012). However, we were able to observe some other modifications in different acoustic dimensions. First of all, PWS decrease their degree of the anticipatory coarticulation (as indexed by the k value of LE) under AAF condition compared to NAF condition (cf. Table 5). This decrease in coarticulation is loosely associated to an increase in the extent of F2 transition, ΔF2 (Hz), which emerges once that positive and negative intervals are transformed into absolute values, considered as an index of the relative proximity of the consonant and vowel articulations within the same syllable. Indeed, when studying extents and rates of F2 transition, we observed that the auditory condition had a statistical significance on ΔF2, on ΔF2/Δt (Hz/s), on ΔF2beg (Hz) and on ΔF2beg/Δt (Hz/s), but the general tendency to less coarticulation under AAF for PWS that appears through the wider rates and extents of the F2 transition is highly dependent on the type of syllable. When comparing the mean values of ΔF2 (Hz) under the two auditory conditions for each syllable, it appears that a few number of syllables, mostly for French, have significantly greater values under AAF condition. When considering ΔF2/Δt (Hz/s), it appears that the global tendency goes to larger values of transition rate under NAF than AAF since the small increase of ΔF2 is counterbalanced with a large increase in vowel duration and, as a result, also in the duration between the beginning of the vowel and its middle. When considering initial F2 transition extent ΔF2beg (Hz) and rate ΔF2beg/Δt (Hz/s), almost half of the total number of syllables have greater values under AAF condition than under NAF condition and the initial part of the F2 transition appears to be more affected that the whole transition. Indeed, the absolute mean values of ΔF2beg (Hz) increase from about 38 Hz under NAF to about 56 Hz under AAF (cf. Table 9). In interpreting the results, we emphasize the importance of the F2 formant rate, evidencing how amplitude excursion at the beginning of F2 transition increases proportionally more than duration under AAF with respect to NAF. In other words, amplitude extent is greater under AAF than NAF, meaning greater acceleration in the initial part. Furthermore, if we look at the types of syllables showing the greater increase in F2 extent and rate at vowels’ beginning under AAF condition, we find them mostly to be those vowels requiring steeper formant transitions (Delattre et al., 1955: /bi/, /du/, /ga/, cf. Table 8).

While these results hold for PWS as a group, some intriguing systematic differences emerge when looking at subgroups classified by severity. When the original 5-degrees scale of the SSI-3 is reduced to just 3 degrees, with the two nationalities evenly distributed across the levels, the group of severe PWS apparently stands out and contrasts both the moderate and the mild PWS on some measures. In the passage from NAF to AAF condition, the coarticulation degree decreases. Even though the extent of the reduction is minimal, it is nonetheless enough to bring the syllables of level-3 subjects from the most coarticulated level in NAF condition, to the least coarticulated level in AAF condition. From the results exposed in Table 9, we see that these severe subjects apparently increase the speech rate to a lesser degree, while do not increase significantly the amplitude and the rate of F2 because they are already high from the onset (under NAF condition). However, it should be noted that the small sample size limited a fully clarifying the complex links between the variables in our study, as well as the generalizability of our results. However, our exploratory intent was to test a plausible model of reality able to provide new insights for future research and discussion about the relationship between stuttering severity, coarticulation and sensitivity to AAF effects.

To summarize, the results under AAF condition consist in an increase of both the duration of the vowel in the temporal range and the extent and rate of the initial F2 transition. We believe the increase in initial F2 transition extent ΔF2beg (Hz) and rate ΔF2beg/Δt (Hz/s) to be a more critical change than the increase in vowel duration, as it mainly happens in the initial moments of the transition through a fast movement testified by the high value of the formant rate in the first tenth of the vowel duration. This increase could form the articulatory base of the lower-than-normal anticipatory coarticulation exhibited by PWS speech under NAF condition. The associated vowel lengthening found in the speech produced under AAF condition probably contributes to the decrease in coarticulation, by giving more time to PWS to reach the articulatory targets (i.e., less undershoot) with deeper and wider articulatory contacts (Agwuele et al., 2008). The results may be partially consistent with the hypothesis of Civier et al. (2010) that indicates that longer durations and greater frequency transitions that take place in PWS may be due to an over-reliance to control based on auditory feedback. In this hypothesis, phonetic elements that require extensive and fast formant transitions would be slower or longer and more variable in PWS because fast movements are more error-prone when using feedback-based controls (due to time lags in the feedback system). Since a lower degree of coarticulation could result from a greater separation between the places of articulation of the consonant and the vowel, the previous hypothesis is compatible with the hypothesis that larger articulatory movements could be responsible for the stabilization of PWS speech motor system, through an increase of the kinaesthetic feedback from the effector system (see the observation by Agwuele et al., 2008 on deeper and wider articulatory contacts in slow speech). Kalinowski et al. (1993), van Lieshout and Namasivayam (2010), Namasivayam and van Lieshout (2011), and van Lieshout (2017) show that larger movements are stabilizing rather than destabilizing factors in speech. Thus, it is possible, as suggested by Namasivayam and van Lieshout (2008) and van Lieshout et al. (2004), that the modification of the auditory feedback influences the dependence on sensory feedback toward an increased stability of the speech motor control.

All the authors cited in this discussion (and others like Hickok et al., 2011; Tian and Poeppel, 2012; Sares et al., 2018) in the last decade paved the way, with their hypotheses and results, to a shared interpretation of stuttering due to an impaired feedforward (open-loop) control system, which makes PWS rely more heavily on a feedback-based (closed loop) motor control strategy. A potential connection between the results of the present experiment and the role of AAF in stuttering may come from the researches by Max et al. (see for a summary Max and Daliri, 2019), which demonstrated the delayed feedback signal seems to normalize the otherwise low pre-speech auditory modulation (PSAM).

These results also open new clinical perspectives: it could be interesting to propose to PWS to make their articulatory gestures wider, in order to promote a stabilization of their speech motor system and thus, a reduction of disfluencies. At the same time, assessing possible changes in F2 transition behavior subsequent to improved fluency following stuttering therapy may confirm the usefulness of those articulatory maneuvers.



Limitations

It should be acknowledged that the study described here also have a number of limitations that should be considered, and possibly addressed, in future work. A not remediable flaw is the composite nature of the particular AAF employed. It was a combination of a delayed auditory feedback (DAF) with a temporal delay of 60 ms and a frequency shifted auditory feedback (FAF) with a reduction of 40% of the fundamental frequency (F0). We choose this “formula” because this combination is considered to be the most efficient in establishing fluency in PWS (in our pilot study and in Antipova et al., 2008). The problems with this solution could be that the interpretation of the effects generated by its application would not be uniquely attributable to one of the components rather than to the other.

Another problem is represented by the decision taken at the time of the first author Ph.D. dissertation (Pendeliau-Verdurand, 2014) of not measuring the extent and duration of the “true” F2 transition (i.e., from the beginning of the transition to beginning of the stable portion of the vowel), because not essential in order to establish the degree of anticipatory coarticulation by means of LE method. This absence would be potentially remediable with new segmentations, but requires additional time and resources not available at present.

A further limitation is due to the fact that all the Italian PWS had not been in therapy for more than 5 years, while for French, 6 were still into therapy at the time of the experiment, and only one had not been in therapy for more than 5 years. Adding to this, it was not possible to guarantee that the PWS followed the same kind of therapies for neither the Italians nor the French. This work was initiated in France in the 2010, where the therapeutic management of stuttering was left to the therapist’s free discretion, and the same is true for Italy.

It would be interesting to carry out the same type of analysis on Italian and French-speaking youth which were recorded in order to study the evolution of the degree of coarticulation between young PWS and adult PWS. This kind of comparison is also a well known experimental design to tease apart symptomatic features (already in place from the onset of stuttering in childhood) from compensatory features (emerging later in life). Similarly, the analysis of PWNS under AAF, which we have left aside for the moment, could shed some light on the reduction of coarticulation under AAF of PWS.

In addition, a picture-description task had been recorded for French speakers and it would be interesting to extend this type of recording to Italian speakers and to study this type of speech closer to everyday life than the sentences we have analyzed in this work. In fact, it is unknown how well the present results would correlate to conversational speech or how well they would generalize to words and syllables with different segmental structures.

Suggestions for future regard the investigation of a kind of speech closer to everyday connected speech, under NAF and AAF conditions. As Max and Daliri (2019) stated, if the individual monosyllabic words can be produced by using only feedforward mechanisms, producing complex multisyllabic words and sequences of syllables combined into complete utterances require feedback monitoring and feedback-driven corrections.
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FOOTNOTES

1Recently, research focused on the influence of auditory feedback on stuttering has changed in favor of measuring and interpreting speech modifications consequent to sudden and unpredictable perturbations of specific aspects of AF, such as F0 (Sares et al., 2018) or the spatial/timing properties of F1 and F2 peaks for speech targets (Cai et al., 2012, 2014).

2This was true in the 2010’s in France; currently the vast majority of speech and language therapists are trained in the Camperdown program (O’Brian et al., 2003).
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Originary neurogenic, non-syndromatic stuttering has been linked to a dysfunctional sensorimotor system. Studies have demonstrated that adults who stutter (AWS) perform poorly at speech and finger motor tasks and learning (e.g., Smits-Bandstra et al., 2006b; Namasivayam and van Lieshout, 2008). The high relapse rate after stuttering treatment could be a further hint for deficient motor learning and, in particular, for the limited generalization of the learned technique in daily communication. In this study, we tested generalization of finger sequence skills in AWS using an effector-dependent transfer task after a 24-h retention period. Additionally, we wanted to corroborate previous motor learning results in AWS for practice and retention: 16 AWS and 16 age-, sex-, and education-matched controls performed the task during four test sessions. Our results indicate that generalization performance in AWS was not inferior to that of fluent controls. In addition, we found, contrary to previous results, that AWS showed a steeper learning progress after practice and consolidation compared with controls. We suggest that with sufficient practice and a 24-h consolidation phase, AWS are able to retain the learned performance of tapping a five-item finger sequence as well as fluent controls in terms of speed and accuracy.

Keywords: stuttering, motor sequence learning, finger tapping, overnight consolidation, generalization, adults, speed, accuracy


INTRODUCTION

Originary neurogenic, non-syndromic stuttering is a speech fluency disorder characterized by involuntary speech fluency disruptions (Neumann et al., 2016). Originary stuttering in childhood fortunately has a high spontaneous recovery rate of up to 80%. In those individuals in whom stuttering persists into adulthood, stuttering treatment is characterized by a high relapse rate even after intensive therapy (Craig, 1998). It is conceivable that the unifying trait differentiating persons with persistent stuttering from recovered individuals could be limitations in the motor learning of speech skill (Zelaznik et al., 1997; Peters et al., 2000; Max et al., 2004). As speech represents the skilled sequential organization of distinct, timed movement units in a pre-specified order (Schmidt and Wrisberg, 2008), motor sequence learning may play a central role in speech skill development. Thus, limitations in the speech skill of stuttering individuals could emerge due to the limited ability to learn motor sequences. In line with this suggestion, studies have reported poorer speech sequence skill learning in adults who stutter (AWS) than in those who do not (ANS; Smits-Bandstra et al., 2006b; Namasivayam and van Lieshout, 2008; Smits-Bandstra and De Nil, 2009; Smith et al., 2010; Bauerly and De Nil, 2011; Smits-Bandstra and Gracco, 2013, 2015; Sasisekaran and Weisberg, 2014). Other studies have used finger tapping tasks to investigate if limitations in motor sequence learning or performance also affect non-speech movements in AWS (Webster, 1986; Smits-Bandstra et al., 2006a, b; Bauerly and De Nil, 2015).

Generalization describes the ability to transfer the learned motor performance on similar but not practiced movements (Schmidt and Wrisberg, 2008; Witt et al., 2010). To our knowledge, only one study has tested generalization of speech and finger motor sequence learning in AWS (Smits-Bandstra et al., 2006b). In their study, the finger tapping transfer task was conducted on the same day as the original motor sequence task and consisted of a new sequence. For both modalities, speech and finger tapping, ANS transferred the improvements in reaction time of the practiced movements faster than AWS (Smits-Bandstra et al., 2006b). These results suggest that AWS might have difficulties in speech as well as non-speech motor sequence learning.


Primary Objective

Our primary intention was to investigate finger motor sequence learning in AWS and ANS at different time intervals incorporating the effect of sleep on retention and on generalization. The finger tapping task that we used in the current study might reveal general limitations in motor sequence learning in AWS (Bauerly and De Nil, 2015). Several studies have investigated retention effects after 24 h in speech motor sequence learning tasks (Namasivayam and van Lieshout, 2008; Bauerly and De Nil, 2011; Sasisekaran and Weisberg, 2014), but only one studied finger motor sequence learning (Bauerly and De Nil, 2015). So far, generalization in AWS has been investigated only during a 1-day period, i.e., disregarding sleep effects on consolidation (Smits-Bandstra et al., 2006b). The current study implemented the dependent variable “triplet errors” (TEs) as a measure of accuracy. TEs are a fine-grained analysis of error type and may reflect the stability of sequence representation (Albouy et al., 2012). TE can occur within or between sequences. The authors proposed that an increase of within-sequence TE might represent increasing variability of motor sequence execution.

We hypothesize (1) that AWS will show limitations in motor sequence learning (lower increase in movement speed and accuracy between testing sessions) and (2) that AWS will perform more poorly than ANS at each test session with regard to speed and for accuracy. With an additional analysis of error type, we expect (3) that AWS will show more TE within a sequence, indicating greater variability of sequence execution than ANS (Albouy et al., 2012).



MATERIALS AND METHODS


Participants

The Ethics Committee of the University Medical Center Göttingen approved this study, and written informed consent was obtained from all participants. Sixteen participants per group were matched for sex, age, education, and musicality (Table 1). Participants with professions requiring profound hand motor skills (e.g., computer scientist) were equally often present in both groups. All participants were right handed according to the Edinburgh Handedness Inventory (Oldfield, 1971), and all had normal hearing acuity (whispered voice test, MacPhee et al., 1988). In the AWS, stuttering severity (Stuttering Severity Index, Riley, 2009) ranged from mild to severe: six very mild, three mild, five moderate, and two severe. Control participants did not show any signs of speech dysfluency. Participants declared they had no pre-existing neurological condition or restricted movement of the fingers or hands, nor did they use drugs or medication that influence the central nervous system. The AWS were recruited through the Kasseler Stottertherapie and self-help groups in Bielefeld, Dortmund, Göttingen, Hannover, Münster, and Würzburg. ANS were contacted via local advertisement and at the Bielefeld University Campus.


TABLE 1. Descriptive statistics of demographic information and pretest results.
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Pretests

Working memory can influence outcome measures in sequence skill learning (Seidler et al., 2012). Two preliminary tests of working memory were therefore administered to ensure comparability between the groups. Working memory was tested using the Digit-Span forward and backward subtests of the Wechsler Adult Intelligence Scale test battery (WAIS; Petermann and Wechsler, 2012), and the visual and auditory 2-Back test (Brain workshop Version 4.8.8). In the WAIS Digit-Span subtests, participants immediately repeated auditorily presented numbers either forward or backward. For the auditory and visual 2-Back task, participants were required to indicate whether the current item was the same as the item presented two trials previously. In addition, we assessed inter-individual differences in response latencies between participants using the Deary–Liewald single and choice reaction time task (Deary et al., 2011). In the single reaction time task, participants had to respond as quickly as possible to the appearance of a single black stimulus (“X”) by pressing a key. The black stimulus appeared 21 times in a white square, which was located in the middle of a blue screen. The choice reaction time task consisted of four white squares in one horizontal line across the middle of a computer screen. The black stimulus would appear randomly 40 times in any of these four white squares. Each square had a corresponding key on the keyboard. With the appearance of the black stimulus in one of the squares, participants had to press the corresponding key as quickly as possible (Deary et al., 2011). A random interstimulus interval prior to the following stimulus (1.0, 2.0, or 3.0 s) minimized anticipation effects on single and choice reaction time. Groups did not differ significantly in any pretest (Table 1).



Motor Learning Task

We used a finger tapping task to test motor sequence learning in a group of AWS and a group of ANS. Motor sequence learning was defined as the change in performance between four testing sessions: Pre Training, Post Training, 24-h Post Training, and 24-h Transfer. The testing sessions consisted of four blocks, each lasting for 30 s of tapping the pre-given sequence. Each block began with an auditory start signal (two consecutive 400-Hz tones lasting 2.5 s) and ended with a short display of a written word (“Pause”). Blocks were separated by 50 s (Figure 1), to give the participants enough time to rest (Korman et al., 2003). During the experiment, the sequence was not displayed on the screen. A training session of 160 repetitions was conducted between Pre Training and Post Training (Korman et al., 2003). Unlike the four testing sessions, the training session required 160 cued responses of one sequence at a time. The cue stimulus was the same auditory start signal as in the testing session.
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FIGURE 1. Study design and learning paradigm. The experiment consisted of five modules, which are aligned on the first arrow. The arrow represents the progress in time, marking the 24-h break including sleep between the first two and the last two sessions. Blue boxes stand for sequence tapping with the left hand and are named Pre Training, Post Training, 24-h Post Training. The red box represents the Transfer task, which was performed with the right hand. Training consisted of typing the sequence 160 times after a start stimulus. Testing sessions each contained four 30-s blocks separated by 50-s intervals as shown for Post Training. Practice effects were defined by the comparison between Post Training and Pre Training. Retention was studied by comparing performance at 24-h Post Training and at Post Training. Generalization was defined as the improved performance at Transfer compared with performance at Pre Training.


Prior to the finger tapping task, participants were given written instructions to tap in the introduced sequence (41324) as fast and as accurately as possible after an auditory start signal. The instruction resulted in iterations of the sequence “41324-41324-41324- and so on.” The instructions prompted the participants not to correct errors by going back to the last correct key in their sequence, but rather to continue the sequence. Participants tapped the sequence on a Microsoft Natural Ergonomic 4000 Keyboard, using the keys [x c v b] for the left hand and [m, . -] for the right hand. To exclude the possibility of tapping the wrong keys, all other keys were covered. The keyboard was concealed in a box to prevent the participants from receiving visual feedback.

The finger tapping task comprised sequence “41324,” performed as the sequence of little finger, index finger, ring finger, middle finger, and little finger. This sequence, as well as similar five-digit sequences, has been reported to effect motor sequence learning in adults (Korman et al., 2003; Fischer et al., 2005; Witt et al., 2010; Albouy et al., 2012). The study design is similar to that of Korman et al. (2003): Pre Training, Training, Post Training, and 24-h Post Training were completed using the non-dominant (left) hand. For the Transfer condition, participants completed the same finger sequence with the dominant (right) hand. Because the same fingers of the other hand were used, this condition is termed effector-dependent transfer of the sequence. The use of the same fingers of the other hand demands a spatially mirroring of the sequence (intrinsic transformation; Witt et al., 2010). Presentation software (Version 0.71) was used to control the experiment and record the results.



Dependent Variables

We used three dependent variables to measure the improvement of motor performance, i.e., practice effect, retention, and generalization. We defined motor sequence learning as an improvement of movement speed and movement accuracy over time.

First, we assessed movement speed by the number of correct sequences (NCSs; Korman et al., 2003). As participants get faster, they can produce more sequences within a given time interval. To obtain the total NCS per testing session (Pre Training, Post Training, 24-h Post Training, or 24-h Transfer), all correct sequences of a given testing session were counted automatically in each block (30-s interval), resulting in four NCS values per participant and testing session. The additional analysis of early learning was conducted on these four values (one per block) per participant of the pre-training session only. If a sequence at the end of the 30-s interval was incomplete, the keystrokes were excluded from the analysis of speed.

To quantify accuracy, we calculated so-called TE as introduced by Albouy et al. (2012). The nature of TE allows a fine-grained analysis of error type (within and between errors) and is more suited to reveal strategic changes in sequence execution. For this analysis, all key taps of a participant during one block were treated as a long chain regardless of sequence correctness. A sliding window of three elements was then applied on this chain, block by block. This sliding window extracted all possible triplets. For example, for a correct sequence, 41324, the five possible correct Triplets were 413, 132, and 324 (within-sequence triplets) and 244 and 441 (between-sequence triplets; Albouy et al., 2012). Triplets deviating from the predefined triplets were counted as “triplet errors” (e.g., the incorrect sequence 4-41341244321324-4 contained seven within-TE: 134, 341, 412, 124, 432, 321, 213 and one between-TE: 443). Keystrokes (≥2) at the end of the 30 s, which did not correspond to the sequence or the correct triplet, were counted as an incorrect sequence or triplet and were added to the number of errors and TE.

A custom-written script (Perl version 5.16.3.1604) automatically implemented these procedures. No trials were excluded, since participants did not show any signs of distractions such as coughing during the 30 s of task execution.



Statistical Procedures

To investigate the effects of practice, the performance after training (Post Training) was compared with that of Pre Training. Similarly, for the statistical analysis of retention, performance at 24-h Post Training was compared with performance at Post Training on the first day. As in Korman et al. (2003), generalization to the dominant hand was examined by comparing performance at Pre Training with 24-h Transfer (see Figure 1). To detect early learning differences, we compared the performance across the four blocks of Pre Training: Here, the differences between blocks indicate the learning progress of groups.

To analyze differences in speed (NCS) and accuracy (TE) between testing sessions and groups, we used non-parametric linear mixed-effects models (Pinheiro and Bates, 2000; Bates et al., 2015b). NCS was modeled under the assumption of a Poisson distribution. The distribution of all TE was negatively skewed. Therefore, the TEs were log transformed after adding a constant of 0.5. The log-transformed TE approximately followed a normal distribution, and the linear mixed-effect modeling was conducted accordingly. Generalized linear mixed-effects models are an extension of a Poisson regression that incorporates the effects of repeated measurements. Mixed-effects models have great advantages in dealing with unbalanced or non-normal data such as ours. The variance explained by main effects and interactions can be tested via likelihood ratio tests between successively reduced nested models (e.g., Baayen and Milin, 2010).

We tested the effects of Group (AWS and ANS) and Testing Session (Pre Training, Post Training, 24-h Post Training, and 24-h Transfer) on our dependent variables, NCS and TE. An additional predictor of TE was type of error. Two model fits were conducted for different subsets of data: (1) practice and retention (Pre Training, Post Training, and 24-h Post Training) and (2) generalization (Pre Training and 24-h Transfer). Group served as a between-subjects factor and Testing Session served as a within-subjects factor. Successive difference contrasts were used in the regression models for both Group and Testing Session comparisons. All models included the maximal random effects structure justified by the data, a procedure to reduce the random effect structure by means of model comparisons suggested by Bates et al. (2015a, 2018). Moreover, model comparisons via likelihood ratio tests were used to determine the post hoc statistics of the main effects and interactions. Confidence intervals were calculated using the profile method from the lme4 package (Bates et al., 2015b, Version 1.1-19).

In addition, we calculated correlations between working memory capacity (digit span backward, visual and auditory 2-back) and an early increase of motor performance during Pre Training (NCS at B4 - NCS at B1). As groups did not differ in working memory capacity, correlation tests were calculated across all participants. We used Pearson’s correlation for normally distributed data and Spearman’s correlations for skewed data distributions.



RESULTS


Motor Learning

Two AWS and one ANS showed systematic errors during the 24-h Transfer. One AWS and one ANS did not perform the effector-dependent Transfer task (mirroring the sequence and moving the same fingers of the other hand) but applied an extrinsic, effector-independent transformation by typing consequently 14231 instead of 41324 (using other fingers but keeping the spatial coordinate frame of the sequence). Another AWS typed all sequences during the first Transfer block as 41234 instead of 41324. Neither the sequence nor the triplet approach of errors enabled us to interpret these systematic errors. Therefore, each dependent variable was analyzed (1) for effects of practice and retention (Pre Training, Post Training, and 24-h Post Training) with all participants included and (2) for effects of generalization (Pre Training and 24-h Transfer) without these three participants.

For an additional analysis excluding the outliers from Pre Training, Post Training, and 24-h Post Training, see Appendix.


NCS: Practice and Retention

The first generalized linear mixed-effects model involved NCS as the dependent variable, and Testing Session (Pre Training, Post Training, and 24-h Post Training) and Group (AWS and ANS) as predictors. Overall, 7167 correct sequences were included in the analysis. For detailed descriptive statistics, see Table 2.


TABLE 2. Descriptive statistics on number of correct sequences by group and testing session.

[image: Table 2]Both groups showed sequence motor learning, as implicated by a significant effect of Testing Session [χ2(2) = 167.2, p < 0.001]. The learning progress, i.e., difference between testing sessions, is reflected by the contrasts. The effect of practice was an approximately 30% increase in performance between Pre Training and Post Training [β = 0.3, SE = 0.03, 95% CI (0.24, 0.36)] on the first day. The effect of retention was a smaller but significant increase in performance after sleep of approximately 7% in the 24-h Post Training session compared to Post Training: β = 0.07, SE = 0.03, 95% CI (0.02, 0.12). There was no significant difference between groups: χ2(1) = 0.01, p = 0.919. Importantly, the interaction between Group and Testing Session was also significant [χ2(2) = 6.8, p = 0.033], indicating a difference in learning progress between groups. The significant interaction between Group and Testing Session results mainly from the change between the Pre Training and both Post Training sessions. AWS typed fewer correct sequences than ANS during the Pre Training session but caught up to the performance of ANS at Post Training and typed even more sequences than ANS at 24-h Post Training (see Figure 2A). None of these simpler interactions were significant by themselves [Group × Post Training - Pre Training: β = 0.1, SE = 0.06, 95% CI (−0.02, 0.22); Group × 24-h Post Training - Post Training: β = 0.06, SE = 0.06, 95% CI (−0.05, 0.16)].
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FIGURE 2. Number of correct sequences: Practice, retention, and generalization. Lambda of number of correct sequences (NCSs) is given for each block per test session. In Poisson distributions, lambda represents the mean occurrence per interval. Blocks are not part of the conducted analyses, but are visualized for additional information of the participants’ learning slopes. (A) Early learning, practice, and retention effects on NCS for adults who stutter (AWS; n = 16) and ANS (n = 16) [error bars represent the estimated standard errors using the formula sqrt(lambda(x))/sqrt(length(x))]. (B) Generalization effect on NCS for AWS (n = 14) and ANS (n = 15). The graph represents the analysis without the three outliers. The reasons for excluding these participants are described in section “Motor Learning” (error bars represent the estimated standard errors).




NCS: Generalization

The Pre Training and Transfer sessions (see Table 2, the two rightmost columns, and Figure 2B) were compared on the subset of participants as described above. In total, 3974 correct sequences went into this analysis. We found a significant increase in performance in both groups [approximately 24% better performance in the Transfer than in the Pre Training session: χ2(1) = 54.3, p < 0.001]. Thus, participants in both groups were able to generalize the learned sequence to the other hand. However, there were no significant differences between groups [χ2(1) < 1, p = 0.879], and the interaction just missed significance [χ2(1) = 3.6, p = 0.056].



NCS: An Additional Analysis of Early Learning

To examine early learning in AWS and ANS, we conducted a further analysis of the 1893 correct sequences from the Pre Training session only. For detailed descriptive statistics, see Table 3. Using a Poisson distribution for modeling, we investigated the differences between Block and Group. Early learning was present in both, and we found a significant main effect for Block: χ2(3) = 39.1, p < 0.001 (see Figure 2A). There was a significant, 22% increase in the NCS between the first and the second block [β = 0.22, SE = 0.07, 95% CI (0.08, 0.36)]. The 12% increase between the second and the third block was also significant [β = 0.12, SE = 0.064, 95% CI (0, 0.25)]. There was no further significant increase between the third and the fourth blocks. The groups again did not differ significantly [χ2(1) = 0.9, p = 0.349]. In addition, the interaction between Block and Group was not significant: χ2(3) = 2.1, p = 0.552.


TABLE 3. Descriptive statistics on number of correct sequences per block during Pre Training.

[image: Table 3]Neither the digit span backward test (rP = 0.06, t = 0.34, pP = 0.73), nor the auditory n-back task (rS = 0.14, S = 4,687, pS = 0.44) or the visual n-back task (rS = −0.05, S = 5,731, pS = 0.78) correlated significantly with increase of NCS during Pre Training (Δ = B4 - B1).



Within-Sequence and Between-Sequence TE: An Analysis of Accuracy


TE: practice and retention

The participants produced 1232 TE in the first three sessions, 800 within-sequence errors, and 432 between-sequence errors (see Table 4 for descriptive statistics).


TABLE 4. Descriptive statistics on triplet errors by group and testing session.

[image: Table 4]Group, Error Type, and Testing Session served as predictors. The same procedure as in the previous models was used to reduce the random effects structure. Interestingly, we found a two-way interaction between Group and Error Type [χ2(1) = 6.3, p = 0.012]: ANS made far more errors within a sequence than between sequences, while this difference was much smaller in the AWS Group [cf. Table 4, β = 0.51, SE = 0.2, 95% CI (0.12, 0.91)] (see Figure 3A). The main effect of Error Type also became significant, showing that, overall, participants made more errors within a sequence than between sequences [χ2(1) = 11.7, p < 0.001]. Moreover, sequence motor learning was expressed by the significant main effect for Testing Session [χ2(2) = 8, p = 0.018]. In terms of log-transformed TE, a trend showed that participants made slightly more within- and between-sequence TE after Training [β = 0.32, SE = 0.19, 95% CI (−0.07, 0.7)], which decreased again in the 24-h Post Training session [β = −0.52, SE = 0.2, 95% CI (−0.92, −0.11)] (Figure 3A). The main effect of Group did not become significant and none of the other interactions.
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FIGURE 3. Triplet errors: Practice, retention, and generalization. The boxes outline the upper and lower quartiles of the median (black line). Whiskers represent the variability outside the upper and lower quartiles. Circles represent outliers. (A) Practice and retention differences of incorrect triplets (within vs. between) by Group (n = 16). ANS produce more within-sequence triplet errors (TE) than between-sequence errors compared with AWS (p = 0.012). (B) Generalization effect of incorrect triplets (within vs. between) for AWS (n = 14) and ANS (n = 15). ANS produce more TE than AWS (p = 0.031).




TE: generalization

In the subset without the three excluded participants used for the modeling of Pre Training and 24-h Transfer, the participants produced 842 TE: 527 within-sequence and 315 between-sequence (see the four rightmost columns of Table 4 for descriptive statistics).

The modeling was conducted as described above, using the log-transformed TE as the dependent variable and Group, Error Type, and Testing Session as predictors. The main effect of Error Type was significant [χ2(1) = 16.2, p < 0.001], showing that, overall, participants made fewer between-sequence TE than within-sequence errors [β = −0.37, SE = 0.08, 95% CI (−0.54, −0.2)]. The main effect of Testing Session was also significant [χ2(1) = 5.9, p = 0.015]: the participants made more TE during Transfer than during Pre Training [β = 0.57, SE = 0.22, 95% CI (0.12, 1.02)] (see Figure 3B). Moreover, we found a significant effect for Group [χ2(1) = 4.6, p = 0.031]; that is, AWS made fewer errors than ANS [β = −0.74, SE = 0.33, 95% CI (−1.41, −0.07)]. None of the interactions were significant.



DISCUSSION

We investigated motor sequence learning using a finger tapping task in a group of AWS and ANS. The study session included testing sessions after sleep. On the first day, the participants were tested before (Pre Training) and after (Post Training) a training session to investigate the effects of practice. On the second day, overnight consolidation (24-h Post Training) and generalization (24-h Transfer) to the dominant hand were assessed. Each testing session consisted of four blocks of 30 s each. Motor learning was interpreted as the gain in speed and accuracy due to practice and overnight sleep. Our results for speed and accuracy were unexpected in the context of the results of previous studies. We found that AWS were able to catch up quickly to the speed of ANS during a motor sequence-learning finger tapping task. Retention and transfer of the learned sequence after 24 h were similar in both groups.


Movement Speed—Retention and Generalization

The finger tapping task elicited motor learning in both AWS and ANS after practice and consolidation in accordance with previous results (Korman et al., 2003; Fischer et al., 2005; Albouy et al., 2012, 2013). Thus, the participants were able to successfully generalize their speed-related performance due to practice to the non-dominant hand. The generalization effect is in line with the results in both transfer sessions (same day as training and 48 h post training) of Korman et al. (2003). Other studies that failed to find a generalization effect for effector-dependent transfer tasks (Thut et al., 1996; Witt et al., 2010) included neither spacing in the testing sessions nor an additional opportunity to practice prior to the Transfer Session. In the current experiment, each testing session included 50-s pauses between blocks. Also, on the second day, the Transfer task was scheduled after the block 24-h Post Training. The participants therefore practiced the sequence with the left hand one more time prior to Transfer. Both spacing during practice (Shea and Kohl, 1991) and delayed practice (Savion-Lemieux and Penhune, 2005) are known to increase motor sequence learning. Across all testing sessions, no main effect of Group was found, and movement speed in any testing session was similar between groups.


Stronger Motor Learning in AWS

The finding of a significant interaction between Group and Testing Session for the Pre Training and both Post Training sessions may suggest different motor sequence learning between our two groups. As can be seen in Figure 2, AWS started at a lower performance level than ANS, but at Post Training, AWS caught up to the performance level of ANS. Between Post Training and 24-h Post Training, AWS again showed a slightly steeper increase in NCS. This result contradicts our hypothesis of difficulties in motor sequence learning in AWS. In our study, apparently the amount of training, i.e., 160 repetitions of the sequence, was sufficient for AWS to catch up to ANS. This is in line with other studies that report that AWS can perform at a comparable level as ANS after a substantial amount of repetitions (Smits-Bandstra and Gracco, 2013, 2015). A larger number of repetitions is needed by AWS to catch up to the performance of ANS (Cooper and Allen, 1977 cited in Smits-Bandstra et al., 2006b).

To examine motor sequence learning in AWS and ANS without the influence of training, a separate analysis of only the Pre Training session was conducted. No learning or performance differences between ANS and AWS were detected, even though across all four blocks of Pre Training, AWS typed fewer correct sequences than ANS as can be seen in Figure 2. Both groups showed almost parallel motor learning for speed between the four blocks. Remarkable are the increases of NCS between blocks 1 and 2 in both groups. These may represent an intrinsic “motor adaptation as a setting up of a motor routine in a given novel setting” (Korman et al., 2003, p. 12496). A fast, finger motor adaptation in AWS is in contrast to the previously reported lower sensorimotor adaptation (Daliri and Max, 2018) or missing speech motor adaptation (Venkatagiri et al., 2013) in AWS.



The Number of Sequence Repetition

At first glance, the results of practice, retention, and early learning seem to contradict previous reports of a limited practice and retention abilities of AWS (e.g., Smits-Bandstra et al., 2006b; Sasisekaran and Weisberg, 2014; Bauerly and De Nil, 2015) or regular learning gains in speed (Webster, 1986; Bauerly and De Nil, 2011). However, we hold a similar view to Bauerly and De Nil (2015) in that the number of repetitions played a major role in our results, as averaging trials across entire blocks is reported to mask very early learning changes (Smits-Bandstra and Gracco, 2013). For example, within each block of the Pre Training session, the participants had already typed a large number of sequence repetitions (10–17 sequences per block). Most studies reporting lower motor performance gains in AWS during early learning compared only the first 5–9 sequence repetitions to the 25–30 sequence repetitions of 30 repetitions in total (Smits-Bandstra et al., 2006b Smith et al., 2010; Sasisekaran and Weisberg, 2014; Bauerly and De Nil, 2015). Studies using approximately 10–12 (Namasivayam and van Lieshout, 2008) or more than 30 sequence repetitions (e.g., Bauerly and De Nil, 2011) for average values could not replicate motor learning difficulties in kinematic measures to the same extent. For average values across 10–12 sequence repetitions, measuring parameters of fine movement coordination, however, distinguish motor sequence learning in AWS from ANS (Namasivayam and van Lieshout, 2008).



Task Complexity

The reduced task complexity in our experiment could have led us to miss differences in performance, adaptation, and early learning between the two groups. The complexity of the current five-item sequence “41324” may have been too low to detect learning deficits in AWS. However, depending on the number of sequence repetitions, more complex sequences can also fail to reveal learning differences between AWS and ANS (Bauerly and De Nil, 2011), and Webster (1986) succeeded in revealing motor practice differences for AWS using only a four-item finger tapping sequence. The finger tapping sequence in our present study consisted of five items with the repetition of one element. As the repetition of elements complicates sequence execution (Webster, 1986), this five-item sequence with repeated elements should have been more complex than those employed by Webster (1986). The key difference between previous results and ours is the number of sequence repetitions. Thus, the performance of AWS seems to be distinguishable from that of ANS, either if there are fewer than 10 sequence repetitions, or if task complexity increases, e.g., with longer sequences.



Task Duration

Yet, another explanation for the similarity between group performance could be due to the specific nature of the task: in previous studies, each sequence was typed after a “go” stimulus (Smits-Bandstra et al., 2006a, b; Bauerly and De Nil, 2015); in our experiment, participants typed the sequence repeatedly within 30-s intervals. It might be the case that participants developed a tapping rhythm while repeatedly typing the five-item sequence. Rhythmic movements are known to enhance motor performance (MacPherson and Collins, 2009). AWS benefit from external and internal rhythmic cues (e.g., metronome vs. finger tapping) such that following a metronome, finger tapping or singing lead to instant fluency (Bloodstein and Bernstein-Ratner, 2008). While AWS show synchronization difficulties to external auditory rhythms, they can keep self-paced rhythmic movements as stable as ANS (Falk et al., 2015; Hulstijn et al., 1992). Even though in our experiment, no external rhythmic stimulus was given, participants might have developed a rhythm by themselves. Rhythmic tapping would also explain that neither group showed a large increase of correct sequences at the first block of Post Training (Figure 2), indicating that Training may have not been as effective as reported by Korman et al. (2003). During Training, sequences were typed as response to a “go” stimulus preventing rhythmic tapping contrary to the 30-s intervals. We suggest that for participants who had already moved to a rhythmic tapping behavior during Pre Training, training the sequence individually had no further effect on movement patterns. This putative explanation remains speculative, however.



Accuracy—TE

Error type enabled us to study the stability of cognitive motor sequence representations by differentiating within-sequence from between-sequence TE. The analysis of error type was based on the method of Albouy et al. (2012), who proposed that an increase of within-sequence TE might represent increasing variability of motor sequence execution.

After practice and retention, we reported a significant interaction between Group and Session for movement speed, revealing that during Pre Training, AWS typed fewer correct sequences than ANS but subsequently caught up in their performance. For accuracy, no interaction between Group and Session was observed, indicating that both groups showed similar motor sequence learning with regard to accuracy. Our results are in line with previous studies, reporting similar accuracy in both groups (e.g., Bauerly and De Nil, 2011, 2015; Sasisekaran and Weisberg, 2014). On the other side, AWS perform with lower accuracy when executing two tasks at the same time (Smits-Bandstra et al., 2006a; Smits-Bandstra and De Nil, 2009). Given that AWS seem to rely more on cognitive control for stable movement execution (Smits-Bandstra et al., 2006a), we assume that our study design (e.g., number of sequence repetitions or task duration) enabled AWS to perform the sequence without mental overload, such that enough capacity was left for controlling movement accuracy. This suggestion could also explain why descriptively AWS were even more accurate than ANS (Figure 3 and Table 4).

In our study, both groups made more within- than between-sequence TE. This difference was even larger in ANS than in AWS (comparing Pre, Post, and 24-h Post Training). Additionally, AWS made fewer TE than ANS comparing Pre Training to Transfer. Given the assumption that fewer within-sequence TE might represent a more stable representation of the sequence (Albouy et al., 2012), it seems that AWS were better in internalizing the practiced sequence. Models of motor sequence learning propose that the measure of accuracy represents progress within the visual–spatial component, which is more susceptible to explicit cognitive control (Penhune and Steele, 2012).

One could speculate that AWS were explicitly focusing on movement accuracy rather than speed. Attentional focus on accuracy leads to accurate but slow movements, whereas a focus on speed leads to fast but less accurate movements. This phenomenon is called speed–accuracy trade-off in motor performance (e.g., Fitts, 1954; Rival et al., 2003). Hence, different strategies of task execution might explain the group differences. However, two arguments speak against this suggestion. First, even though AWS gained more movement speed from Pre Training to Post Training than ANS, the pattern of accuracy remained similar across sessions, with AWS being more accurate than ANS at all times. Second, for skill acquisition, studies suggest that a focus on accuracy does not enhance motor learning (Solley, 1952; Lefebvre et al., 2012; Barnhoorn et al., 2019). Thus, we suggest that an attentional focus on accuracy in AWS would not have led to the current results of similar motor learning performance. Nevertheless, AWS may have benefited from a different interpretation of task instructions compared to ANS.

Socio-cognitive affective variables that lead to higher intrinsic motivation and attention can influence motor performance and motor learning (Wulf and Lewthwaite, 2016). For example, several studies have demonstrated that the type of received feedback (Saemi et al., 2012) or the focus of attention (Marchant et al., 2011; Wulf and Lewthwaite, 2016) affects motor learning. With reference to attention, this means that humans perform better when they focus on an external goal than when focusing on internal body states. For example, participants of a weightlifting experiment showed better performance when instructed with the external focus on “moving and exerting force through and against the barbell” than with the internal focus on “moving and exerting force with your arms” or the control condition “Perform as many repetitions as you can before failure” (Marchant et al., 2011, p. 468). During recruitment for this experiment, participants received the information that the study goal was to investigate motor learning in persons who stutter. Even though both groups volunteered for participation, persons who stutter were explicitly addressed as the target group. This may have raised an intrinsic motivation within many AWS to perform as well as they could, whereas control participants might not have felt the same urge for an outstanding performance. In addition, the goal, and with this the attentional focus, of AWS may have not been the one, which was introduced during the experiment, namely, “to type as fast and as accurately as possible” but to learn as well as they could.



Relapse and Motor Sequence Learning

Limitations in motor sequence learning have been proposed as a possible factor for relapse after stuttering treatment programs including the acquisition and automatization of new speech techniques (Smits-Bandstra et al., 2006a, b; Smits-Bandstra and De Nil, 2009; Bauerly and De Nil, 2011). Psychological factors, such as attitude toward stuttering or speech, and the locus of control (i.e., the belief to what extent the outcome of events is controlled by oneself or by external forces) are known to increase the risk of relapse (Craig, 1998). However, these known factors could also influence motor sequence learning as socio-cognitive affective variables. In our study, after a training session and after overnight retention, we did not find poorer finger motor sequence learning in AWS than in ANS. Future studies addressing the link between relapse and motor sequence learning should try to encompass additional factors such as a longer pause between practice and generalization, automaticity levels, and socio-cognitive affective variables.



Limitations of the Present Study

The argument of a higher intrinsic motivation and an external attentional focus in AWS remains only speculative, as we did not assess engagement or motivation in this study. Future studies investigating motor learning in persons who stutter should account for these socio-cognitive affective variables, such as intrinsic motivation, engagement, and attentional focus.

Because the results of motor sequence learning and performance across testing sessions did not confirm our hypotheses, we decided to add more fine-grained analyses: one post hoc analysis of early learning was conducted. As post hoc analysis increases the alpha error through multiple testing, the reported results must be regarded with caution. The robustness of our findings should be confirmed in future studies.

Variables such as the distinction between movement initiation and execution time (Webster and Ryan, 1991), reaction time for movement chunks (Smits-Bandstra and De Nil, 2013), or measures of movement coordination and stability (Namasivayam and van Lieshout, 2008) might have revealed more subtle differences within motor sequence learning and performance of AWS. In particular, further information about sequence chunking could reveal deeper insights into the underlying sequence representation.



CONCLUSION

Adults who stutter succeeded in learning, retaining, and generalizing a five-item finger tapping sequence quantified by increased movement speed and accuracy as well as did ANS. Sufficient practice and the inclusion of a 24-h consolidation phase might have contributed to this outcome.
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FIGURE S1 | Revised analysis of number of correct sequences: Practice, retention, and generalization with outliers excluded in panel (A) and outliers included in panel (B). The mean of NCS is given for each block per test session. The blocks are not part of the conducted analyses, but are visualized for additional information of the participants’ learning progress. (A) Early learning, practice and retention effects on NCS for AWS (n = 14) and ANS (n = 15). The graph shows the analysis without the three outliers (error bars represent one standard deviation of intersubject variability unique to each group).
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APPENDIX

Here, we report the test statistics for the “Number of correct sequences: practice and retention” excluding the three outliers [two adults who stutter (AWS) and one ANS)]. The statistical procedure was the same as explained in section “Statistical Procedures.”

To analyze the effects of practice and retention, we included 6569 correct sequences into the generalized linear mixed-effects model with Poisson distribution. Similar results as in the original analysis (section “NCS: Practice and Retention”) were obtained. Both groups showed practice and learning effects, as the effect of Testing Session [χ2(2) = 139.4, p < 0.001] became significant. After Training, performance increased by approximately 30% [β = 0.3, SE = 0.03, 95% CI (0.24, 0.36)] on the first day. Overnight sleep additionally increased performance by 7% [β = 0.07, SE = 0.03, 95% CI (0.02, 0.12)]. The groups did not differ in performance [χ2(1) = 0.013, p = 0.72]. The interaction between Group and Testing Session was significant [χ2(2) = 6.19, p = 0.045]. Post hoc analyses were not significant but revealed that AWS typed fewer correct sequences during Pre Training but caught up to the performance of ANS at Post Training [β = 0.1, SE = 0.06, 95% CI (-0.02, 0.22)]. At 24-h Post Training, AWS typed even more sequences than ANS [β = 0.05, SE = 0.06, 95% CI (-0.06, 0.17)] (see Supplementary Figure 1A).

In addition, we analyzed the section “NCS: Generalization” including the three outliers. These results, however, should be interpreted with caution as systematic errors of the outliers lead to a reduced NCS within these participants.

The analysis of the ability to transfer the learned motor sequence (generalization) with the inclusion of outliers was based on 4268 correct sequences. As in the original results in section “NCS: Generalization,” both groups were able to generalize the learned sequence to the right hand as the significant effect of Testing Session indicates [χ2(1) = 54.6, p < 0.001]. No significant differences between Groups [χ2(1) < 1, p = 0.66] or Interaction of Group and Testing Session [χ2(1) = 2.7, p = 0.102] were detected (see Supplementary Figure 1B).
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Stuttering is one of the most well-known speech disorders, but the underlying neurological mechanisms are debated. In addition to genetic factors, there are also major non-genetic contributions. It is here proposed that infection with group A beta-hemolytic streptococcus (GAS) was a major underlying cause of stuttering until the mid-1900s when penicillin was introduced in 1943. The main mechanism proposed is an autoimmune reaction from tonsillitis, targeting specific molecules, for example within the basal ganglia. It is here also proposed that GAS infections may have continued to cause stuttering to some extent, to the present date, though more rarely. If so, early diagnosis of such cases would be of importance. Childhood cases with sudden onset of stuttering after throat infection may be particularly important to assess for possible GAS infection. The support for this hypothesis primarily comes from three lines of argument. First, medical record data from the 1930s strongly indicates that there was one type of medical event in particular that preceded the onset of childhood stuttering with unexpected frequency: diseases related to GAS throat infections. In particular, this included tonsillitis and scarlet fever, but also rheumatic fever. Rheumatic fever is a childhood autoimmune sequela of GAS infection, which was a relatively widespread medical problem until the early 1960s. Second, available reports of changes of the childhood prevalence of stuttering indicate striking parallels between stuttering and the incidence of rheumatic fever, with: (1) decline from the early 1900s; (2) marked decline from the introduction of penicillin in the mid 1940s; and (3) reaching a more stable level in the 1960s. The correlations between the data for stuttering and rheumatic fever after the introduction of penicillin are very high, at about 0.95. Third, there are established biological mechanisms linking GAS tonsillitis to immunological effects on the brain. Also, a small number of more recent case reports have provided further support for the hypothesis linking stuttering to GAS infection. Overall, it is proposed that the available data provides strong evidence for the hypothesis that GAS infection was a major cause of stuttering until the mid-1900s, interacting with genetic predisposition.

Keywords: stuttering, infection, Group A beta-hemolytic streptococci, Streptococcus pyogenes, autoimmunity, inflammation, epidemiology, basal ganglia


INTRODUCTION


Background

Stuttering is one of the most common speech disorders, but the specific underlying neurological mechanisms are elusive. Several different mechanisms and pathologies can likely result in similar symptoms. The core symptoms manifest as intermittent loss of volitional control of the speech movements, resulting in repetitions, prolongations, or blocks.

The available data on the prevalence of stuttering suggests that there was a substantial reduction in incidence from the early 1900s to the 1960s. Thereafter, the incidence level appears to have become more stable (see review and discussion below). So far there is no established well-founded explanation of this likely historical decline of stuttering. Extensive medical record data from children before and after the onset of stuttering is available from the 1930s, thanks to the work of Dr. Mildred Berry (Berry, 1938). This is probably the largest and most thorough investigation of medical conditions related to childhood stuttering published to date. It was based on Chicago hospital medical records and included 430 children who stuttered and 462 children without stuttering. An inclusion criterion was that only medical records that appeared to be complete until age 9 were included. What stands out in the result is the high frequency of infections before the onset of stuttering, in particular infections related to Streptococcus pyogenes, such as tonsillitis, scarlet fever, and cervical abscess. Streptococcus pyogenes is the dominant strain of Group A beta-hemolytic streptococci (GAS). GAS infections are known or suspected to be involved in the causal background of a range of autoimmune symptoms, including neurological symptoms related to the basal ganglia, such as Sydenham’s chorea. GAS infections have later been linked to pediatric autoimmune neuropsychiatric disorders associated with streptococcal infections (PANDAS; Swedo et al., 1998).

In particular, GAS is linked to acute rheumatic fever, a serious systemic autoimmune disorder, which may affect a large number of body tissues. In this context, it is of interest that the incidence of rheumatic fever has declined dramatically in the industrial world, from the late 1800s to early 1960, from being a major medical problem to a rare condition. The decline can partly be explained by the introduction of effective antibiotics in the 1940s, but the decline began earlier. Rheumatic fever is still to a large extent a poorly understood condition, both regarding its pathophysiology and the causes of its decline. In summary, both stuttering and rheumatic fever appear to have shown a marked decline in incidence during the same period, from about the early 1900s to early 1960.



Purpose and Article Overview

The purpose of this article is to analyze and discuss the possibility that the development of stuttering in some children is related to GAS infection, and that this has been a major causal factor earlier in history. It is preliminarily postulated by the author that such an effect could be the result of an autoimmune reaction to some specific molecular structures of the brain, in parallel to Sydenham’s chorea. Further, another preliminary assumption is that the affected brain structures involve the speech motor circuits of the basal ganglia. Because the impact of GAS infections was stronger before effective antibiotics were available, it is important to analyze data from that time and to analyze the period after antibiotics were introduced. If GAS infection has been a major factor it can be predicted that the introduction of penicillin would result in a decline of the prevalence of stuttering. Therefore, a large portion of the article is focused on the analysis of historical data, but also more recent case reports are reviewed.

Relevant literature and data will be reviewed and analyzed, regarding:


1)   the properties of the GAS bacteria, including the known diseases and autoimmune reactions following GAS infections, in particular focusing neurological symptoms.

2)   modern case reports of stuttering suspected to be related to GAS infections.

3)   reports from the 1930s regarding the medical history of children who stuttered.

4)   the historical incidence of stuttering in relation to the incidence of rheumatic fever

5)   the historical incidence of stuttering in relation to the introduction of penicillin.



The evaluation of the combined weight of these different aspects may be viewed in terms of “triangulation,” as used in mixed methods research (Howe, 2012). This concept refers to the combination of different types of data in the study of a specific phenomenon and is borrowed from the practice in the navigation to determining the location of a specific point based on observations from at least three angles. Transferred to research, the concept implies that multiple types of data, pointing towards the same interpretation, becomes more reliable than each type of data in isolation.




THEORIES ON THE NEUROBIOLOGICAL SUBSTRATE OF STUTTERING

The neurobiological underpinnings of stuttering is a topic of ongoing research, and a multitude of theories have been proposed. It is known that there is a relatively strong genetic influence (Kraft and Yairi, 2012; Frigerio-Domingues and Drayna, 2017), but there is also evidence for non-genetic causal factors (Drayna et al., 1999; Alm and Risberg, 2007). Regarding the structural basis of stuttering, at least three possible mechanisms are of current interest: (1) theories of abnormal cerebral lateralization; (2) theories of white matter disconnection; and (3) theories of basal ganglia disorder.


Cerebral Lateralization

Theories of cerebral lateralization, and hemispheric conflict, have a long history since first proposed by Stier (1911). This line of thinking was revived in the report by Jones (1966), of stuttering disappearing after cerebral lesions. Since then a wide range of studies, with different methodologies, have reported reduced left-hemisphere dominance for speech-related functions in persons who stutter. A modern version of the cerebral-hemisphere-conflict-model was presented by Neef et al. (2016). Indications of primary deficits of left hemisphere cortical speech-related regions in children who stutter have been reported by, for example, Garnett et al. (2018).



White Matter Disconnection

The theory of white matter disconnection as a key aspect of stuttering was first proposed by Sommer et al. (2002), based on their findings from brain imaging. Their results indicated a localized impairment of the white matter structure, below the left hemisphere sensorimotor representations of the larynx and the tongue. Similar left hemisphere white matter impairments have later been reported by several groups, as summarized in Watkins (2011). Recently Han et al. (2019) proposed a genetic mechanism for white matter impairment in stuttering.



The Basal Ganglia Loops

Historical theories by the German physicians Sahli and Schilder in the 1920s linked stuttering to the functions of the basal ganglia (Freund, 1966). The possible relationship between stuttering and the basal ganglia is discussed in Alm (2004) and later updated by Chang and Guenther (2020). Empirical findings are reported in, for example, Wu et al. (1995, 1997)1, Giraud et al. (2008), Lu et al. (2010), Tani and Sakai (2011), and Theys et al. (2013). The core proposal is that stuttering is related to a malfunction of the basal ganglia loop for the initiation of speech motor programs. One important line of argument for the involvement of the basal ganglia emerges from studies of stuttering with onset after known brain lesions. In a study of people who acquired stuttering after injury in wartime, the only gray matter structures that were statistically linked to stuttering were basal ganglia nuclei (Ludlow et al., 1987). A further indication of a link between stuttering and the basal ganglia can be seen from the effects of dopaminergic drugs: The functions of the basal ganglia are highly dependent on narrowly regulated dopamine activity, and the class of drugs that has shown the strongest modulating effect on stuttering, making it better or worse, are the dopaminergic drugs (Alm, 2004; Maguire et al., 2004). Stuttering also shows similarities with basal ganglia motor disorders, for example a combination of hypo- and hyperkinetic dysfunction, and temporary improvement of symptoms when providing external timing cues, such as a metronome.




PROPERTIES OF DISORDERS LINKED TO GAS INFECTION

In this section, the characteristics of the GAS bacteria will be reviewed, including various disorders that can follow from GAS infections. The focus will be on aspects of autoimmunity and in particular on neurological symptoms.


The Group A Beta-Hemolytic Streptococcus (GAS)

GAS infections typically imply infection by the species Streptococcus pyogenes (pyogenes, from Greek: to produce pus2). “Beta-hemolytic” means that the bacteria produce streptolysin, a toxin that can result in a complete breakdown of red blood cells (hemolysis). It is important to emphasize that there are many other types of streptococci, which should not be confused with GAS. GAS infections can result in an exceptionally wide range of different symptoms, from mild to severe, including fatal. Scarlet fever and rheumatic fever are diseases specific to GAS infection, while other types of symptoms associated with GAS may also be caused by other types of bacteria, for example, pharyngitis, tonsillitis, and infections of the skin and other soft tissues (Ferretti and Köhler, 2017). At a global level, it is estimated that severe GAS infections lead to extensive disability and more than 500,000 deaths each year (Carapetis et al., 2005). There is currently no vaccine available, but development is in progress.

Many of the symptoms caused by GAS are effects of the large number of extracellular molecules that are produced by the bacteria (Ferretti and Köhler, 2017), and of autoimmune reactions. The production of extracellular molecules varies depending on the GAS strain and the host environment. An important characteristic of Streptococcus pyogenes is the production of “superantigens;” a family of peptides or small proteins with the ability to trigger massive unspecific activation of the immune system, with excessive release of T cell mediators and pro-inflammatory cytokines (Proft and Fraser, 2016).

Strains of GAS bacteria differ in their ability to avoid the host immune system and antibiotics. These mechanisms are not fully understood but have been proposed to include encapsulation by hyaluronic acid and the production of protective biofilm (Vyas et al., 2019), as well as the capacity to hide within host cells (Fiedler et al., 2015; Rohde and Cleary, 2016). It seems that the bacteria tend to shift between free-floating and more protected states (Vyas et al., 2019), making the duration of antibiotic treatment an important factor. It has been proposed that chronic tonsillar GAS infections may be temporarily asymptomatic as a result of biofilm protection or intracellular state (Allen and Miller, 2016; Rohde and Cleary, 2016). Macrolide antibiotics such as azithromycin have a higher ability to penetrate host cell walls than penicillin but have also a higher risk for the development of GAS resistance (Fiedler et al., 2015; Rohde and Cleary, 2016; Vyas et al., 2019).

The nature and virulence of the GAS bacteria that circulate in society appear to change quite dramatically over time, resulting in different panoramas of diseases and symptoms. For example, toward the end of the 1800s scarlet fever showed a mortality rate of 25–30%, but had decreased to less than 2% by 1900 (Lamagni et al., 2008). In the 1980s an unexplained wave of GAS infections occurred in Europe and North America, this time with remarkable localized tissue destruction and life-threatening systemic toxicity (Lamagni et al., 2008).

The most common site for GAS infection in humans in non-tropical regions is in the posterior oropharynx, particularly the lymphoid tissue which includes the tonsils (Watson et al., 2017). The immune function of the tonsils declines after puberty, which may explain why tonsillitis is rare in adults (Mayo Clinic, 2018). In outpatient medical visits for sore throat, GAS is diagnosed in about 20–40% of cases (Wessels, 2017). Routine clinical tests for GAS infection include throat swab tests for GAS antigens and blood sample tests for GAS antibodies (e.g., anti-streptolysin O).

The diagnosis of scarlet fever refers to streptococcal pharyngitis accompanied by a typical rash caused by a toxin (Wessels, 2017). Otitis media has been reported to involve GAS bacteria in only 3% of the cases (Segal et al., 2005). However, it seems to be the case that GAS infections causing otitis media were more common before penicillin was available, with a report of 50% of infected ears showing GAS (Valentine, 1924).



Mechanisms of Autoimmunity

Autoimmunity occurs when the immune system acts against healthy tissues within the body. The autoimmune mimicry hypothesis states that antibodies generated from an immune response react with molecules in the tissues of the host, due to mimicry of bacterial and host antigens (Platt et al., 2017). This mechanism has been proposed to result in all secondary sequelae of GAS infections, including rheumatic fever and neurological disorders (Cutforth et al., 2016), though the exact mechanisms are not clear (Kothari, 2013). All humans produce antibodies or immune cells that are reactive with tissues of the body, which are normally eliminated before they result in damage. The development of autoimmune disorders appears to be related to the interaction between several different genes, involving both the production of self-reactive immune antibodies or cells and impaired elimination of these. It seems that a combination of several specific factors is necessary to trigger an autoimmune response to an infection (Cutforth et al., 2016).



Neurological Autoimmunity in Relation to the Localization of the GAS Infection

In normal circumstances, the brain is protected by the blood-brain barrier, which should stop micro-organisms and proteins as well as immune cells or antibodies from passing into the brain. Within the nervous system, the microglia cells have an important role as immune cells. Based on a mouse model, Cutforth et al. (2016) proposed the hypothesis that T-cells, more specifically Th17 immune cells, play an important role in neurological autoimmune responses to GAS infections. According to this hypothesis, the lymphoid tissue in the tonsils of humans produces a large number of Th17 cells during GAS infections. The Th17 cells can pass the blood-brain barrier, for example to the olfactory bulb via the nasal tissue. The passing of the Th17 cells degrades the tight junctions of the blood-brain-barrier, allowing IgG antibodies and CD4+ T-cells to enter the brain. These antibodies and T-cells may in turn react with molecules within the brain tissue. Further, it is also hypothesized that viruses can support autoimmune responses by creating a pro-inflammatory state that “primes” the brain microglia to become overactive and to respond against brain tissue (Platt et al., 2017). This may be affected by the production of the pro-inflammatory cytokine TNF-α (Cutforth et al., 2016).

In conclusion, this model may explain the observation that GAS infections, particularly of the tonsils and the throat, have been reported to trigger autoimmune neurological sequelae, and that severe, recurrent, and combined infections may increase that risk.



Rheumatic Fever


Rheumatic Fever (in Non-tropical Regions)

Rheumatic fever is assumed to be an autoimmune response caused by GAS infection, showing high heritability (Massell, 1997; Engel et al., 2011; Azevedo et al., 2012). Before the arrival of antibiotics, rheumatic fever was a relatively frequent and serious consequence of GAS in all populations, but it is now at a relatively low level in wealthy nations (Sika-Paotonu et al., 2017). The current incidence in the wealthy parts of the world is less than 10 annual cases per 100,000 population but has been reported to be up to 50 in developing parts of the world (Tibazarwa et al., 2008), though the numbers are likely to be uncertain. The symptoms may be severe, including rheumatic heart disease, polyarthritis, neurological symptoms such as Sydenham’s chorea (involuntary movements), subcutaneous nodules, and rash. It is estimated that rheumatic heart disease following GAS infections results in 233,000 deaths each year (Carapetis et al., 2005).

Rheumatic fever typically occurs from age 5 until puberty but may occur from about 3 to 19 years of age (Azevedo et al., 2012). In non-tropical parts of the world, the triggering infection typically has been a throat infection caused by Streptococcus pyogenes. It is estimated that there are over 600 million cases of GAS throat infections per year (Carapetis et al., 2005). Rheumatic fever is equally common in males and females (Sika-Paotonu et al., 2017). The symptoms typically begin about 2 weeks after the GAS infections (Sika-Paotonu et al., 2017), though sometimes may lag by several months (Swedo et al., 1998). The overt symptoms often resolve after 2 to 3 weeks, but sometimes with permanent damage to the heart valves.

The concept that some specific strains of GAS are “rheumatogenic,” i.e., causing autoimmune reactions such as rheumatic fever, has been a matter of debate. A recent review article and genetic study found that the classic rheumatogenic types of GAS were responsible for only 32% of the clinical cases of rheumatic fever (de Crombrugghe et al., 2020).



Rheumatic Fever in Indigenous Australian Children

It has been assumed that rheumatic fever is consistently caused by GAS pharyngitis, however, studies among indigenous Australian children indicates that this may not be the case in tropical regions. In this population, rheumatic fever is relatively common, despite evidence that sore throat and streptococcal pharyngitis show low rates, and that typical “rheumatogenic” strains of GAS are not present (McDonald et al., 2004, 2006). On the other hand, skin infection has been common, especially from GAS but also from other bacteria (McDonald et al., 2006). It has been proposed that the frequent rheumatic fever in this population may be caused by skin infections, and/or by other bacteria than Streptococcus pyogenes (Haidan et al., 2000; McDonald et al., 2004; Tanaka et al., 2008).




Psoriasis

It has long been recognized that guttate psoriasis tends to be triggered by streptococcal pharyngitis, but more recently it has been proposed that the most common type, plaque psoriasis, is also a sequela of streptococcal infection (Allen and Miller, 2016). More specifically, it is argued that the development of plaque psoriasis requires the combination of a specific infection and a specific genetic profile of the host. The research data underlying this proposal is briefly reviewed in Presentation 2 in the Supplementary Material of this article.



Neurological Symptoms From GAS Infections


Sydenham’s Chorea

Sydenham’s chorea is the most well described and well understood neurological disorder following GAS infections. The triggering infection, typically pharyngitis, may be minor and resolve without medical attention (Punukollu et al., 2016). Sydenham’s chorea typically occurs in prepubertal children but sometimes does occur in adolescents. The main symptoms are choreiform involuntary movements which can involve the whole body, and neuropsychiatric disturbances such as obsessive-compulsive disorder (OCD), hyperactivity, anxiety, emotional lability, irritability, inattention, and confusion (Cunningham and Cox, 2016; NORD, 2017). The symptoms of OCD can precede motor symptoms.

Sydenham’s chorea has long been considered an autoimmune disorder related to the basal ganglia. More recently it has been linked to antibodies against the dopamine receptor type D2 and described as a basal ganglia encephalitis. Dale et al. (2012) detected D2 antibodies in 10 out of 30 patients with Sydenham’s chorea but in none of the 40 controls (Fisher’s exact test, p < 0.0001). They found no subjects with D1 antibodies. Ben-Pazi et al. (2013) reported a correlation between the severity of the symptoms of Sydenham’s chorea and the ratio of the levels of D2/D1 antibodies. Non-motor symptoms showed the strongest correlation, r = 0.59, for aspects such as irritability, attention deficit, and hyperactivity. Motor symptoms showed a correlation of 0.47 with the D2/D1 ratio of antibodies. They interpreted the finding as suggestive for receptor imbalance resulting in increased sensitivity to dopamine signaling. This is in line with the observation that D2 antagonists can be used for the treatment of the symptoms of Sydenham’s chorea (Cunningham and Cox, 2016). There is a high incidence of movement disorders or emotional disorders in close relatives of patients with Sydenham’s chorea, suggesting an interaction between genetics and triggering factors (Punukollu et al., 2016).



PANDAS, PANS, and CANS

Following clinical observations of children showing OCD and tic disorders (Tourette syndrome), a group of researchers in 1998 proposed the definition of a subgroup of patients in neuropsychiatry. The acronym PANDAS was designated for the subgroup, for Pediatric Autoimmune Neuropsychiatric Disorders Associated With Streptococcal Infections (Swedo et al., 1998). Since the proposal of the concept of PANDAS, there has been an ongoing discussion as to what extent this constitutes a real diagnostic entity. For example, there is a significant overlap of the PANDAS diagnostic criteria and symptoms consistent with rheumatic fever. The main differences seem to be that rheumatic fever also includes chorea and other physical symptoms such as polyarthritis, carditis, subcutaneous nodules, and rash. To summarize, there appears to have been a general agreement that autoimmune disorders can result in sudden-onset neuropsychiatric disorders in children, but some authors have questioned the specific limitations of the diagnostic symptoms of PANDAS and the focus on streptococcal infections (Punukollu et al., 2016). For example, Singer et al. (2012) proposed the relatively wide concept of CANS, for Childhood Acute Neuropsychiatric Symptoms. CANS was intended to include various causes, and also a broader set of psychiatric symptoms, including OCD, general anxiety, phobias, developmental regression, poor concentration, emotional lability, and sleep problems, though with emphasis on OCD.

Swedo et al. (2012) modified the criteria for PANDAS and widened the concept to include other causes beyond GAS infection. The new concept was termed PANS, for Paediatric Acute-onset Neuropsychiatric Syndromes, with three main diagnostic criteria: (1) abrupt onset of OCD or severely restricted food intake; (2) concurrent abrupt onset of additional neuropsychiatric symptoms from at least two out of seven categories; and (3) symptoms not better explained by a known disorder, such as Sydenham’s chorea. The possible additional neuropsychiatric symptoms include anxiety, emotional lability, depression, irritability, aggression, behavioral regression, sensory or motor abnormalities, sleep disturbances, et cetera (Swedo et al., 2012).

The results from Dale et al. (2012) are suggestive of a difference in mechanism between PANDAS and Sydenham’s chorea. They detected antibodies against the dopamine D2 receptor in the sera of 10 out of 30 patients with Sydenham’s chorea (as mentioned above) but in none of 22 patients with PANDAS (nor the 40 control subjects). However, a common aspect of Sydenham’s chorea and PANDAS is the tendency of producing antibodies activating calcium calmodulin protein kinase II (CaMK II), which appears to result in neural excitation and increased transmission of dopamine (Chiarello et al., 2017). Overall the results from studies of antibodies and autoimmune responses in PANS/PANDAS are quite diverse, and the autoimmune basis of the symptoms has been a matter of debate (Chiarello et al., 2017). There are therefore no clear-cut criteria for the diagnosis of PANS/PANDAS. One test that is used for diagnosis of PANS/PANDAS is the “Cunningham Panel,” with five assays, including the CaMKII activity. The other assays are for antibodies against dopamine receptors D1 and D2, tubulin, and lysoganglioside (Cox et al., 2015; Cunningham et al., 2019). However, other researchers have argued that there is not enough evidence to limit the search for antibodies to only these five (Chiarello et al., 2017). Chiarello et al. (2017) proposed a clinical diagnostic pathway for PANS/PANDAS. A systematic review of the treatment of PANS/PANDAS is provided in Sigra et al. (2018). Treatment guidelines have been proposed by a consortium of clinicians and researchers, regarding anti-infection treatment (Cooperstock et al., 2017) and immunomodulation (Frankovich et al., 2017).





RECENT CASE REPORTS OF STUTTERING IN CHILDREN, ASSOCIATED WITH GAS INFECTIONS

The author’s search of the more recent literature resulted in three case reports of children with stuttering associated with GAS infections, all three were boys.


Six-Year-Old Male (Maguire et al., 2010)

The first case was reported by Maguire et al. (2010) and described a 6-year-old male with sudden onset of stuttering approximately 1 month after a streptococcal Group A throat infection had been diagnosed. The initial infection was documented with a rapid antigen test and involved sore throat, fever, and malaise as symptoms. The parents declined antibiotics at this time. The acute onset of stuttering 1 month later was characterized by sound and syllable repetitions, and silent blocking of speech. Four months from the initial infection the characteristic stuttering struggle behavior was developed, with facial grimaces and head twitches when stuttering occurred. At 5.5 months after the initial infection, the rapid antigen test identified the continued presence of GAS infection, and blood tests revealed high levels of GAS antibodies (antistreptolysin 0 and antideoxyribonuclease B). Treatment with penicillin (amoxicillin/clavulanic acid, 800 mg/day) was initiated, resulting in near resolution of the symptoms of stuttering within 2 weeks. At the time of the report 6 months later the patient remained free from symptoms of stuttering.

As far as to the knowledge of the current author know, Maguire et al. (2010) was the first to propose that an autoimmune condition may be at play in a subset of individuals who stutter. He proposed that such a reaction may be related to GAS infection and that it may be viewed as a symptom of PANDAS.



Four-Year-Old Male (Lewin et al., 2011)

The second case, presented by Lewin et al. (2011), described a 4-year-old male, referred to as T. He was a mirror-image twin of P (T was left-handed, P right-handed). They were born somewhat prematurely at 32.5 weeks, with birth weight for T of 2.13 kg. Both brothers had a history of repeated confirmed throat GAS infections, most frequently around age 4, treated with antibiotics. The brother P did not stutter but showed symptoms of OCD, which was diagnosed as being part of a PANDAS syndrome. T showed throat clearing, which was considered a neuropsychiatric symptom, a tic. The repeated GAS infections were resolved by the removal of the tonsils and the adenoids for both brothers. T’s stuttering was described as notable for occurring when GAS tests were positive and improving with antibiotic treatment. Both the stuttering and the throat-clearing symptoms remitted following tonsillectomy and adenoidectomy, and the condition of T remained stable from that time.



Nine-Year-Old Male (Ray et al., 2013)

The third case, reported by Ray et al. (2013), was a 9-year-old-male of premature birth at week 28, weight 0.75 kg. The neurological symptoms included stuttering, hyperactivity, and compulsive behaviors such as cleaning and not touching surfaces. He had a family history of autoimmune disorders, a mother with previous rheumatic fever and OCD, but no family history of stuttering. The boy was diagnosed with OCD, ADHD, and Tourette disorder. Further examination showed continuous high levels of GAS antigen (serum anti-streptolysin O), leading to consideration of a diagnosis of PANDAS. This diagnosis was supported by the observation of the increased severity of the neuropsychiatric symptoms with the pharyngotonsillitis and fever attacks. He did not respond to antibiotic treatment, but tonsillectomy normalized the serum anti-streptolysin O. Further examination led to the diagnosis of Mevalonate Kinase Deficiency (MKD), a genetic auto-inflammatory disease. This disease results in overactivation of the immune system, with periodic fever, musculoskeletal involvement, skin rashes, etc. Corticosteroid infusion was recommended during fever attacks, which his family declined. For the OCD symptoms treatment with sertraline 25 mg/day was initiated, titrated up to 50 mg/day. After 4 months the dose was reduced to 25 mg and stopped 3 weeks later. The symptoms of OCD had then been reduced to “mild.” Treatment of symptoms of ADHD was initiated, with atomoxetine 40 mg/day, with no observed side effects. At follow-up, there had been no severe recurrence of OCD symptoms, and the symptoms of ADHD were partially reduced. There was no explicit report regarding the outcome of the stuttering.



Stuttering in Children With Early Antibiotic Treatment

It is of further interest to consider the report in Nabieva (2000). She studied 40 Russian children who stuttered, age 2.2–7 years. Of these children, 18 (45%) were reported to have been prescribed antibiotics during their first 3 years of life, and for 10 of the children during the first year. It was reported that in cases with antibiotics during the first year, the children typically stuttered when they began to talk. Children who had an initial period of fluent speech were said to usually have begun to stutter about 2 weeks after withdrawal of the antibiotics, or during 5 months after withdrawal. In the latter case, according to the report, the direct onset of stuttering tended to be associated with some minor emotional event, like having a nightmare or seeing a worm. It was proposed by Nabieva that antibiotics in itself may trigger stuttering. An alternative interpretation is that the children were treated with penicillin for a GAS infection, and the stuttering developed as an effect of the GAS infection. Possibly the antibiotic treatment was only partially successful, with renewed bacterial activity after the withdrawal of treatment. Alternatively, the treatment was successful but the infection had triggered a delayed autoimmune response.

The report by Nabieva does not include the typical frequency of antibiotic treatment before aged 3, or information on the type of infections treated. Still, the reports of the onset of stuttering some time after the withdrawal of antibiotics are of interest in relation to stuttering and GAS infection.



Summary of Cases

In summary, the three cases showed confirmed GAS infections, repeated or extended over time. In all cases there were indications of a relationship between the GAS infection and the symptoms of stuttering: In two out of three cases the stuttering was improved or remitted by treatment with an antibiotic, but in one of these cases the GAS infection recurred until tonsillectomy and adenoidectomy, with lasting remittance of stuttering. In the third case, antibiotics were ineffective, but tonsillectomy showed a positive effect, and treatment with sertraline may have contributed to improving the symptoms of OCD. Two of the three cases showed symptoms of OCD or tics, covarying with the stuttering. It is of interest that the first case was reported to have an acute sudden onset of stuttering, without reports of other psychiatric or neurological signs. Yairi (2004) summarized that nearly 30% of the children in their studies showed a sudden onset of stuttering, that occurred over 1 day. The cause of these sudden onsets is unknown, but it seems pertinent to consider the possible influence of infections and autoimmune mechanisms. The reports of reduction of stuttering when the GAS infection was reduced indicate reversible neurological changes, rather than gross tissue damage.




THE MEDICAL HISTORY OF STUTTERING CHILDREN IN THE 1930s


Mildred Berry, Medical Record Data

It appears that the most thorough investigation of the medical history of children who stutter was carried out in the 1930s, by Dr. Mildred Freburg Berry, Rockford College, IL, USA (Berry, 1938). She stated that the motivation for this work came from a remark that was familiar to speech therapists at that time: “My son began to stutter immediately after a severe illness” (p. 97). Pediatric medical records of hospitals in Chicago were searched for data. Only records that appeared to be complete from infancy to 9–10 years of age were included in the analysis. The resulting cohort included a total of 430 children who stuttered and 462 matched controls. The mean age of onset of stuttering was 4.86 years. Diseases and medical events occurring before the onset of stuttering were compared with the information from the control group before age 5. Also, all later diseases and events up to 9 years of age were compared for the two groups.

One important strength of this study is that it is based on medical records, thereby avoiding the possible bias of retrospective recollection in surveys. Another strength is that events before and after the onset of stuttering are reported separately, until age 9. If the number of post-onset infections is normal it would indicate that the stuttering children were not especially susceptible to infection.

One potential weakness of this study is that the data registered at hospitals can be expected to underestimate the instances of minor disease, not requiring medical care. Therefore, the number of infections can be expected to be underestimated, for both groups.


Results From Berry (1938)


Infections More Frequent Before the Onset of Stuttering

Several infections were substantially more frequent in the stuttering group before the onset of stuttering (mean age 4.85 years), compared with control children before age 5, see Table 1. In contrast, the infections occurring after the onset of stuttering, and before age 9, did not differ from the controls in any remarkable way, see Table 2. The only disorder showing higher incidence after the onset of stuttering was rheumatic fever, with six cases in the stuttering group compared with none among the controls (p = 0.012, Fisher’s exact test). As an autoimmune sequala, rheumatic fever may occur several months after the GAS infection. Therefore, possibly the rheumatic fever was a sequela to the same GAS infection that triggered stuttering, but being diagnosed after the onset of stuttering.

TABLE 1. Summary of diseases in stuttering children before the onset of stuttering (mean age of onset 4.86 years) compared with control children before age 5, from Berry (1938).
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TABLE 2. Summary of diseases in stuttering children between the onset of stuttering (mean age of onset 4.86 years) and 9 years of age, compared with control children from age 5–9, from Berry (1938).
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Frequent Severe Tonsillitis. The strongest statistical group difference was found for frequent severe tonsillitis, with p = 0.00001. Considering the “excess” number of cases in the stuttering group, this factor alone could explain 10.4% of the cases of stuttering. Tonsillitis can be caused by viruses or various bacteria, but frequent severe tonsillitis is typically caused by GAS infection. Before the onset of stuttering, frequent severe tonsillitis was 2.8 times more common in the children that would begin to stutter, while this condition was only 1.4 times more common in the stuttering children after the onset of stuttering. This supports the argument for the causal role of tonsillitis in the etiology of stuttering.


Scarlet Fever. The diagnosis of scarlet fever refers to tonsillitis caused by GAS, in combination with a typical rash. Scarlet fever was 1.9 times more common in the stuttering group before the onset of stuttering (p = 0.013). However, on the contrary, after the onset of stuttering scarlet fever was slightly more common in the control group. Severe scarlet fever showed an even stronger group difference before the onset of stuttering, with 18 vs. 4 cases (p = 0.0018).

Cervical Adenitis With Abscess. Cervical adenitis with an abscess is an inflammation with pus in a lymph node in the neck, typically caused by bacteria, for example, GAS. This condition occurred in 19 children who later began to stutter, compared with only two children in the control group. In contrast, after the onset of stuttering, there were equal numbers in both groups, five in each. This was the infection that showed the highest risk for stuttering as a sequala.

Frequent Bronchitis and High Fever. Bronchitis is not typically caused by GAS infection, but it does occur (Priftis et al., 2013). In the control group, 39 cases of frequent bronchitis were reported before age 5, compared with 67 cases among the children who stuttered, before the onset of stuttering. Somewhat surprisingly, after the onset of stuttering, only two in the stuttering group and three in the control group were reported. Respiratory infection with a fever over 40.0C/104F was also more common in the stuttering group, with a ratio of 1.9 before onset and 1.4 after.

Chickenpox and Measles. The rates of chickenpox (varicella) and measles were somewhat higher in the stuttering group compared with controls, before the onset of stuttering. These diseases have been very widespread among children, though typically without medical consultation. Neurological complications of chickenpox are considered to be relatively rare, with a rate of about one to three in 10,000 cases (Yılmaz and Çaksen, 2005). Typically, such neurological complications tend to affect structures outside the brain, such as the peripheral nervous system, the spinal cord, or the meninges (Yılmaz and Çaksen, 2005; Paul et al., 2010), though acute ataxia with antibodies to cerebellar and cerebral tissue has been reported after chickenpox (Adams et al., 2000). The incidence of neurological complications of measles has been estimated at 4 per 1,000 cases, often with encephalitis (Miller, 1964; Perry and Halsey, 2004).

Chickenpox before age 5 (approximately) was noted in the medical records for 20.7% of the stuttering group and 14.7% of the controls, and measles in 35.3% of the stuttering group and 31.2% of the controls. It is difficult to estimate the real incidences, but they can be expected to have been substantially higher since it is probable that most cases of these diseases did not result in medical consultation. One explanation for the slight group difference could be that the higher rate of severe respiratory infections in the stuttering group led to a higher rate of medical consultations, with a higher likelihood that chickenpox was also noted. There was only one report of measles occurring in direct relation to the onset of stuttering, and no such report for chickenpox. There are, however, nine reports of severe measles in the stuttering group before the onset of stuttering, compared with only three in the control group. It seems possible that a combination of measles and GAS infection can increase the risk of neurological sequelae.

Overall, the data does not provide any clear indication for a specific causal effect of chickenpox or measles on stuttering, though some contributing effects seem possible in the more severe cases with neurological complications.


Immune Disorders More Frequent Before the Onset of Stuttering

Rheumatic Fever. As mentioned above, rheumatic fever was remarkable in that it was the only condition that was substantially more common in the stuttering group both before and after the onset of stuttering, with seven vs. three cases before onset, and six vs. zero cases after the onset of stuttering. As mentioned previously, the symptoms of rheumatic fever may first appear several months after the triggering GAS infection, which may indicate that the stuttering and the rheumatic fever could arise from the same underlying infection. In total, 13 out of 430 stuttering children (3%) were diagnosed with rheumatic fever before age 9, compared with 3 out of 462 in the control group (0.6%).

Dermatitis/Eczema. Dermatitis/eczema are likely to be related to aberrant immune responses (Bos et al., 1992; McGirt and Beck, 2006), and atopic dermatitis has been proposed to be linked to an immune response triggered by staphylococcal bacteria (Gantz and B Allen, 2016). Dermatitis/eczema was more common in the stuttering group, with a ratio of 1.6, p = 0.041. An elevated rate of eczema in children with speech disorders was also reported by Strom and Silverberg (2016).



Neurological Disorders More Frequent Before the Onset of Stuttering

Encephalitis. Encephalitis, inflammation of the brain, can have many different causes. For example, childhood encephalitis may be the result of an autoimmune response triggered by infections (Barbagallo et al., 2017). Encephalitis can be global or localized to a specific structure, for example, some part of the basal ganglia (Dale et al., 2012). In the data from Berry (1938), encephalitis was related to stuttering, with 17 cases in the stuttering group before onset compared with two within the controls (p = 0.0002), After the onset of stuttering no cases of encephalitis were reported for the stuttering group, however, three cases were reported from the control group between ages 5 and 9 years.

Epilepsy and Convulsions. Epilepsy and convulsions are neurological symptoms, which also appear to be related to the onset of stuttering. Before the onset of stuttering, 12 children in the stuttering group were reported to have a diagnosis of epilepsy, and 24 had convulsions, compared with 1 and 11 in the control group (p = 0.0012 and 0.016, respectively). After the onset of stuttering, there were no indications of higher incidences in the stuttering group (p = 1.0 and 0.37).



Conditions Being Less Frequent Before the Onset of Stuttering

Nutrition and the Digestive System. The data on malnutrition indicated better status for the group of stuttering children compared with controls, with 22.6% cases of malnutrition in the stuttering group, compared with 32.7% among the controls. Using Fisher’s exact test this distribution results in p = 0.0008, implicating that it is unlikely to be a random effect. What could be the basis of this group difference? There is a physiological mechanism linking malnutrition to reduced risk for autoimmune attacks against the nervous system: the hormone leptin. Leptin is produced by fat tissues of the body (adipose tissue), and first became known as a molecule signaling satiety, decreasing hunger. With reduced energy intake the levels of leptin are lowered. It has later been shown that leptin also has an important and complex role as a regulator of immune responses. Low serum leptin concentration serves as a biomarker for malnutrition and is related to reduced generation of proinflammatory cytokines and increased risk for infectious disease (Maurya et al., 2018). On the other hand, higher levels of leptin are involved in a range of autoimmune diseases (La Cava, 2017). For example, experimental studies in mice indicate that leptin is required for the induction and maintenance of autoimmune responses within the brain (Matarese et al., 2001). The level of leptin typically become increased during infection and inflammation, and it has been shown in mice that starvation may prevent this increase in leptin and attenuate symptoms of autoimmune reactions (Sanna et al., 2003).

Based on the current findings regarding the role of leptin in autoimmunity it may be hypothesized that the magnitude of malnutrition among preschool children in Chicago during the 1930s was sufficient to result in some protection against autoimmune reactions. As a result, the children who did develop autoimmune reactions would tend to have a better average nutritional status.

Otitis Media. Surprisingly, the stuttering group was reported to only have half the incidence of otitis media, inflammation of the middle ear, compared with controls, p = 0.0015. As discussed above, otitis media is not typically caused by GAS infections, and ear infections appear to be less prone to generating autoimmune reactions compared with throat infections. It is, however, still surprising that the stuttering group showed substantially lower incidence. Could this be a real effect? Before antibiotics were available, chronic secretory otitis media could have a significant impact on hearing for extended periods, especially in the case of bilateral infection. In a more recent study, from Finland, 42% out of the 232 children with acute otitis media cases showed bilateral otitis (Uitti et al., 2013). A speculative proposal could be that impaired hearing associated with chronic otitis media had a protective effect on the risk to develop stuttering. The effect that masking of auditory input often improves stuttering is well documented (Dewar et al., 1976), though poorly understood. In Alm (2004), section 7.6, the relation between impaired hearing and decreased stuttering is reviewed and discussed.




Discussion of Results From Berry (1938)

In conclusion, the data from Berry (1938) indicates that the onset of stuttering was preceded by some type of GAS infection more frequently than would be expected based on the data from the control group. This is particularly the case for GAS throat infections, which is of particular relevance in this context. As discussed above section, throat infections of GAS have been linked to cerebral autoimmune reactions, such as Sydenham’s chorea and PANDAS.




Severina Nelson, Comparing Familial and Non-familial Stuttering in the 1930s

Another large study of childhood stuttering in the 1930s was undertaken by Severina Nelson, Urbana, IL (Nelson, 1939). Her survey study focused on patterns of heredity but included some potentially relevant medical information. There were 204 stuttering propositi (i.e., the main persons of investigation), age 4–30 years. Information was collected from the propositi and their families.

An interesting aspect of the Nelson data is that she divided the propositi into two groups, one with stuttering in the family and one without. Analysis of this type of data could be expected to indicate the relative influence of genetic vs. non-genetic factors. If GAS infections play a causal role in stuttering it may be expected that the frequency and severity of GAS infections were higher in stuttering children without strong heredity for stuttering. However, a notable weakness of this study is that it is based on personal recollection, in some cases more than two decades after the onset of stuttering. There is a risk for recall bias, for example, that families with familial stuttering tend to attribute the stuttering to heritage while families without familial stuttering might tend to attribute the stuttering to certain events. Therefore, the results have to be interpreted as highly uncertain. A more detailed summary and discussion of this study can be found in Presentation 1 in the Supplementary Material of the current article.

A total of 104 stuttering propositi were considered to belong to families with familial stuttering, “stuttering families,” and 100 to “nonstuttering families” (though it is unlikely that there was a sharp distinction between these two categories). A main result in the current context was that one of the largest group differences was for severe respiratory infections, with approximately 31 instances reported in the “nonstuttering families” and approximately five instances reported in the “stuttering families.” This distribution results in p = 0.0000007 (Fisher’s exact test). This includes reports of tonsillectomy, scarlet fever, pneumonia, pertussis, “bad colds,” etc.

Though these data have to be considered as highly uncertain and approximate, they do follow the pattern from Berry (1938), supporting the hypothesis of GAS infections as an environmental factor with causal contributions for the onset of stuttering.




THE PARALLEL DECLINE OF RHEUMATIC FEVER AND STUTTERING UNTIL THE 1960s


The Decline of Rheumatic Fever: Improved Conditions and Introduction of Penicillin

As discussed in above section, rheumatic fever is a systemic autoimmune disorder, sometimes with neurological symptoms. It is triggered by GAS infection, most often tonsillitis, and it typically occurs in children and young adolescents. The main hypothesis of the current article is that historically a major cause of childhood stuttering has been an autoimmune reaction resulting from GAS infections, particularly infections of the tonsils. In other words, this hypothesized mechanism causing stuttering is largely overlapping with the causal mechanism of rheumatic fever. If the hypothesis is correct it would be expected that the incidence of stuttering declined in parallel with the decline of the incidence of rheumatic fever. Furthermore, it can be expected that at least a part of this reduction is related to the introduction of penicillin for the treatment of tonsillitis. An expected difference between stuttering and rheumatic fever is that the relative reduction of the incidence of stuttering will be smaller because the GAS infection is likely to be a necessary factor in all cases of rheumatic fever, whereas stuttering often is unrelated to GAS infections.

First, the decline of rheumatic fever will be discussed. Since the late 1800s, there has been a dramatic decrease in the incidence of rheumatic fever in the affluent parts of the world, despite the lack of vaccines against GAS infections. The changes appear to have been very similar in Western Europe and in North America. It would be expected that the incidence was reduced after the introduction of penicillin, but the decline began earlier, somewhat mysteriously (Gordis, 1985; Steer, 2015). Annual incidence data for rheumatic fever is available from Denmark, and mortality data from the US, see Figure 1.
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FIGURE 1. The international decline of rheumatic fever, with incidence data from Denmark (1862–1963) and mortality data from the United States (1921–1970). Correlation: r = 0.928, r2 = 0.81. Penicillin was introduced in 1943, in the US and in Denmark. Data for Denmark extracted from Figure 1 in Steer (2015), and data for the US extracted from Figure 4 in Massell et al. (1988). Both graphs changed from logarithmic to a linear scale (Note, the data for mortality before 1949 has been modified to attempt to compensate for a discontinuity in the data series related to change of the ICD criteria for diagnosis, see details in Data Sheet 1 in the Supplementary Material).



In Figure 1 the decrease had already begun in 1888 and was almost linear until 1963. One important factor behind this decline appears to be improved conditions of living, especially when it comes to crowding in bedrooms (Kass, 1971; Bland, 1987). During World War I and II there was a problem of epidemics of rheumatic fever among young men in the military, who were living close to one another. Increases in the incidence in Denmark during these two wars can be seen in Figure 1. Another likely factor is that the virulence of the GAS bacteria changed so that the symptoms of GAS infections gradually became less severe (Lee and Wessels, 2006). Furthermore, there are proposals of dietary factors, in particular, that ingestion of meat and egg yolk may reduce the risk of the development of rheumatic fever (Massell, 1997, p. 220–221).

Penicillin was the first effective antibiotic against GAS tonsillitis (Plummer et al., 1945). At start, penicillin was restricted for military use, during World War II, but from 1943 it was supplied for civilian use both in the US and in Denmark. From 1944/1945 there was mass production in both countries, making it available in regular pharmacies (American Chemical Society, 1999; Skydsgaard, 2014).

There has been a debate regarding the role of penicillin in the decline of rheumatic fever. It would be reasonable to expect that penicillin had a major effect on the incidence of rheumatic fever, however, as shown in Figure 1, the decline began about 50 years earlier. As discussed above, this early decline appears to have been related to improved conditions of living. Though, Massell et al. (1988) showed that the number of severe consequences of rheumatic fever, such as carditis and deaths, was reduced at the time of the introduction of penicillin. Massell et al. (1988) argued that the effect of penicillin on the epidemiology of rheumatic fever started in about 19463.

In summary, the incidence of rheumatic fever declined in Western Europe and in North America from about the start of the 1900s until early 1960, possibly with some acceleration of decline related to penicillin treatment from the mid 1940s.



The Decline of the Incidence of Stuttering, Until the 1960s


The 1900s, Overall Perspective

The data regarding changes in the incidence/prevalence of stuttering are scarce, and the available data show great variation. Differences in criteria, methodology, and tradition have likely had a large impact on the results, making comparisons between studies difficult. It appears that the most thorough analysis of changes in the prevalence of stuttering in the United States during this period can be found in Dean and Brown (1977), primarily based on data from schools. These authors concluded that “the prevalence of stuttering has steadily declined in the public schools between 1904 and the present” (p. 162), but that “there were no significant changes in incidence between 1964 and 1973” (p. 165). It is striking that this pattern of change and timing almost exactly describes the pattern for rheumatic fever (see Figure 1), with a steady decline beginning in the late 1800s and reaching a floor level in the early 1960s.

The decline of the prevalence of stuttering can be exemplified by the reflections of Van Riper (1982), one of the most influential voices in the field of stuttering during the 1900s: “When the author of this text began to practice in 1934, the high schools seemed full of stutterers and there were many adult stutterers to be encountered everywhere. This does not seem to be true today. We still have adult stutterers seeking our services but most of them come from afar” (p. 49). Van Riper (1982) found this reduction to be supported by a report regarding the caseload of public school speech therapists in Illinois, USA, showing a reduction of stuttering from 7.4% of the total caseload in 1950–1951 to 3.2% in 1964–1965, i.e., a reduction of 57% in 14 years (Black, 1966, as cited by Van Riper, 1982, p. 49).

Van Horn (1966) reported the results of the examination of children in Kalamazoo, MI, USA, at 5 years of age. Yearly data were available for 1941–1944 and 1962–1965. The mean prevalence for the years in the early 1940s was 3.22% and for the early 1960s 2.47%, which represents a reduction of 23%. The author emphasized that the method for the examination had not changed during this period. It could be noted that these were preschool children, and the onset of stuttering as a result of GAS infection might well occur after 5 years of age, implying that this measure may underestimate the decrease of incidence as a result of GAS infection.



Annual Prevalence in Schools, 1945–1966: Introduction of Penicillin


Bivariate Correlation Analysis (Stuttering and Rheumatic Fever)

Penicillin was introduced to the public in 1943 both in the US and in Denmark. As discussed in above sections, the effect of penicillin on statistical measures of rheumatic fever began about 1946. If penicillin affected the incidence of stuttering it can be expected that this effect should be reflected in the prevalence data from schools during the following decades. Only one dataset with annual prevalence data of stuttering from the relevant period has been found by the author of this article. The data series is from grade 1–6 in Palo Alto schools, CA, USA from 1945 to 1966 (Jackson, 1967, as reproduced in Van Riper, 1982, p. 50)4.

The data shows a dramatic decrease in the prevalence of stuttering in the Palo Alto schools, from about 2.56% in 1945 to a mean level of about 0.61% from 1955 to 1966, see Figure 2. The correlation between the school prevalence of stuttering and the mortality due to rheumatic fever for the overlapping period (1945–1966) is r = 0.954, r2 = 0.91, with p = 6.0E-12. This means that 91% of the variance of the mortality of rheumatic fever in the US after the introduction of penicillin is shared with the prevalence of stuttering in Palo Alto schools’ grades 1–6. The likelihood that this is a random effect is extremely low. The result supports the hypothesis of a link between GAS infections and stuttering.
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FIGURE 2. The parallel decline of stuttering and rheumatic fever, after the introduction of penicillin in 1943. The blue markers show the decline of the mortality due to rheumatic fever age 5–19, in the United States. The brown diamonds show the annual prevalence of stuttering in Palo Alto schools, California, grades 1–6 (Jackson, 1967, as reprinted in Van Riper, 1982). A polynomial trend line is fitted to the stuttering time series. The correlation is r = 0.954, r2 = 0.91, p = 6.0E-1 (Note, as mentioned in Figure 1, the data for mortality before 1949 has been modified. The correlation without the data before 1949 is r = 0.898 with p = 4.2E-07).



The prevalence data for stuttering from Palo Alto can also be compared to the incidence data from Denmark, see Figure 3. The correlation is almost the same as with the mortality data from the US: r = 0.945, r2 = 0.89, p = 1.2E-9. This exceptionally high correlation between two seemingly unrelated conditions in two different continents suggests a major common factor. In this case, the major common factor is proposed to be the introduction of penicillin.
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FIGURE 3. The parallel decline of stuttering and rheumatic fever in different continents, after the introduction of penicillin in 1943, in the US and in Denmark. The correlation is r = 0.945, r2 = 0.89, p = 1.2E-9.



One limitation of the analysis is that I have only found annual prevalence data of stuttering from Palo Alto. Though, this data series does fit strikingly well with the overall US pattern summarized by Dean and Brown (1977) discussed above: decline until 1964, but no signs of decline between 1964 and 1973. Some specific examples of the decline of stuttering in public schools were highlighted by Van Riper and presented above. For example, data from Illinois showed a decline in the percentage of stuttering in the total caseload of public school speech therapists, from 7.4% in 1950–1951 to 3.2% in 1964–1965, which means 57% reduction (Black, 1966, as cited by Van Riper, 1982, p. 49). During the same period, the reported prevalence of stuttering in the Palo Alto schools was reduced by 50%, i.e., a similar rate of decline.



Multiple Regression, Controlling for Possible Confounding Variable

According to the data from Van Riper (1982), the number of children in Palo Alto grade 1–6 increased from 1,555 to 8,305 between 1945 and 1965. With this rapid growth in schools, it may be speculated that the detection rate for stuttering among the students was reduced for some reason. This means that the increase in students may be a confounding variable. To control for this possible confounder, and to make a more conservative analysis, multiple regression can be used: The dependent variable is the prevalence of stuttering in grade 1–6, Palo Alto schools (StutteringPrevalence). The two independent predictor variables are the annual mortality rate of rheumatic fever in the US (RheumFever) and the number of students in Palo Alto schools (#Students). This analysis results in R2 = 0.922 and p = 3E-11, implying that the model with RheumFever and #Students as predictors were able to account for 92.2% of the variance of StutteringPrevalence (software: Statistica 13). Though, only RheumFever showed statistical significance as predictor, with p = 0.0017 (partial correlation 0.64, standardized beta = 0.67, and beta = 2.8E-4). The variable #Students got p = 0.11 (partial correlation −0.36, and standardized beta = −0.31). The standardized beta values indicate that the influence of the predictor RheumFever showed more than double the influence of the variable #Students. Based on this regression model, the hypothesized influence of the increase in the number of students can be removed from the stuttering prevalence data. The resulting estimated prevalence series is plotted in Figure 4, unfilled diamonds. In this estimation, a relatively stable level of stuttering is reached from about 1959, with a mean level of 1.05% (SD = 0.087%) for the period 1959–1966.
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FIGURE 4. Result of multiple regression analysis of the possible confounding effect of the increasing number of students in Palo Alto schools, hypothetically resulting in reduced detection rate for stuttering. The unfilled diamonds show the stuttering data adjusted according to the multiple regression model, with the possible effect of an increasing number of students on the rate of detection of stuttering students removed, resulting in a more conservative estimate of a decline of stuttering. The correlation between the mortality due to rheumatic fever, and the prevalence of stuttering, according to the multiple regression, is r = 0.92, with p = 1E-9.



In summary, the multiple regression analysis supports a relationship between the decline of rheumatic fever and the decline of stuttering, during the same period. Based on the analysis it seems possible that the dramatic reduction of the prevalence of stuttering in the Palo Alto schools was a combined effect of a real decline in the incidence and an artifact related to reduced detection rate following an increased number of students. Based on the standardized beta coefficients it may be estimated that about 68% of the reported reduction of stuttering may be attributed to a real decline, and about 32% to reduced detection rate as an effect of an increasing number of students. This would imply a reduction in prevalence from approximately 2.56% in 1945 to about 1.05% from 1959. Of course, the exact figures are very uncertain, and the initial 2.56% appears to be high in comparison with other studies.




Was there a Decline of Stuttering Caused by GAS Already From 1900 to 1945?

As discussed above, Dean and Brown (1977) reported that their compilation of data from the US, at a national level, indicated that the prevalence of stuttering had “steadily declined” (p. 162) from the early 1900s to the early 1960s. Further, as shown in Figure 2, the prevalence of stuttering appears to have followed the same trajectory as rheumatic fever between 1945 and the early 1960s. Does this mean that we can expect that the prevalence of stuttering followed the trajectory of rheumatic fever already from the early 1900s (as illustrated in Figure 3)? If this was the case, it would imply that the rate of stuttering was very high in the late 1800s. The compilation of data on stuttering from Dean and Brown does indicate a reduction of prevalence between the early 1900s and 1945, but we can not conclude that the magnitude of this reduction was the same for stuttering and rheumatic fever. The high correlation after 1945 suggested by Figure 2 is likely to have been caused by the specific effect of the introduction of penicillin on the frequency and severity of GAS tonsillitis. The decline of the incidence of rheumatic fever between 1900 and 1945 appears to be related to improved hygienic conditions, but also to poorly understood changes in the genetics of GAS strains. Possibly such genetic changes did not affect the risk for rheumatic fever and stuttering to the same degree. So, in conclusion, the available information does suggest some reduction of the incidence of stuttering caused by GAS infection between 1900 and 1945, but the correlation with the incidence of rheumatic fever is probably smaller compared with the period after the introduction of penicillin.



Estimation of the Size of the Decline of Stuttering Related to GAS

As discussed above, the historical prevalence data for stuttering is quite uncertain, for many reasons. Though, if the reasoning above is correct, is it possible to estimate the approximate size of the decline of the prevalence of stuttering in schools during the period 1900–1964? The raw data from Palo Alto suggests a very large decline, with about 75% reduction from 1945 to the late 1950s. If using the adjusted Palo Alto data from the multiple regression, the decline for this period would be about 59%. However, it is likely that the change in prevalence in Palo Alto was documented and published because of its striking magnitude. If there was a general decline of stuttering in US schools, the magnitude of the decline would have varied, with Palo Alto probably among the schools with the largest decline. Detailed analysis of national US data for the historical prevalence of stuttering is outside of the scope of this article but would be of interest.





DISCUSSION


Summary and Evaluation of the Evidence for Stuttering Secondary to GAS Infection

The arguments for the hypothesis that untreated GAS infections may cause stuttering will be summarized and evaluated below5.


Medical Record Data From the Onset of Stuttering in the 1930s

The data from Berry (1938) provide unique information regarding medical conditions preceding the onset of stuttering, from a time before the introduction of penicillin. Rather than relying on personal recall, it is based on the hospital medical records of 892 children up to age 9 (430 children who stuttered and 462 non-stuttering controls). Only cases for which the medical record appeared to be complete until age 9 were included. For the children who stuttered the data is divided into events before and after the onset of stuttering (mean age 4.86 years). For the control group, the data is divided into events before and after age 5.

The single most significant diagnosis occurring before the onset of stuttering was frequent severe tonsillitis, affecting 16.3% (70 cases) of the stuttering children before the onset of stuttering, compared with 5.8% (27 cases) of the control group children before age 5 (p = 0.00001). The unexpected excess incidence of frequent severe tonsillitis in the stuttering group was 10.4% or 45 cases. This may represent the proportion of the children for which tonsillitis resulted in stuttering. It was mentioned above that Sydenham’s chorea may be triggered by minor GAS pharyngitis, resolving without medical attention (Punukollu et al., 2016). Considering that the data in Berry (1938) comes from hospital records, in the 1930s, it seems likely that the total number of GAS tonsillitis and pharyngitis are substantially underestimated.

There seems to be a delay in the onset of stuttering after tonsillitis: based on the data, it is estimated that tonsillitis triggered stuttering in 45 cases, still there are only two cases with onset of stuttering reported in direct association with tonsillitis. For rheumatic fever, the typical delay is around 2 weeks but may be several months. Long delays between triggering factors and expressed symptoms will obscure causal relations. In particular, this would be the case if GAS infections before the onset of speech may lead to stuttering later in speech development. The incidences for the various infections in Berry (1938) may refer to the same children, which means that it is not possible to calculate the number of children who had bacterial infections.

The other relevant infections before the onset of stuttering included cervical adenitis with abscess, which was approximately 10 times more frequent in the stuttering group, with 19 vs. 2 cases. Severe scarlet fever was more than four times more common, with 18 vs. 4 cases. Overall, it is the infectious diseases that stand out before the onset of stuttering, specifically the ones related to GAS infections. In contrast, after the onset of stuttering, the rate of GAS infections was almost identical in the two groups. This indicates that the high frequency of pre-onset infections in the stuttering group can not be explained as an effect of generally low levels of immunity among stuttering children. The pattern of strong group differences in the rate of GAS infections before the onset of stuttering, and equal rate after the onset of stuttering, strongly suggest a causal effect of GAS infections in relation to stuttering.

Two conditions showed significant group differences in the opposite direction, that is, lower in the stuttering group. That was otitis media (31 vs. 64, p = 0.0015) and malnutrition (97 vs. 151, p = 0.0008). As discussed above, these may be real effects, so that impairment of hearing and malnutrition could have paradoxical protective effects in the development of stuttering.



The Parallel Decline of Stuttering and Rheumatic Fever

The main hypothesis of this article was evaluated above by comparison of the available information regarding changes in the incidence of stuttering with changes in the incidence of rheumatic fever. The relevant data is scarce, but the available information does indicate striking parallels between the decline of rheumatic fever and stuttering, and a rapid decline in the incidence of stuttering after the introduction of penicillin. In the multiple regression model, the decline of rheumatic fever showed significance as a predictor for the decline of stuttering in the Palo Alto schools (p = 0.0017), while the increase of the number of students in the schools showed weaker predictive power (p = 0.11). Though, the data does not allow any detailed estimates of the size of the decline of the incidence of stuttering from the early 1900s to the early 1960s.

In the process of working with this article, the Danish data regarding rheumatic fever were found before the national data from the US. The correlation between the Danish data and the Palo Alto data for stuttering was extremely high: r = 0.945, see Figure 3. If this was a valid finding, with a causal connection, one would expect that national data on rheumatic fever from the US could get an even higher correlation, because of greater proximity to the students in Palo Alto and because a larger sample will reduce the random variations of the data. Indeed, the national US data on mortality due to rheumatic fever did show an even higher correlation: r = 0.954, providing strong evidence for a real connection.

It is a limitation that we only have one dataset with annual data for stuttering, from Palo Alto schools. This series was likely published because of the striking decline. This can be viewed as an example of selection bias, which limits our ability to generalize the size of the decline. However, it should here be emphasized that the correlation is independent of the absolute size of the decline; the correlation is based on the timing and the shape of the change. The extremely low p-values for the correlations (6.0E-12 for the mortality of rheumatic fever) indicates that, in all likelihood, there was a real decline of stuttering in parallel with the decline of rheumatic fever. Correlation does not in itself imply causation, but in this case, it seems difficult to conceive a strong link between variations in stuttering and rheumatic fever that does not involve the causal effects of GAS infections.



Reports of Recent Cases of Stuttering Following GAS Infections

Only three recent case reports of stuttering following GAS infections were found in this review. All three cases had confirmed pharyngeal GAS infections. In one case sudden onset of stuttering was reported approximately 1 month after the GAS infection. In all three cases, antibiotics or tonsillectomy were reported to be effective. The rapid reduction of stuttering in relation to a reduction of the GAS infections in some of these cases suggests that the neurological changes were reversible. These case reports are not conclusive, but they do suggest that stuttering secondary to GAS infections may still occur and that they may be treatable, at an early stage, with antistreptococcal interventions.



Possible Causal Mechanism

It is well established in the literature that untreated GAS infections may result in autoimmune reactions, including neurological symptoms in predisposed individuals. This is especially the case for pharyngeal GAS infections of the tonsils in prepubertal children. Studies indicate that the lymphoid tissue in the tonsils of humans produces a large number of Th17 cells during GAS infections, which are then able to pass and degrade the blood-brain barrier. This may allow IgG antibodies and CD4+ T-cells to enter the brain. The GAS bacteria produce a wide range of extracellular molecules. Some of them act as superantigens, resulting in a general activation of the immune system. Other molecules produced by the GAS bacteria may mimic molecules within the nervous system. This can result in the production of antibodies directed against specific neural structures. For example, both in Sydenham’s chorea and in PANDAS there is a tendency to produce antibodies against CaMK II, which appears to increase transmission of dopamine (Chiarello et al., 2017). Another example is the presence of antibodies against the dopamine D2 receptor in some patients with Sydenham’s chorea (Dale et al., 2012). There are also indications that simultaneous viral infections can support autoimmune responses by an increase of pro-inflammatory cytokines.

Possibly the risk for developing stuttering from GAS infections is related to individual factors such as age (higher risk in preschool age), sex (higher in boys), and genetics. The data from Berry (1938) indicates that impairment of hearing could have a protective effect against the development of stuttering and that malnutrition may reduce the risk of autoimmune reactions from GAS infections.

Sydenham’s chorea and PANDAS are examples of childhood neurological autoimmune reactions caused by GAS infections. These conditions are often accompanied by a range of symptoms with sudden onset, such as reduced eating (possibly as a result of increased leptin levels caused by the inflammation), OCD (e.g., fear of germs), elevated anxiety and emotional lability, hyperactivity and inattention, sleep disturbances, involuntary movements, and impairment of motor coordination (“clumsiness”). It is possible that some of these symptoms also tend to accompany stuttering triggered by GAS infection. It can be mentioned that studies of temperament and motor coordination of children who stutter have reported elevated scores for some of these aspects. This appears to be related to a minority of children who stutter; see for example Anderson et al. (2003), Eggers et al. (2010), and Alm (2014). If the existence of stuttering related to a GAS infection can be confirmed, should this be included as one of the symptoms of PANDAS? Current data does not indicate that stuttering is a frequent symptom of PANDAS. The comparison of symptoms and antibodies in Sydenham’s chorea vs. PANDAS suggests both overlap and differences. If stuttering occurs as a result of GAS infection it may be caused by a specific mechanism, differing from the mechanisms of PANDAS and Sydenham’s chorea. The author of this article would therefore advise against including stuttering related to GAS as a symptom of PANDAS, without more specific empirical support. Furthermore, by definition, stuttering should not be described as a (neuro)psychiatric disorder, but rather as a neurological symptom related to the initiation and control of speech movements.

Changes in the dopamine transmission appear to be an important aspect of the pathological mechanisms of neurological sequelae from GAS infections, such as Sydenham’s chorea and PANDAS. It is therefore of interest that the class of drugs that have shown the strongest effects on stuttering, making it better or worse, are the dopaminergic drugs (Alm, 2004; Maguire et al., 2004). The mechanism of GAS infection increasing the risk for stuttering may affect aspects of the dopamine system.




Proposal of Conclusions


Evaluation of the Historical Evidence

Based on the review and analysis discussed above it is proposed that available data indicates that childhood GAS infection was a major cause of stuttering in North America, and probably in many other parts of the world, before antibiotic treatment of GAS was available to the public. The role of GAS infections as a cause of stuttering has likely differed substantially in different parts of the world, for example, related to the frequency of GAS tonsillitis, the availability of antibiotic treatment, and possibly also related to genetic differences.

The available historical data suggests a decline in the incidence of stuttering from the early 1900s to World War II and a more rapid decrease from 1945 to about 1960.



The Current Role of GAS Infections as a Cause of Stuttering

The magnitude of GAS infections as a causal factor for stuttering today is not known. Sudden onset of new symptoms appears to be a characteristic of neurological sequelae of GAS infections, such as PANDAS. According to Yairi (2004), nearly 30% of the children in their studies had a sudden onset of stuttering, occurring in a single day, typically without no apparent causal event. It would seem important that the possible link between stuttering and GAS infections is investigated further, in particular for children with sudden, unexplained onset of stuttering.

One method for gauging the current incidence might be to compare with the current incidence of rheumatic fever. This means that in populations with a current high incidence of rheumatic fever one could also expect a higher incidence of stuttering caused by GAS infections6. The multiple regression analysis above provides an indication of the incidence of stuttering in relation to the incidence of rheumatic fever. According to the data in Tibazarwa et al. (2008), an incidence of about five cases per 100,000 population may be expected in North America and Western Europe. According to the multiple regression analysis, five annual cases of rheumatic fever could be expected to correspond to about a 0.10% prevalence in school-age stuttering, secondary to GAS infection. If the overall prevalence of school-age stuttering is 1%, then approximately one out of 10 school-age children who stutter would have stuttering related to GAS infection. However, this estimation is very uncertain.




Proposals for Research


Historical Data

If it is possible to retrieve further historical time series data regarding the prevalence of childhood stuttering it would elucidate the hypotheses proposed in this article. Data from the entire 1900s is of relevance, though with particular focus on the decades after the introduction of penicillin.



The Current Situation, Childhood Stuttering

Very little is known regarding the possible current relevance of streptococcal infections as a cause of childhood stuttering. There are very few current cases reported in the literature, though these cases do indicate that such a mechanism exists. The first step of the continued research could be to search for more cases, through clinical investigation, and attempt to treat confirmed cases of GAS infection7. If possible, the involvement of local expertise on PANS/PANDAS may be fruitful, utilizing routines for PANS/PANDAS assessment. Proposals for treatment guidelines for PANS/PANDAS has been published by Cooperstock et al. (2017) for anti-infection treatment and by Frankovich et al. (2017) for immunomodulatory therapy. A preliminary screening form for signs of stuttering related to GAS infections is included in Table 1 in the Supplementary Material of the current article. For children who score highly on this screening, it may be relevant to proceed with a routine clinical investigation regarding signs of GAS infection. This could include, for example, the standard throat swab tests for GAS antigen, blood test of antistreptolysin antibodies, and CRP test of inflammation. If signs of GAS infection are found, the standard clinical treatment of GAS infection may be applied. If the stuttering and other symptoms are improved it would support the hypothesized link. In the case of partial improvement or relapse, with continued indications of infection, further medical treatment measures may need to be considered. It would also be of great interest to get antibody data, for example from the “Cunningham Panel,” including the CaMKII activity.

It seems important to gather data from cases globally and within different populations since the spectrum of infections, bacterial strains, and autoimmune responses differ. If the existence of current cases of stuttering linked to GAS infections can be confirmed, more structured studies can be initiated. This might include using assays for antibodies linked to PANS/PANDAS and Sydenham’s chorea, and genetic studies of affected persons.
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FOOTNOTES

1^The result of this study of brain FDOPA uptake is of potential great interest, but because of uncertainties of the result there is a need for replication before it can be interpreted. The uncertainty is based on small number of participants (three stuttering), control group scanned earlier, and unexpectedly large group difference.

2^It has been shown, however, that also strains of Streptococcus dysgalactiae equisimilis can possess Group A antigen, though these bacteria seems to be relatively rare in human infections (Tanaka et al., 2008).

3^The book by Massell (1997) can be strongly recommended for anyone interested to learn about the history of rheumatic fever and the history of treatment of streptococcal infections.

4^The current author has not been able to retrieve the original report, by R. M. Jackson, presented 1967 at a convention for the California Speech and Hearing Association. The graphs are reproduced in Van Riper (1982) page 50. The data from the graphs has been estimated by measurement in graphic software, and is included in Data Sheet 1 in the Supplementary Material.

5^Some alternative interpretations of the reported decline of stuttering is discussed in the Supplementary Material (because of word limit for the article).

6^However, this is not necessarily the case. In the review above it was discussed that neurological symptoms from GAS infections seems to be a particular effect of tonsillitis, while it is suspected that rheumatic fever in indigenous Australian children is typically an effect of skin infections. This type of rheumatic fever may show weaker association with neurological symptoms such as stuttering.

7^An information sheet on PANDAS/PANS intended for Speech-Language Pathologists can be downloaded from ^www.mnsu.edu/comdis/kuster/related/pandas/pandashandout.pdf.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnhum.2020.569519/full#supplementary-material.
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Purpose: This experimental cross-sectional research study examined the emotional reactivity and emotion regulation in preschool-age children who do (CWS) and do not stutter (CWNS) by assessing their psychophysiological response during rest and while viewing pictures from the International Affective Picture System (Lang et al., 2008).

Method: Participants were 18 CWS (16 boys and two girls; mean age 4 years, 5 months) and 18 age- and gender-matched CWNS. Participants' psychophysiological responses were measured during two baselines and two picture viewing conditions. Skin conductance level (SCL) and heart rate were measured to assess emotional reactivity. Respiratory sinus arrhythmia (RSA) was measured to assess emotional regulation. Participants' shyness and executive function were assessed via parent report and considered for their effects on participants' psychophysiological responses.

Results: First, CWNS and CWS did not differ in their initial baseline SCL, heart rate, or RSA, but all participants had higher SCL and lower RSA in the second baseline, subsequent to the first challenge condition, compared to the first baseline. Second, during the challenge conditions, CWS did not differ from CWNS in their SCL, but showed a significantly higher heart rate than CWNS. Third, CWS exhibited a significantly lower RSA during the challenge conditions compared to CWNS. Lastly, the temperamental quality of shyness was associated with preschool-age children's SCL, such that participants who were rated higher in shyness had a higher SCL during the challenge conditions. Participants' executive function had a marginally significant effect on the RSA, such that the participants who had higher executive function composite scores exhibited lower RSA during the challenge conditions.

Conclusions: Our findings suggest that CWS and CWNS did not differ in their emotional reactivity and emotional regulation abilities at rest. During challenge conditions, however, CWS tended to be more emotionally reactive, as indicated by a higher heart rate, and also employed more emotional regulation, indexed by a greater decrease in RSA, compared to CWNS. Preschool-age children's behavior is largely dominated by reactivity, but there is the emergence of regulation, which can help children adjust to various contextual demands. For CWS who are more emotionally reactive, regulatory skills may be particularly critical to their prognosis and treatment.

Keywords: cardiac vagal tone, RSA, skin conductance, heart rate preschool-age children, stuttering, emotional reactivity and regulation


INTRODUCTION

Preschool age is the time of substantial growth in children's cognitive, motor, and social-emotional development. It is also the time when some children first show stuttering behaviors, which typically take the form of sound and syllable repetitions, prolongations, and tense pauses. Defined as involuntary disruptions to the rhythm of speech, stuttering affects about 5–11% of preschool-age children (Andrews and Harris, 1964; Yairi and Ambrose, 2005; Reilly et al., 2013). Research evidence and theoretical perspectives on stuttering suggest that it is a multifactorial neurodevelopmental disorder (Conture and Walden, 2012; Smith and Weber, 2017). Cognitive, linguistic, motor, and emotional factors have been theoretically and empirically linked to stuttering onset and development. This is not surprising, given the rapid development of these domains during the preschool years. The focus of this study is to identify emotional indicators involved in stuttering development. We examined situation-specific emotional reactivity and emotion regulation in 3–5-years old children who do and do not stutter during two picture viewing conditions. Children's emotional processes were assessed using electrodermal and cardiac measures of autonomic nervous system activity. Child temperament, which can influence how children experience emotional arousal, was assessed with a parent-report questionnaire. In the paragraphs below, we discuss the role of emotional processes for developmental outcomes, review research on the significance of these processes for stuttering development, and describe ways to objectively assess emotional processes in preschool-age children leading to the study's research questions and hypotheses.

Spoken communication is a complex process. It not only relies on precise coordination of respiration, phonation, and articulation, while simultaneously processing linguistic information, but also requires social engagement, which relies on the ability to regulate one's emotional arousal (Porges, 2003a; Garner and Waajid, 2012). In the field of psychology of emotions, an emotion is often defined as a configuration of peripheral physiological body changes, forms of expression, and subjective feeling states elicited by internal or external stimuli (Ekman, 1984; Scherer, 2005). Most emotions are short in duration compared to mood states, and could be viewed as biological signals because their experience and expression are associated with dynamically changing physiological activity. During the preschool-age years, with the rapid development of cognitive skills, emotions become increasingly accessible to regulation; that is, children can modify the intensity, duration, expression, and quality of their emotions.

An extensive body of research indicates that emotional reactivity and regulation in early childhood predict a broad array of outcomes, including the development of pro- or anti-social behaviors, academic competence and achievement, mental health, and overall healthy living. A comprehensive overview of the developmental outcomes influenced by children's emotional processes is available in several published meta-analytical studies (Allan et al., 2014; Compas et al., 2017; Smithers et al., 2018; Robson et al., 2020). Specific to spoken communication, a growing body of literature has revealed associations between temperamental traits and language development in very young children (Slomkowski et al., 1992; Dixon and Shore, 1997; Mundy and Gomes, 1998; Dixon and Smith, 2000; Morales et al., 2000; Kubicek et al., 2001; Salley and Dixon, 2007; Usai et al., 2009; Garello et al., 2012). As discussed by Salley and Dixon (2007), the emotional processes can impact speech and language both directly and indirectly. A heightened emotional state may place a burden on the child's behavioral control systems, leaving fewer resources to contribute to speech and language production, thereby directly affecting the child's language. Emotion can also have an indirect impact on language in that children who are more timid, shy, or anxious may limit their interactions and socializations with people around them, resulting in fewer opportunities for these children to practice and develop their language skills.

Emotional reactivity and emotion regulation are considered to be core components of temperament, which is defined as relatively stable, biologically-based, individual differences in reactivity and self-regulation (Derryberry and Rothbart, 1984). Within a neurobiological model of temperament (Derryberry and Rothbart, 1997), the body's defense and approach systems motivate adaptive behavior by inducing emotional states, while the executive attention system allows for the regulation or suppression of these reactive systems. Thus, temperament plays an important role in how an individual reacts to and interacts with their environment (Rothbart et al., 2000).



EMOTIONAL REACTIVITY AND REGULATION IN CHILDREN WHO STUTTER

Emotional processes have also been considered in theoretical perspectives (e.g., Conture and Walden, 2012; Smith and Weber, 2017) and empirical research for their role in childhood stuttering development. Presently, there is no clear evidence that temperament plays a causal role in stuttering (Kefalianos et al., 2012; Alm, 2014) and lack of differences in temperament between CWS and CWNS have been reported (Reilly et al., 2013; Kefalianos et al., 2014, 2017). However, some converging research findings indicate that CWS may exhibit lower attentional control (e.g., Schwenk et al., 2007; Eggers et al., 2010, 2012, 2013), higher emotional reactivity (Anderson et al., 2003; Karrass et al., 2006; Choi et al., 2016), and greater negative affect than CWNS based on parent-report (Eggers et al., 2010; Ambrose et al., 2015) and direct behavior observation (Johnson et al., 2010; Ntourou et al., 2013). Two large scale United Kingdom and United States population studies found that preschool-age CWS were rated by their parents as more likely to have worries, be unhappy, and have difficulties with emotions (McAllister, 2016; Briley et al., 2019). Furthermore, per caregiver report, preschool-age CWS were significantly higher in behavioral inhibition, a correlate of shyness, than preschool-age CWNS (Ntourou et al., 2020; Tumanova et al., 2020a); however, studies using direct behavior observation of behavioral inhibition do not corroborate these findings (Choi et al., 2013; Tumanova et al., 2020a).

Although the research on the role of emotional reactivity and regulation in stuttering development remains inconclusive, is has been proposed that children who stutter who are more reactive and less able regulate their emotions may react to their disfluencies with stronger emotions, potentially leading to exacerbation of their stuttering, than children who stutter who are less reactive and more able to regulate their emotions (Conture and Walden, 2012; Guitar, 2019). Accordingly, some studies found associations between components of temperament and stuttering severity in young children who stutter (Schwenk et al., 2007; Boey, 2012; Choi et al., 2013; Kraft et al., 2014, 2019; Ntourou et al., 2020); others, however, did not observe these associations (Eggers et al., 2010; Tumanova et al., 2011; Alm, 2014).

Despite a growing number of studies that assessed emotional reactivity and regulation in children who stutter, the role of emotional processes in stuttering development remains unclear. One of the caveats of the existing research is that findings often come from parent-report rather than direct behavior observation or psychophysiological data. Given that the experience of emotion is associated with modulation in autonomic arousal, measurement of the autonomic nervous system activity in response to emotional stimuli offers a reliable means to objectively assess emotional reactivity and regulation in young children (Fowles et al., 2000; El-Sheikh, 2007; Kreibig, 2010). Through measurement of physiological autonomic nervous system processes we can capture emotional reactions that are covert or non-conscious. Given that physiological measures only provide a snapshot on how children perform in a novel laboratory environment, they can be used in conjunction with parent-report of children's behavioral tendencies to provide a more comprehensive assessment. This approach is especially beneficial when studying preschool-age children, whose young age precludes them from describing their personality and emotional states reliably. Thus, in this study, following established recommendations for multimethod assessment (Posner et al., 2014), we examined reactive and regulatory components of temperament via both psychophysiological assessment and parent report questionnaire. Emotional reactivity was assessed by measuring children's electrodermal activity and heart rate, and emotion regulation was assessed by measuring respiratory sinus arrhythmia (RSA) during rest and picture-viewing conditions.

Given their potential significance for childhood stuttering development, shyness and executive function were assessed for their effects on the autonomic nervous system response in preschool-age participants. The construct of shyness was chosen because it reflects a child's tendency to approach new situations and people. Two recent studies have demonstrated that preschool-age CWS are rated higher in shyness by their caregivers (Ntourou et al., 2020; Tumanova et al., 2020a). Temperamental quality of shyness has also been implicated in the way children who stutter respond in unfamiliar situations (Choi et al., 2013; Ntourou et al., 2020; Tumanova et al., 2020a). Lastly, shyness has been associated with higher levels of electrodermal activity in young children (Kagan et al., 1988; Scarpa et al., 1997).

The construct of executive function was chosen because it has been linked to childhood stuttering (Ntourou et al., 2018; Anderson and Ofoe, 2019). Executive function refers to a suite of higher-order cognitive processes, particularly attention, working memory, and inhibitory control, that are implicated in planning and goal-directed behavior (Miyake et al., 2000). Executive function skills develop rapidly across the preschool years (Garon et al., 2008; Hughes, 2011) and have been shown to interact with emotional reactivity (e.g., Blair and Raver, 2015) and with motor control (e.g., Becker et al., 2014) to influence a child's behavior. Research in the area of stuttering has linked executive function skills with both stuttering frequency and severity in young children (Kraft et al., 2014, 2019; Jones et al., 2017). Given that children who stutter (CWS) display deficits in executive function (Anderson and Wagovich, 2010; Eichorn et al., 2017), they may show heightened physiological responses to contextual stressors.



ELECTRODERMAL ACTIVITY AS A MEASURE OF EMOTIONAL REACTIVITY

The autonomic nervous system consists of two branches, sympathetic and parasympathetic, that work reciprocally and continuously in response to stimuli in an effort to regulate the body (Gabella, 2012). Activity of the sympathetic branch of the autonomic nervous system is a major component in generating an emotional response. Specifically, the sympathetic nervous system is commonly known for generating the “fight or flight” response and reacting to environmental stimuli by increasing heart rate, contracting smooth muscles, expanding the lung bronchial tubes, signaling glands to release adrenaline and activating eccrine sweat glands in the skin (Dawson et al., 2007). Eccrine sweat glands are innervated solely by the sympathetic nervous system. When they are activated, they release sweat, which increases electrical conductance of the skin (Fowles, 1993). Palms and fingers have a high number of eccrine sweat glands. Thus, measuring the electrodermal activity on the surface of the palm or fingers allows for a reliable assessment of the sympathetic nervous system activity (Boucsein, 2012). Given the non-invasive nature of the electrodermal activity measurement, it has been widely used in developmental psychophysiology to examine children's responses to a variety of stimuli (Fowles et al., 2000; El-Sheikh, 2007; Kreibig, 2010; Nikoli et al., 2018).

Psychophysiological research with children who stutter is somewhat limited. However, recently a number of studies have examined CWS's autonomic nervous system response to such speaking conditions as picture naming, picture description, and non-word repetition (Jones et al., 2014, 2017; Zengin-Bolatkale et al., 2015, 2018; Choi et al., 2016; Tumanova and Backes, 2019; Walsh and Usler, 2019; Walsh et al., 2019). Results of these studies generally indicate that CWS do not have an elevated level of autonomic arousal during speaking. However, between-group differences in arousal, based on age (Zengin-Bolatkale et al., 2015) and task complexity (Tumanova and Backes, 2019), as well as within-CWS differences, based on stuttering chronicity (Zengin-Bolatkale et al., 2018), and speech fluency (Walsh et al., 2019) have been observed.

Fewer studies have attempted to manipulate physiological arousal by presenting emotionally evocative stimuli to examine whether differences in emotional reactivity and regulation would emerge between CWS and CWNS. One such study, conducted by Jones and colleagues (Jones et al., 2014), measured respiratory sinus arrhythmia (RSA; a measure of parasympathetic autonomic nervous system activity) and skin conductance level (SCL; which reflects continuous background activity of the sympathetic nervous system) in preschool-age children while they watched positively- and negatively-valenced video clips and completed picture description tasks immediately after video viewing. In regard to the skin conductance findings, they reported no differences between CWS and CWNS during rest (the baseline conditions). In video-viewing conditions, however, CWS, compared to CWNS, demonstrated higher SCL during the positively-valenced video, and lower SCL during the negatively-valenced video. Moreover, while speaking, CWS, compared to CWNS, demonstrated a higher SCL during picture description tasks subsequent only to viewing of a positively-valenced video clip, but not subsequent to viewing of negative or neutral video clips (neutral video clips were used to establish the baseline for autonomic nervous system measures). These findings indicate that there may be differences in physiological emotional processes between preschool-age CWS and CWNS. However, the Jones et al. (2014) is but one study that examined these processes in preschool CWS. Additional research is needed to outline potential differences in psychophysiological response to challenge conditions among preschool-age CWS and CWNS.



HEART RATE AS A MEASURE OF EMOTIONAL REACTIVITY

The cardiovascular system is one prominent component of the autonomic nervous system. As emotions are associated with the activation of the autonomic nervous system, people experience changes in their cardiovascular system, such as an increase in their heart rate (Sonnemans and Frijda, 1994; Kreibig et al., 2007). In addition to electrodermal activity, heart rate can serve as a measure of emotional reactivity (Uy et al., 2013). Unlike electrodermal activity, which is controlled only by the sympathetic branch of the autonomic nervous system, heart rate is influenced by both sympathetic and parasympathetic branches of the autonomic nervous system. An increase in heart rate is seen when the sympathetic nervous system engages a “fight or flight” response. A decrease in heart rate is seen when the parasympathetic nervous system engages a “rest and digest” response that acts to regulate the emotional arousal. Children and adults increase their heart rate in response to a social-emotional challenge, or subjective feeling of anxiety (Bradley et al., 2001; Kudielka et al., 2004). In contrast, during periods of rest, heart rate tends to decrease (De Munck et al., 2008).

Although heart rate has been used extensively in psychophysiological research (see Lorber, 2004), presently there are no published studies that examine heart rate at rest or in challenge conditions in CWS. Heart rate has, however, been used to examine sympathetic arousal in adults who stutter (Peters and Hulstijn, 1984; Weber and Smith, 1990; Bauerly et al., 2019). Converging evidence from the three studies indicate no differences in heart rate between adults who do and do not stutter and suggest a uniform increase in heart rate from baseline to challenge conditions in both groups. Admittedly, findings observed in a mature system of adults who stutter cannot be extended to the rapidly developing system of preschool-age children.



RESPIRATORY SINUS ARRHYTHMIA AS A MEASURE OF EMOTION REGULATION

Another measure of cardiovascular system that plays an important role in emotional processes, specifically in emotion regulation (Porges, 2009), is the respiratory sinus arrythmia (RSA). RSA reflects the variation in interbeat intervals of the heart at the frequency of breathing (Gentzler et al., 2009). It is controlled by the parasympathetic branch of the autonomic nervous system, which is responsible for keeping the body calm and conserving energy and resources. The parasympathetic nervous system influence on the heart operates through the vagus nerve and is often described as the vagal brake or vagal tone (Porges, 1995; Porges et al., 1996). When parasympathetic nervous system is active, the vagal activity (or vagal tone) is high, and the vagal brake is activated, which slows the heartbeat. In contrast, when vagal activity (or vagal tone) is low, the vagal brake is inactivated and heart rate can increase, allowing the body to respond to a stressor. The amplitude of RSA is one way to quantify the vagal tone (Porges et al., 1994).

According to the Polyvagal theory (Porges, 1995, 2003a,b, 2007), RSA is linked to social behavior, as our range of social behavior is limited by our physiological state. Higher RSA at rest would be adaptive as it reflects a greater capacity for self-regulation and social engagement. States of calmness are associated with more vagal control, and an overall higher RSA. In contrast, states of stress and vulnerability are associated with having less vagal control, an overall lower RSA. When a person must respond to a challenge, the vagal brake is withdrawn, thereby allowing heart rate to increase and the person to meet environmental demands (Porges et al., 1996).

A growing body of research suggests that individual differences in children's RSA are associated with their emotion regulation ability (Graziano and Derefinko, 2013; Compas et al., 2017). The RSA-related emotion regulation is typically assessed by measuring changes in RSA (i.e., vagal tone/vagal brake) between rest (or a baseline condition) and a challenge condition. Higher RSA at rest and a greater decrease in RSA during a challenge condition have been linked to more positive and less negative affect, and more effective emotion regulation strategies in children (e.g., Calkins, 1997; Gottman and Katz, 2002; Calkins and Keane, 2004; Calkins et al., 2007; Hessler and Fainsilber Katz, 2007; Santucci et al., 2008; Gentzler et al., 2009; Bal et al., 2010; Musser et al., 2011; Graziano and Derefinko, 2013).

Given that emotional regulation is implicated in childhood stuttering development, examination of changes in RSA from rest to emotionally arousing conditions in preschool-age CWS and CWNS can provide an insight into the role of emotional factors in stuttering development. Presently there are only two studies that investigated emotional reactivity using RSA in children who stutter (Jones et al., 2014, 2017). The Jones et al. (2014) study, described above, examined SCL and RSA in preschool-age CWS and CWNS during baseline, emotionally arousing video clips, and picture description tasks immediately following the video- viewing conditions. The RSA-specific findings indicated that during the baseline and picture description conditions CWS had significantly lower RSA than CWNS. However, there was no significant between-group difference for RSA during the video-viewing conditions.

In a closely related follow-up study, Jones et al. (2017) combined parent-report measures of the participants' executive function (per the Children's Behavior Questionnaire (CBQ, Rothbart et al., 2001) with measures of RSA during the same conditions as the ones in Jones et al. (2014) to examine whether preschool-age CWS and CWNS's RSA-based emotional regulation and executive function ability were associated with the frequency of their stuttered disfluencies during the picture description conditions. It was found that baseline RSA (at rest) was not associated with subsequent speech fluency for either CWS or CWNS. Interestingly, lower RSA (greater decrease from baseline) during the challenge conditions (video viewing and picture description) was related to higher levels of stuttering in both groups (CWS and CWNS). This pattern was observed even in CWNS, despite the fact that the frequency of stuttered disfluencies in the CWNS group was very low (1.7% stuttered disfluencies, which is below the stuttering diagnostic criterion of 3%). The authors interpreted the findings as suggesting that children who engage in higher emotional regulation during challenge conditions (as indexed by lower RSA) may have fewer resources to support social communication, resulting in lower fluency (higher frequency of stuttering). The Jones et al. (2017) study provides the initial evidence that physiological aspects of emotion regulation may be associated with stuttering. Their findings corroborate several behavioral studies that reported an association between emotional regulation processes and stuttering in children (Arnold et al., 2011; Ntourou et al., 2013; Jones et al., 2014).


Purpose of the Study

The research over the last 20 years underscores the importance of emotional reactivity and regulation processes for early childhood developmental outcomes. Thus, our goal was to objectively assess emotional reactivity and regulation in preschool-age CWS and CWNS using psychophysiological measures. Extant literature on the emotional contributions to stuttering development remains inconclusive. However, initial evidence suggests that preschool CWS and CWNS may differ in their response to challenge conditions (Jones et al., 2014) and that RSA-based emotional regulation may be associated with stuttering frequency in preschool-age children (Jones et al., 2017). In the present study, we sought to further examine physiologically-based emotional reactivity and regulation during rest and emotionally arousing challenge conditions in preschool-age CWS and CWNS, and determine whether the physiological reactivity of preschool-age children is associated with parent-reported shyness and executive function. We posed the following research questions:

1. Do preschool-age CWS and CWNS differ in their resting physiological state?

2. Do preschool-age CWS have higher emotional reactivity during picture viewing conditions than CWNS?

3. Do preschool-age CWS exhibit lower emotional regulation during picture viewing conditions than CWNS?

Based on existing studies we hypothesized that (1) at rest, CWS would have an overall lower baseline RSA, and higher baseline HR as compared their typically developing peers, but there would be no differences in SCL between the groups; (2) during picture viewing, CWS would present an overall lower RSA, higher heart rate, and higher SCL compared to their typically developing peers; (3) all participants would exhibit higher SCL and heart rate and lower RSA during picture-viewing conditions than at rest.

Findings consistent with these predictions would indicate that the preschool-age CWS are particularly susceptible to the effects of their environment and may have difficulty regulating their body when in a state of physiological arousal during emotionally arousing conditions. Given that temperament has been shown to affect speech-language development in young children, a temperamental profile high in reactivity and low in regulation may contribute to the development of stuttering and to disruptions of speech fluency characteristic of stuttering (Conture and Walden, 2012).




METHODS

This study reports on the data collected from the same participants as those in the Tumanova et al. (2020a) study. Participants included 36 preschool-age children (age range: 38–69 months) and their caregivers. There were 18 CWS (16 boys and 2 girls; mean age 53.89 months or 4 years, 5 months) and 18 CWNS (16 boys and two girls; mean age 54.39 months or 4 years, 6 months). The majority of the children were white with the following racial breakdown by group (CWS: 15 Caucasians, two African Americans, and one multi-racial child; CWNS: 16 Caucasians, and two multi-racial children). All families were paid volunteers recruited through an advertisement in a monthly parent magazine circulated throughout Syracuse or an e-mail advertisement sent to Syracuse University employees. The study procedures were approved by the Syracuse University Institutional Review Board. Informed consent by parents and verbal assent by children were obtained.


General Procedures

All experimental procedures and data collection occurred in the Syracuse University Stuttering Research Laboratory. Participants made two visits to the laboratory. During the first visit, participants were assessed for their speech, language and fluency skills, and during the second visit they completed the experimental tasks. The first visit to the lab started with a spontaneous conversation with the examiner elicited by age appropriate toys and free play. The conversation was recorded and analyzed for the frequency of stuttered disfluencies to determine group classification (please see the next section for details). Then, participants' speech articulation and language were screened with the “Sounds in Words” subtest of the Goldman-Fristoe Test of Articulation-2 (GFTA-2; Goldman and Fristoe, 2000) and Clinical Assessment of Language Fundamentals—Preschool 2 (CELF-P2; Wiig et al., 2004). All participants were within age-appropriate range of speech-language skills. Participants were also given a bilateral pure tone hearing screening at 20 dB loudness level to test frequencies of 1,000, 2,000, and 4,000 Hz (American Speech Language Hearing Association, 2015). Caregivers of all participants reported that their children had normal vision, English as the primary language, and no history of neurological diseases or diagnosed speech-language disorders apart from stuttering (for the participants in the CWS group).


Group Classification

Participants who (a) produced 3% or more of stuttered disfluencies (i.e., sound/syllable repetitions, sound prolongations, or monosyllabic whole-word repetitions) in a 300-word conversational speech sample during free play in visit one (Tumanova et al., 2014), (b) scored 10 or higher on the Stuttering Severity Instrument-4 (SSI-4; Riley, 2009), and (c) whose caregivers were concerned about their stuttering, were placed in the CWS group. Children who produced <3% stuttered disfluencies and whose caregivers showed no concern about their speech fluency were placed in the CWNS group. Stuttering frequency and severity characteristics for CWS are presented in Table 1.


Table 1. Stuttering severity, assessed by the stuttering severity instrument−4 (SSI-4; Riley, 2009), for children who stutter (CWS).
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Measure of Temperament

Participants' temperament was assessed with the Children's Behavior Questionnaire Short Form (CBQ, Rothbart et al., 2001; Putnam and Rothbart, 2006). The CBQ Short Form was completed by the caregiver (mothers in the majority of cases) who brought the child to the lab. The CBQ Short Form is a normed instrument with established validity and reliability that has been successfully used in other research on temperament and childhood stuttering (Eggers et al., 2010; Ambrose et al., 2015; Jones et al., 2017). The CBQ Short Form consists of 94 items scored on the seven-point Likert scale (1 = Extremely Untrue, 2 = Quite Untrue, 3 = Slightly Untrue, 4 = Neither True nor Untrue, 5 = Slightly True, 6 = Quite True, 7 = Extremely True) with a Not Applicable (N/A) option available. The caregiver rates their child's behavior on 15 different behavior dimensions. These 15 behavior dimensions combine to form three composite scores, the CBQ factors: (a) Surgency (activity level, approachability, high intensity pleasure, impulsivity, and shyness), (b) Negative Affectivity (anger/frustration, discomfort, fear, sadness, and soothability), and (c) Effortful Control (attentional focusing, inhibitory control, low intensity pleasure, perceptual sensitivity, smiling, and laughter).

Whereas, the entire CBQ Short Form was administered to assess the participants' temperament, we were specifically interested in the CBQ scale of Shyness, Inhibitory Control and Attention Focusing for their potential significance for childhood stuttering development. CBQ Shyness scale was chosen because if reflects a child's tendency to approach new situations and people. CBQ Inhibitory Control and Attention Focusing scales were chosen because they represent the cognitive skills consistent with executive function. Group scores on these three CBQ scales are presented in Table 4.

CBQ Inhibitory Control and Attention Focusing scales were significantly correlated in our sample (r = 0.366, p = 0.014). Given the interest in executive function skills in the area of stuttering, similar to Jones et al. (2017), we created an executive function composite score by averaging the scores on these two scales.



Emotion Elicitation Stimuli

To elicit emotional arousal, participants were shown 10 pictures with negative valence and 10 neutral pictures selected from the International Affective Picture System (IAPS; Lang et al., 2008). The IAPS was chosen because the subjective, psychophysiological, behavioral, and neurophysiological reactions elicited by the IAPS affective stimuli have been well-documented (for review see Lang and Bradley, 2007). Specifically, each IAPS photograph has an emotional valence rating made by men, women, and children and is standardized on the basis of ratings of pleasure/displeasure and level of arousal it elicits. Ten pictures with negative valence and 10 neutral pictures were selected to be age-appropriate and based on event-related potential studies of children's emotional processing using these specific pictures as stimuli (Hajcak and Dennis, 2009; Solomon et al., 2012). Five IAPS pictures were presented per one trial of a given condition. Two sets of IAPS pictures in each condition were balanced for their valence and arousal ratings and for content. Tables 2, 3 provide detailed information on the IAPS pictures used in this study.


Table 2. IAPS pictures presented to the participants in negative condition.
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Table 3. IAPS pictures presented to the participants in neutral condition.
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Experimental Procedure

At the second visit to the lab, participants were seated in front of a computer screen. Hypoallergenic electrodes were attached to the skin of the distal phalanges of the index and middle finger of the left hand for acquisition of electrodermal activity, and to the skin at the suprasternal notch of the rib cage and at the 12th rib laterally to the left for acquisition of the electrocardiogram throughout the experimental tasks (Venables and Christie, 1980). Small movement sensors were also attached to the participants' lips and jaw and modified plastic goggles that participants wore during the experiment. The lip and jaw movement data were collected to address separate research questions about group differences in speech motor control (Tumanova et al., 2020a) and these data are not included in this report. E-prime software (2016, Psychology Software Tools, Inc.) was used to visually present the picture stimuli and to time-lock the picture presentations to the recorded physiological data.

Figure 1 provides an overview of the time course of the experimental conditions. First, to establish a pre-experimental baseline for each participant's resting skin conductance level and heart rate, participants viewed an animated screensaver of a three-dimensional fish tank for four min. The screensaver contained minimal action and had been previously successfully used to establish baseline levels of electrodermal activity and heart rate in preschool-age children (e.g., Jones et al., 2014; Tumanova and Backes, 2019). Next, the participants completed two experimental conditions: (1) viewing pictures with negative valence, and (2) viewing pictures with neutral valence. The order of the condition presentation (negative vs. neutral) was counterbalanced between the participants. Each experimental condition included two trials described in the following paragraph, comprising a total of four trials for the entire experiment (2 conditions × 2 trials per condition).


[image: Figure 1]
FIGURE 1. Time course of the entire experiment. Reprinted with permission from Tumanova et al. (2020b). Copyright 2020 American Speech-Language-Hearing Association.


Each trial lasted ~4 min. Figure 2 shows the sequence of events for a trial. During each of the four trials, participants viewed five pictures (either negative or neutral in valence depending on the condition). The pictures were presented on a 27-inch (diagonal size) computer screen, positioned ~6 feet away at the participant's eye level, directly in front of them. A fixation cross preceded picture presentation to center participant's gaze at the center of the screen. Each of the pictures was displayed at 75% screen size (~20 inches in diagonal size) for 3 s. After viewing each picture, the participant was prompted to repeat a simple phrase (“Buy Bobby a puppy”) three times following presentations of a voice recording. These data are reported in a different publication (Tumanova et al., 2020a). For each trial, five different pictures were presented, and three repetitions of the target phrase were elicited, as shown in Figure 2.


[image: Figure 2]
FIGURE 2. Time course of an individual trial. Reprinted with permission from Tumanova et al. (2020b). Copyright 2020 American Speech-Language-Hearing Association.


After the completion of the first trial, participants were given a short break (~2 min) during which they were given a sticker. Then, the participants completed the second trial of the first condition. Finally, to re-establish the baseline for autonomic activity measurement before the second condition the participants viewed the animated screensaver again for 4 min. After the second baseline was completed, the second experimental condition was presented (as shown in Figure 1).



Measures of Electrodermal and Cardiac Activity

Electrodermal and cardiac activity was acquired using Biopac MP150 hardware system (Biopac Systems, Inc.) and analyzed using AcqKnowledge (ver. 4.3 for PC, Biopac), Cardioedit, and Cardiobatch software1 (Brain-Body Center, University of Illinois at Chicago).

Standardized procedures for electrodermal activity recordings were implemented (Boucsein et al., 2012). The electrodes were connected to a Biopac GSR100C skin conductance amplifier. The electrodermal activity (expressed in microSiemens, μS) was sampled at 1,250 Hz with the gain set at 10 μS/V and a low-pass filter at 1 Hz and subsequently downsampled for the analysis. The data were visually inspected during data collection to monitor for any instances of artifacts. To measure tonic arousal, mean skin conductance levels were calculated for the baselines and the picture viewing conditions using AcqKnowledge 4.3 software from a continuous electrodermal activity signal. Following common procedures (e.g., Boucsein et al., 2012), skin conductance level was calculated after phasic responses were removed from the signal.

Electrocardiogram was collected using a Biopac ECG 100C amplifier. The electrocardiogram (ECG) was sampled at 1,250 Hz and processed using the AcqKnowledge software. The raw ECG signal underwent a bandpass filter (0.5–35 Hz) to remove low frequency drift and high frequency noise. Then, AcqKnowledge software was used to detect the peak of the R-wave and obtain interbeat interval (IBI) time series (in milliseconds). The IBI time series were produced for each of the study conditions. The IBI waveforms were visually examined and edited for artifacts in Cardioedit software2 (Brain-Body Center, University of Illinois at Chicago, 2007) by two research assistants who completed and passed the required training associated with the software. No more than five percent of the total data for any one condition were corrected. CardioBatch software1 (Brain-Body Center, University of Illinois at Chicago, 2007) was used to calculate RSA and heart rate from corrected IBI time series. RSA was calculations were completed using the method developed by Porges (1985a). This method is mathematically equivalent to frequency domain methods for the calculation of the amplitude of RSA (Porges and Byrne, 1992). This is a multistep algorithm involving time sampling of the IBI waveform into 250-ms samples and applying a bandpass filter to extract variance based on the recurrence of respiration for young children (0.24–1.04 Hz). The amplitude of RSA is then calculated by taking the natural logarithm of the filtered time series [ln(ms)2]. For further details, please see the following publications (Porges, 1985b; Heilman et al., 2008; Lewis et al., 2012). Values of RSA were based on consecutive 30 s epochs within each condition (Heilman et al., 2012; Jones et al., 2014). The average of the 30 s epochs within each condition were used as the dependent variable in the statistical analyses.




Reliability

Two research assistants who completed the required training associated with artifact correction using Cardioedit software2 (Brain-Body Center, University of Illinois at Chicago, 2007) visually examined and edited IBI time series from 12 participants (~30% of the data) independently. The reliability of measurement between the two research assistants was assessed by calculating intra-class correlation coefficients (ICC) using two-way mixed models and absolute agreement criterion (McGraw and Wong, 1996; Hallgren, 2012). The results of these comparisons indicated strong reliability for the first and second research assistant's RSA measurement (ICC = 0.997, p < 0.0001). The above ICC reliability values exceed the accepted criterion of 0.7 (Yoder and Symons, 2010).



Dependent Measures

Skin conductance level (SCL) and mean heart rate served as objective measures of emotional reactivity. The RSA served as objective measures of emotional regulation.



Statistical Analyses

Statistical analyses of the data were performed in IBM SPSS version 26 statistics software using linear mixed-effects models (Oleson et al., 2019). Each outcome variable (SCL, heart rate, and RSA) was tested in a separate model. Before conducting the main statistical analyses for each research question, distributions of each dependent variable were visually inspected with histograms and checked for normality based on descriptive statistics (mean, standard deviation, variance, skewness, and kurtosis). The alpha level was set to 0.05 for all models.

To examine physiological responses during rest (Research Question 1), we performed three general linear models with repeated measures on the Baseline (first, second). The statistical models included Group (CWS, CWNS) as a between-participant fixed factor, and Baseline (first, second) as a within-participant fixed factor. The models for Research Question 1 tested the main effects of Group and Baseline, and the interaction of Group × Baseline.

To examine physiological responses during the two picture viewing conditions (Research Questions 2 and 3), we performed linear mixed-effects models with repeated measures on Condition (neutral picture viewing, negative picture viewing) and Trial (first, second). Group (CWS, CWNS), and Order of Condition Presentation (explained below) served as between-participant fixed factors. The order of condition presentation (neutral vs. negative picture viewing) was counterbalanced between the participants (half of the participants in each group saw the neutral pictures first and half saw the negative pictures first). We previously reported (Tumanova et al., 2020a) that viewing negative pictures first had a priming effect on the level of arousal in the subsequent neutral condition, such that participants who started the experiment by viewing negative pictures had a higher level of arousal during the neutral picture viewing condition. Thus, we also included the order of the condition presentation as a fixed factor in the models.



Co-variates

The law of initial values (Wilder, 1958) suggests that baseline physiological levels could influence physiological response in other experimental conditions. Thus, the first baseline SCL, heart rate, and RSA served as covariates for the models examining the SCL, heart rate, and RSA (respectively) during the picture viewing conditions. Age is known to be related to autonomic nervous system measures in children (El-Sheikh, 2005) and was entered as a covariate in all models. Lastly, CBQ Shyness score and executive function composite score served as covariates. Recall that CBQ Inhibitory Control and Attention Focusing scales were significantly correlated (r = 0.366, p = 0.014) in our sample, which is consistent with the results of others (Jones et al., 2017). Thus, to avoid collinearity in our statistical models, we created an executive function composite score, which served as a covariate in the models. Given the significant between-group differences in shyness and attention focusing, and reported effects of shyness and executive function on the autonomic nervous system measures, including these temperament-based variables as covariates served two purposes. It allowed us to examine the effects of these constructs on the physiological measures of autonomic nervous system activity and control for individual differences in these constructs among our participants.

The models for Research Questions 2 and 3 tested the main effect of Group, the interactions of Condition × Order of Condition Presentation, and Group × Condition × Order of Condition Presentation, the main effect of Trial, and the main effects of the four covariates (Baseline level of each autonomic nervous system measure, age, CBQ Shyness, executive function composite score). Tests for the main effects and interactions from the linear mixed-effects models were completed using Type III F tests with a Satterthwaite approximation for the degrees of freedom.




RESULTS


Shyness and Executive Function

Group differences in CBQ Shyness and CBQ factor scores that formed the executive function composite score were examined in a multivariate general linear model. The model tested for the effect of Group (CWS, CWNS) on the three dependent variables, CBQ Shyness, CBQ Attention Focusing and CBQ Inhibitory Control. The results indicated a significant group difference in CBQ Shyness [F(1, 34) = 4.262, p = 0.047, [image: image] = 0.111], and CBQ Attention Focusing [F(1, 34) = 5.789, p = 0.022, [image: image] = 0.145]. Caregivers of CWS rated their children significantly higher in shyness and significantly lower in attention focusing than caregivers of CWNS. The group difference in CBQ Inhibitory Control was not significant [F(1, 34) = 0.023, p = 0.880, [image: image] = 0.001]. The descriptive statistics for the CBQ scores are presented in Table 4.


Table 4. Group differences in parent report of shyness and executive function-related skills per CBQ Short Form.
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Resting Physiological State

Descriptive statistics and Cohen's d effect size measures for the group differences in the outcome variables are presented in Table 5.


Table 5. Descriptive statistics for the dependent variables by group (18 CWS; 18 CWNS).
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SCL

Model results for SCL show that there was neither a main effect of Group [F(1, 34) = 2.331, p = 0.136, [image: image] = 0.064], nor a Group x Baseline interaction [F(1, 34) = 0.391, p = 0.536, [image: image] = 0.011] but there was a significant main effect of Baseline [F(1, 34) = 53.177, p < 0.0001, [image: image] = 0.610]. This indicates that CWS and CWNS did not differ in their SCL during either the first or second baselines, but all participants had lower SCL in the first baseline compared to the second baseline. Estimated marginal means for baseline SCL are 11.76 for CWNS, 95% CI [9.08, 14.44] and 14.60 for CWS, 95% CI [11.92, 17.28].



Heart Rate

Model results for baseline heart rate showed neither a main effect of Group [F(1, 34) = 0.583, p = 0.450, [image: image] = 0.017], Baseline [F(1, 34) = 1.049, p = 0.313, [image: image] = 0.030], nor a Group x Baseline interaction [F(1, 34) = 0.025, p = 0.876, [image: image] = 0.001]. These results indicate that CWS and CWNS did not differ in their mean heart rate during either first or second baselines and that there were no differences in heart rate between the first and the second baselines for both groups. Estimated marginal means for baseline heart rate are 93.76 for CWNS, 95% CI [89.40, 98.11] and 96.07 for CWS, 95% CI [91.72, 100.43].



RSA

Model results for RSA show that there was neither a main effect of Group [F(1, 34) = 0.665, p = 0.420, [image: image] = 0.019], nor a Group x Baseline interaction [F(1, 34) = 0.002, p = 0.966, [image: image] <0.0001] but there was a significant main effect of Baseline [F(1, 34) = 7.161, p = 0.011, [image: image] = 0.174]. Similar to the baseline SCL findings, these results indicate that CWS and CWNS did not differ in their RSA during either first or second baselines, but all participants had lower RSA in the second baseline compared to the first baseline. Estimated marginal means for baseline RSA are 6.73 for CWNS, 95% CI [6.31, 7.14] and 6.49 for CWS, 95% CI [6.07, 6.91].




Physiological Reactivity during the Challenge Conditions (Picture-Viewing)
 
SCL

The linear mixed-effects model results show that there was a significant Condition x Order of Condition Presentation interaction [F(3, 100) = 6.05, p = 0.001], in the absence of a significant Group x Condition x Order of Condition Presentation interaction [F (3, 107) = 1.502, p = 0.218]. These results suggest that viewing negative pictures first had a priming effect on all participants' responses to neutral pictures. Those who viewed negative pictures first had a higher SCL during subsequent neutral picture-viewing condition (β = 1.92) than those who started with neutral pictures (β = −1.31) and then viewed the negative pictures (β = 0.74). Further, there was no effect of Group [F(1, 130) = 0.006, p = 0.938, β = −1.827 for CWNS] or Trial [F(1, 130) = 1.37, p = 0.244, β = −0.657 for Trial 1], but there was a significant effect of Age [F(1, 130) = 7.697, p = 0.006, β = −0.10]. Younger participants had higher SCL during the picture viewing conditions. CBQ Shyness score also had a significant effect [F(1, 130) = 4.518, p = 0.035, β = 0.49], such that participants who were rated higher in shyness showed a higher SCL during the picture viewing conditions. The executive function composite score was not significant in the model [F(1, 130) = 1.741, p = 0.189, β = 0.45]. As expected, there was a significant main effect of baseline SCL [F(1, 131) = 256.137, p < 0.0001, β = 0.809] on the SCL during the picture viewing conditions, those participants who had a higher baseline 1 SCL, had a higher SCL during the picture viewing conditions. Estimated marginal means for SCL during the challenge conditions are 16.60 for CWNS, 95% CI [15.76, 17.43] and 16.65 for CWS, 95% CI [15.81, 17.48].



Heart Rate

Model results for the heart rate during the picture-viewing conditions showed that there was a significant main effect of Group [F(1, 130) = 12.087, p = 0.001, β = −3.652] with CWS exhibiting higher heart rate compared to CWNS, and Trial [F(1, 130) = 7.366, p = 0.008, β = −1.92], with participants exhibiting higher heart rate during the second trial. As expected, there was a significant main effect of baseline heart rate [F(1, 130) = 392.498, p < 0.0001, β = 0.85] on the heart rate during the picture-viewing conditions. The effects of Age (F (1,130) = 0.308, p = 0.580, beta = 0.024), CBQ Shyness score (F (1,130) = 2.313, p = 0.131, β = 0.457) and the Executive function composite score (F (1,130) = 1.190, p = 0.277, β = 0.468) were not significant in the model. The interactions of Group × Condition × Order of Condition Presentation [F (3, 101) = 1.646, p = 0.183] and Condition × Order of Condition Presentation were not significant [F(3, 90) = 1.22, p = 0.307], indicating that CWS and CWNS responded similarly to the two picture-viewing conditions and that the negative and the neutral picture viewing conditions elicited similar mean heart rates. Estimated marginal means for the heart rate during the challenge conditions are 95.23 for CWNS, 95% CI [94.19, 96.27] and 97.94 for CWS, 95% CI [96.90, 98.98].




Physiological Regulation during the Challenge Conditions (Picture-Viewing)
 
RSA

Model results show that there was a significant main effect of Group [F(1, 125) = 7.57, p = 0.007, β = 0.181], with CWS exhibiting lower RSA compared to CWNS, and Trial [F(1, 124) = 4.641, p = 0.033, β = 0.18], with all participants exhibiting lower RSA in the second trial of picture viewing conditions. Executive function also had a marginally significant effect of the RSA [F(1, 123) = 3.626, p = 0.059, β = −0.10], with participants who had higher executive function composite scores exhibiting lower RSA during picture viewing. CBQ Shyness was not significant in the model [F(1, 123) = 2.007, p = 0.159, β = 0.05]. As expected, there was a significant main effect of the baseline RSA [F(1, 123) = 276.857, p < 0.0001, β = 0.832]. The interaction of Condition × Order of Condition Presentation [F(3, 88) = 2.192, p = 0.095] and the interaction of Group × Condition × Order of Condition Presentation were not significant in the model [F(1, 92) = 2.125, p = 0.102], indicating that CWS and CWNS responded similarly to the two picture-viewing conditions and that the negative and the neutral picture viewing conditions elicited similar levels of RSA. Lastly, the effect of Age was not significant [F(1, 122) =0.178, p = 0.647]. Estimated marginal means for RSA during the challenge conditions are 6.51 for CWNS, 95% CI [6.39, 6.63] and 6.26 for CWS, 95% CI [6.14, 6.39].





DISCUSSION

This study expanded the literature on the role of emotional reactivity and regulation in preschool-age stuttering as reflected in four main findings. First, CWNS and CWS did not differ in the rest SCL, heart rate, or RSA (during baseline). Additionally, compared to the first baseline, both groups increased their sympathetic nervous system activity (higher SCL) and decreased their parasympathetic nervous system activity (lower RSA) during the second baseline, after the first challenge condition had been presented. Second, during the challenge conditions, CWS did not differ from CWNS in their SCL, but showed a significantly higher heart rate than CWNS. Third, CWS exhibited a significantly lower RSA during the challenge conditions compared to CWNS. Fourth, the temperamental quality of shyness was associated with preschool-age children's SCL, such that participants who were rated higher in shyness had a higher SCL during the challenge conditions. Participants' executive function had a marginally significant effect on the RSA, such that the participants who had higher executive function composite scores exhibited lower RSA during the challenge conditions. These findings are discussed below.


Baseline Reactivity and Regulation in CWS

Our results indicated that preschool-age CWS and CWNS do not differ in their baseline SCL, heart rate or RSA, indicating that the two groups have a similar level of autonomic nervous system activity at rest. To our knowledge, this is the first study that examined the heart rate during rest and emotionally arousing conditions in preschool-age CWS. However, our findings with the other autonomic nervous system measures (SCL and RSA) corroborate the existing psychophysiological studies of preschool-age CWS. Specifically, a recent study from our laboratory (Tumanova and Backes, 2019) and the studies of others (Jones et al., 2014; Zengin-Bolatkale et al., 2015) reported no significant differences in baseline SCL between preschool-age CWS and CWNS.

According to the Polyvagal Theory (Porges, 2009), children who demonstrate lower RSA at rest experience more vulnerability to emotional reactivity and less emotional regulation. Following this theory, our baseline RSA results indicate that preschool-age CWS are equally prone to emotional reactivity and have the same emotional regulation ability as their typically fluent peers. Although these results did not support our hypothesis, they are consistent with the findings of Jones et al. (2017), who also found that preschool-age CWS and CWNS did not differ in their RSA during baseline.

Results from our study also indicated that all preschool-age participants (regardless of whether they stuttered or not) had a decrease in RSA from baseline 1 to baseline 2. This finding is consistent with that of Jones et al. (2014) who also observed a decrease in RSA in preschool-age CWS and CWNS from the first baseline (before an emotionally arousing condition) to the second baseline (after the emotionally arousing condition). Taken together and interpreted within the Polyvagal Theory, the findings discussed above suggest that CWS and CWNS experience equal proclivity for emotional reactivity and have equal ability for emotional regulation based on psychophysiological data.



Emotional Reactivity During the Challenge Conditions

Our second research question was whether preschool-age CWS experience a higher emotional reactivity during emotionally-arousing picture viewing conditions than CWNS. Our results showed that CWS did not differ from CWNS in their SCL during the challenge conditions, but they had a significantly higher heart rate than CWNS, suggesting that they experienced a higher level of arousal. Only one other published study to date (Jones et al., 2014) attempted to manipulate emotional arousal of preschool-age CWS to examine autonomic nervous system measures of emotional reactivity and regulation. Jones et al. (2014) findings were somewhat inconsistent as they reported that CWS, compared to CWNS, demonstrated a higher SCL during the positively-valenced video, but a lower SCL during the negatively-valenced video. While speaking, CWS, compared to CWNS, only demonstrated a higher SCL during picture description tasks subsequent to viewing of a positively-valenced video clip, but not subsequent to viewing of negative or neutral video clips.

Although in the present study we did not find a significant between-group difference in SCL, our data showed a trend of higher SCL in CWS compared to CWNS during the two challenge conditions, which is supported by the medium to large effect sizes (Table 5). The observed SCL trend, taken together with the findings of a significantly higher heart rate in CWS during the challenge conditions, suggests that preschool-age CWS may have experienced a higher level of arousal associated with higher emotional reactivity compared with their peers who did not stutter. Admittedly, Jones et al. (2014) and this study do not provide conclusive evidence of higher emotional reactivity in preschool-age CWS. However, the combined findings outline potential differences in psychophysiological response to challenge conditions among preschool-age CWS and CWNS, which warrants further investigation.

Our data also suggest that preschool-age children's temperamental quality of shyness is associated with the sympathetic nervous system response to the challenge conditions. These findings are consistent with other published studies that examined this temperamental construct and its effect of the electrodermal activity in young children (Kagan et al., 1988; Scarpa et al., 1997). Temperament affects how children respond to and interact with their environment. Given the published evidence that the behavior inhibition trait (a correlate of shyness) has important implications for speech and language characteristics in preschool-age CWS (Choi et al., 2013; Ntourou et al., 2020; Tumanova et al., 2020a), studies that examine autonomic nervous system activity in CWS may consider including behavioral measures of shyness to account for the known variability in CWS's performance on many psychophysiological measures.



Emotional Regulation During the Challenge Conditions

During emotionally arousing picture viewing conditions, we found that CWS exhibited significantly lower RSA than CWNS. Our data suggest that CWS in the present study experienced a higher level of arousal (greater emotional reactivity) during the challenge conditions than CWNS. Given these findings, it is logical to suggest that the lower RSA for CWS may represent an adaptive physiological response to the challenge conditions. Higher RSA at rest and a greater decrease in RSA during a challenge condition have been linked to positive affect and more effective emotion regulation strategies in children (e.g., Calkins, 1997; Gottman and Katz, 2002; Calkins and Keane, 2004; Hessler and Fainsilber Katz, 2007; Santucci et al., 2008; Gentzler et al., 2009; Bal et al., 2010; Musser et al., 2011; Graziano and Derefinko, 2013). According to the Polyvagal Theory (Porges, 2007), a well-regulated autonomic nervous system exhibits reciprocal activity, when sympathetic branch of the autonomic nervous system is activated, the parasympathetic branch is deactivated. Following this interpretation, our results indicate that CWS were experiencing an adaptive response to the challenge conditions, which elicited higher emotional reactivity in CWS than in CWNS peers. Our findings, partially corroborate those of Jones et al. (2014), who found that preschool-age CWS had higher level of arousal (higher SCL) coupled with lower RSA (suggesting higher emotional regulation), but only during the speaking conditions following video-viewing. No between-group difference in RSA was identified during the video-watching conditions. Importantly, in their closely related subsequent study Jones et al. (2017) found that CWS exhibited lower RSA during both the video viewing task and the subsequent speaking task. Further, their subsequent examination of the association between RSA level and frequency of stuttering (Jones et al., 2017) suggests that greater decrease of RSA during the emotionally arousing video viewing conditions (consistent with emotional regulation process) was related to more stuttered disfluencies during CWS's narratives that followed each condition. In light of these findings, for CWS, lower RSA likely manifests itself as greater vulnerability to emotional reactivity. As young children who stutter have been shown to have less stable speech motor control (Smith et al., 2012; MacPherson and Smith, 2013), the process of regulation of this higher reactivity (as indexed by the lower RSA) may take away resources from speech-language production leading to difficulties with maintaining fluency.

Lastly, our findings suggest that children's executive function skills may affect their ability to regulate their arousal. The participants who had higher executive function composite scores exhibited lower RSA during the challenge conditions, although this effect was only marginally significant. Research suggests that preschool-age CWS may have weaker executive function skills than CWNS (Ntourou et al., 2018; Anderson and Ofoe, 2019). The executive function skills have also been associated with stuttering frequency and severity in young children (Kraft et al., 2014, 2019; Jones et al., 2017). Given these findings, further research is needed to examine the link between low RSA during a challenge condition and executive function skills of young CWS. If proven significant, this association could provide insights into the physiological bases of known situational variability of stuttering and could have clinical implications.

Overall, these results indicate that though CWS and CWNS do not differ in their ability to regulate their emotions at rest, in situations where preschool-age children are emotionally stimulated, CWS may be more vulnerable to emotional reactivity than CWNS. This argument is supported by studies that have used caregiver questionnaires to measure emotional reactivity and regulation and found children who stutter to be more emotionally reactive than their CWNS peers. Both physiological data and parent-report data point to the fact that children who stutter may be more reactive to their environment than their typically developing counterparts. When in an arousing situation, these children may have fewer resources to devote to language and speech production, which could lead to more frequent speech disruptions in the form of stuttering disfluencies.



Limitations

One of our study limitations is a relatively small sample size. A larger sample of preschool-age CWS and CWNS would have increased the power of our study and our ability to detect significant differences in the data. Further, our findings indicated that all participants regardless of group responded similarly to the negative and neutral pictures. The negative and the neutral picture viewing conditions elicited a similar level of SCL, RSA and heart rate indicating that sympathetic and parasympathetic activity did not change depending on which set of pictures participants were viewing. These results were unexpected given that the negative and neutral pictures were selected based on the valence and arousal ratings specified for each picture in IAPS technical report (Lang et al., 2008). We hypothesized that negative pictures would elicit a stronger physiological response (higher SCL and lower RSA) compared to the neutral pictures, which was not observed in our study. This study also employed parent-report measures of shyness and executive function, which may be less objective than direct assessments of these constructs.




CONCLUSION

This study provides a physiological-based, objective look into the emotional processes that are thought to contribute to childhood stuttering development. Our findings suggest that CWS and CWNS did not differ in their emotional reactivity and emotional regulation abilities at rest. During challenge conditions, however, CWS tended to be more emotionally reactive, as indicated via higher heart rate, and also employed more emotional regulation, indexed by a greater decrease in RSA, compared to CWNS. The preschool years represent a unique period of social and cognitive development. Although children's behavior is largely dominated by reactivity, there is the emergence of regulation, which can help children adjust to various contextual demands.

We did not observe lower baseline RSA in CWS, which is promising since the Polyvagal Theory (Porges, 2009) suggests that low baseline RSA can negatively impact the ability to engage in social behaviors. The Polyvagal theory further suggests that when children are in an emotionally reactive state, systems important for social interaction, such as attention and speech production, may not be as supported as necessary. If some children who stutter are prone to high reactivity, regulatory skills may be particularly critical to their prognosis and treatment. Thus, emotional reactivity and regulation has clinical significance for preschool-age stuttering and should be considered during assessment and treatment of stuttering in children.
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Purpose: Childhood onset speech fluency disorder (stuttering) is possibly related to dopaminergic dysfunction. Mesencephalic hyperechogenicity (ME) detected by transcranial ultrasound (TCS) might be seen as an indirect marker of dopaminergic dysfunction. We here determined whether adults who stutter since childhood (AWS) show ME.

Methods: We performed TCS in ten AWS and ten matched adults who never stuttered. We also assessed motor performance in finger tapping and in the 25 Foot Walking test.

Results: Compared to controls, AWS showed enlarged ME on either side. Finger tapping was slower in AWS. Walking cadence, i.e., the ratio of number of steps by time, tended to be higher in AWS than in control participants.

Discussion: The results demonstrate a motor deficit in AWS linked to dopaminergic dysfunction and extending beyond speech. Since iron deposits evolve in childhood and shrink thereafter, ME might serve as an easily quantifiable biomarker helping to predict the risk of persistency in children who stutter.

Keywords: stuttering, mesencephalic iron, transcranial ultrasound, dopamine, finger tapping, walking


INTRODUCTION

Stuttering is a speech fluency disorder with involuntary repetitions of syllables and sounds, prolongations of sounds and blockages (American Psychiatric Association, 2013). Attempts to stop or avoid a stuttering event result in accompanying symptoms such as excessive muscular tension, co-movements of muscles not normally involved in speech (Mulligan et al., 2001), or verbal and situational avoidance. In its most prevalent form, stuttering occurs in about 5% of all children and persists in about 1% of adults, mostly males (Yairi and Ambrose, 2013). It is then termed persistent developmental stuttering (PDS) and can negatively impact career and personal development (McAllister et al., 2012).

The cause of stuttering is unknown. Studies suggest a disconnection of speech-related brain regions based on structural imaging findings, and an over activity of dopaminergic metabolism in people who stutter (Alm, 2004). The latter hypothesis is based on (1) clinical, (2) pharmacological and (3) neurophysiological as well as (4) imaging evidence.


(1)Clinically there are similarities with basal ganglia disorders (Alm, 2004), namely (a) the intermittent nature of speech dysfluencies, more frequently correlated with stress and excitement and impairment of motor control (Yoshie et al., 2009). There is (b) a task specificity for speech without clinically discernible involvement of other features of the articulatory organs such as swallowing or chewing. This is reminiscent of task-specific dystonias (Kiziltan and Akalin, 1996). In addition, (c) stuttering shares features with tic disorders, in particular with the Tourette’s syndrome. Males are predominantly affected in either of the two disorders (McNaught and Mink, 2011), and premonitory feelings of imminent dysfunctional states of the motor system occur in both disorders (Brandt et al., 2016; Cholin et al., 2016).

(2)Pharmacologically, a number of studies have shown an improvement in stuttering severity through intake of dopamine-antagonist neuroleptics (Maguire et al., 2020). On the other hand, L-dopa was reported to impair speech fluency in an individual afflicted with developmental stuttering and parkinson’s disease (PD) (Anderson et al., 1999). Syllable repetitions are frequent in PD patients, even though assessment may be complicated by concomitant dysarthria (Hertrich et al., 1994). In addition, deep brain stimulation of either suthalamic nucleus or globus pallidus internus may worsen preexisting childhood onset stuttering, or induce the occurrence of stuttering (Picillo et al., 2017).

(3)Neurophysiologically, the balance between inhibitory and excitatory motor intracortical interneurons is tilted in basal ganglia disorders such as Parkinson’s disease or dystonia, with less active intracortical inhibitory circuits (Ridding et al., 1995a,b). Adults who stutter since childhood (AWS) show a dysfunction mostly of the intracortical facilitatory circuitry (Neef et al., 2011). Interestingly, neuroleptics, at least in healthy individuals, increase intracortical facilitation (Paulus et al., 2008).

(4)Several fMRI studies report an altered involvement of the substantia nigra (SN) in speech and motor tasks and a correlation between SN activity and stuttering severity (Giraud et al., 2008; Watkins et al., 2008; Metzger et al., 2018). AWS showed an increased activity in the left globus pallidus and the left lateral thalamus in stuttered as compared to fluent reading (Fox et al., 1996).



To explore traits of dopaminergic dysfunction in AWS further, we here employed transcranial ultrasound (TCS) of the midbrain. TCS is useful for brain parenchyma assessment of iron deposits in the substantia nigra (Behnke et al., 2010). We here hypothesized that size and symmetry of mesencephalic iron deposits may be abnormal in AWS as compared to a fluent speaking control population. We specifically targeted the SN area as the best established target structure accessible to TCS and linked to dopaminergic function. Given the dynamic modulation of iron and neuromelanin in the early lifetime (Iova et al., 2004; Xing et al., 2018), we were unsure which direction of change (if any) to expect. Knowledge from neurodegenerative disorders cannot easily be extrapolated to neurodevelopmental disorders.



MATERIALS AND METHODS


Participants and Methods

We obtained written informed consent from all participants, and the protocol was approved by the University Medical Center Göttingen Ethics Committee.

Participants would have been excluded in case they had other neurological diseases, stuttering other than childhood onset speech fluency disorder, drug and/or alcohol dependence, severe hearing deficit impairing normal communication, or inappropriate concomitant medication: iron as a tablet/capsule or as an infusion, or if they had participated in the study team. We recruited 11 AWS and 12 control participants. One AWS was excluded because of an insufficient temporal insonication window on either side, and two control participants could not be rescheduled for the ultrasound study. Hence, ten participants per group entered the final analysis. Participants were paid 10 EUR per hour.



Speech Assessment

We quantified speech fluency using the Stuttering Severity Index (SSI-3). The SSI-3 provides a quantitative offline analysis of speech fluency (Riley, 1994). For this purpose, 1000 syllables were analyzed from speech samples of reading and spontaneous speech production, respectively, obtained within a standardized interview. The result is the percentage of stuttered syllables. In addition, the duration of the event and the quality of any physical reactions that may occur are estimated for all stuttering subjects, resulting in an overall SSI score. This assessment was done by a qualified speech language pathologist. Stuttering severity in the AWS group ranged from 20 to 47, with a median of 32.5 and an interquartile range of 12.3. One of the ten AWS was categorized as mild, three as moderate, tree as severe, and three as very severe.



Ultrasound Procedure

The ultrasound examinations took place in a resting, relaxed state. We used a standard, commercially available ultrasonic device (Siemens X3000 Professional, Erlangen, Germany) with a phased array ultrasonic probe (1.5–3.5 MHz, Dynamic Range 45–50 db, penetration depth 14–16 cm). The probe was placed on the temporal bone (temporal bone window) analogous to the TCS used for studying intracranial vessels (axial incision). First, the level of the 3rd ventricle was searched. In this level, the third ventricle, the lateral ventricles and the cranial nerve roots are assessed. The ventricles were measured in diameter, and the ganglia assessed for their echogenicity (hypo, iso, or hyperechoic with respect to the adjacent brain parenchyma).

Subsequently, the mid-brain plane was searched as the plane in which the substantia nigra is located. We measured it planimetrically and calculated its area. Furthermore, a semiquantitative assessment was made with respect to the adjacent mesencephalic structure (analogous to the root ganglia).



Motor Behavior

Even though the impairment in stuttering is clinically task-specific and confined to speech fluency, detailed observation of hand motor tasks did in fact reveal subtle impairments, too (Webster and Ryan, 1991; Zelaznik et al., 1994). This points to a more generalized motor problem, and motivated us to study basic motor behavior of hand function and walking in our sample, with the intention to correlate this with ultrasound findings on the one hand and severity of stuttering on the other hand. Therefore, we assessed handedness using the Oldfield handedness questionnaire (Oldfield, 1971). In addition, we quantified basic motor behavior through the maximum number of finger taps within 20 s, assessed by using a cell counter activated by thumb adduction movements, using two runs at either side (Sommer et al., 2002). We also assessed speed and number of steps in a Timed 25 Foot Walk performed twice (Motl et al., 2017). In addition, a board-certified neurologist assessed the unified parkinson’s disease rating scale (UPDRS) part III in all participants (Fahn et al., 1987).



Data Analysis

We analyzed the SN area using a repeated-measures analysis of variance (ANOVA) with “side” (left, right) as within-subjects-factor and “group” (control, AWS) as between-subjects factor. We analyzed finger tapping using a repeated-measures ANOVA with “side” (left, right) and “run” (1, 2) as within-subjects-factor and “group” (control, AWS) as between-subjects factor. For analysis of walking cadence (Kidziński et al., 2020), we entered the ratio of the number of steps and the walking time, averaged across two runs, into a factorial ANOVAs with “group” (control, AWS) as between-subjects factor. StatView 5.0 (SAS, Cary, NC, United States) was used for initial data assessment, and SPSS 26.0 (IBM Inc., Armonk, NY, United States) for analysis, tests of sphericity and calculation of effect sizes. Mauchly’s test of sphericity confirmed that repeated-measures ANOVAs were adequate.

Using Pearson’s correlation coefficient in the group of AWS, we correlated SN area on either side, as well as the average SN area of both sides, with stuttering severity as quantified by the SSI total score, with the number of steps, with the individual walking cadence (ratio of number of steps by time) and with the number of finger taps on either side, as well as with the average number of taps across both sides.



RESULTS

Table 1 lists epidemiological details of the participants.


TABLE 1. Demographic data of participants.

[image: Table 1]Figure 1 shows a typical example. SN was larger in AWS than in controls [effect of group, F(1,17) = 13.77 p = 0.0017; η2 = 0.45; see Figure 1B], with no effect of side or interaction of side by group.
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FIGURE 1. (A) Illustration of ultrasound probe placement, (B) typical example from mesencephalic ultrasound, (C) same figure as in B with the shape of the substantia nigra measured planimetrically. (D) Area of the substantia nigra measured planimetrically by TCS on either side, individual values (dots) and adjacent box plots. (E) Number of finger taps per 20 s, two runs for each side studied. (F) Time and number of steps needed to perform a Timed 25 Foot Walk task, two runs studied. (G) Correlation of walking cadence with the average SN area of both sides, in the group of AWS. AWS, adults who stutter, AWNS, adults who do not stutter. Box plots illustrate median, 25th and 75th percentile; the whiskers indicate one standard deviation above and below the mean.


Finger tapping was slower in AWS than in controls [effect of group, F(1,18) = 13.13; p = 0.002; η2 = 0.42; see Figure 1C]. In both groups, it worsened across runs [effect of run, F(1,18) = 25.15; p < 0.0001; η2 = 0.58], and was slower on the left side [effect of side, F(1,18) = 11.27; p = 0.004; η2 = 0.39], without any interaction.

There was a trend for walking cadence to be higher in AWS (2.48 SD = 0.48) than in AWNS (2.12 SD = 0.28; unpaired, two-tailed t-test, p = 0.054; η2 = 0.19).

Correlation analyses were unrevealing except for the walking cadence which showed a good correlation with the average SN area (Pearson’s correlation coefficient, r = −0.67; r2 = 0.45) (see Figure 1E) among AWS, but not among ANS (r = 0.07; r2 = 0.005). In AWS, this correlation between SN area and walking cadence was carried more by the right SN (Pearson’s correlation coefficient, r = −0.63; r2 = 0.40) than by the left SN (Pearson’s correlation coefficient, r = −0.33; r2 = 0.11).



DISCUSSION

We found an enlarged SN area in AWS. To our knowledge, mesencephalic TCS has never been explored in stuttering.

The size and echogenicity of the SN as detected on ultrasound is largely determined by iron accumulation, as confirmed by human post-mortem studies (Berg et al., 2002). Since the 1990s, an enlarged mesencephalic area of iron accumulation has been linked to dopaminergic deficit disorders (Becker et al., 1995). It is a trait marker of Lewy body pathology rather than state marker of disease course, since it was present in the absence of clinically apparent Parkinson’s disease (Berg et al., 1999, 2002) and unchanged after five years of disease duration despite clinical worsening (Berg et al., 2005). In children, hyperechogenicity is high and decreases until the age of 10 years (Iova et al., 2004).

Excessive mesencephalic and midbrain iron accumulation is the pathological hallmark of Pantothenate kinase-associated neurodegeneration (PKAN). In these patients, hyperechogenicity of the SN was found compared to healthy controls (Liman et al., 2012). Similarly, in patients with cervical and upper limb dystonia, TCS displayed increased lenticular nucleus echogenicity pronounced contralateral to the clinically affected side (Becker et al., 1997). An increased copper and manganese content in the lenticular nucleus compared to controls could be ruled out via magnetic reconance imaging (MRI) (Becker et al., 1999), in line with other studies proofing good co-localization of iron deposits in the midbrain in T2∗ weighted images compared to ultrasound (Ahmadi et al., 2020). In the large and ever-growing literature studying MRI in children and adults who stutter, these specific sequences –at least to our knowledge– have not been investigated.

The pathophysiological role of these mesencephalic iron accumulations is not fully understood. There is a link to enzymes of the dopaminergic pathway requiring iron for proper functioning (Zucca et al., 2017). Iron accumulation in mesencephalic nuclei is supposed to trigger oxidative stress, and thereby neurodegeneration (Berg et al., 2006).

On the other hand, neuromelanin is a scavenger protein removing excess substances, including metal ions (Xing et al., 2018). On autopsy, it is the neuromelanin that gives that area a black appearance, hence the name “substantia nigra” (Dickson, 2012). Neuromelanin content in the midbrain increases during the first years of life and decreases later on. Hence, the time course is inverse of what has been described for iron (Xing et al., 2018). It is conceivable that as the scavenger function declines, iron excessively accumulates.

There is a gender imbalance in that females are less likely to accumulate iron in the midbrain (Mahlknecht et al., 2013; Yu et al., 2018), and less likely to develop Parkinson’s disease (Haaxma et al., 2007). Of note, females are also less likely to show persistent stuttering than males (Yairi and Ambrose, 2013). Whether this is coincidental or causally linked is unknown.

Indeed, a minority of PKAN patients present with speech fluency disorders, which can precede the onset of other motor symptoms (Zhang et al., 2019; Natteru and Huang, 2020). By contrast, hypoechogenicity of the midbrain has been reported in restless-legs syndrome and taken as indicating reduced iron deposition (Schmidauer et al., 2005).

The direction of the observed group difference was difficult to predict. Our finding is not easy to integrate into a simple concept, in which a neurodegenerative disorder with a dopaminergic deficit such as Parkinson’s disease has a higher echogenicity, whereas a non-degenerative disorder benefiting also from dopaminergic therapy such as restless-legs syndrome has a lower echogenicity. Stuttering individuals improve to some extent by dopamine receptor antagonists (Maguire et al., 2020) and also show ME. In general, neurodevelopmental as compared to a neurodegenerative disorder may behave differently.

The basic motor behavior that we studied revealed slowed manual performance in AWS, consistent with the literature (Webster and Ryan, 1991; Zelaznik et al., 1994). We are not aware of an earlier study on walking in AWS. Our data suggest that AWS employ a strategy different from controls to perform the 25 foot walking test, using many fast and small steps rather than few longer steps. Given the dopaminergic influence on step length (Palmisano et al., 2020), this unexpected finding may be worth further study. Body height was similar in both groups, and is therefore unlikely to have caused the group difference. Taken together, the data from motor behavior indicates subtle motor deficits beyond the speech domain in AWS.

In stuttering, an excess of striatal dopamine has been postulated, based on one FDOPA PET study (Wu et al., 1995) and the clinical effect of dopamine receptor antagonists (Maguire et al., 2020). As higher dopamine levels are associated with faster movement, such a hyperdopaminergic state is difficult to reconcile with the speech and non-speech motor deficits observed in AWS. One way to integrate these observations is that of hyperkinesia associated with high dopamine levels. Indeed, excess movements can worsen movement performance, as exemplified by falls due to hyperkinesia in PD. One could speculate about an inverted center-surround concept (Mink, 1996), where the surround is disinhibited, thereby inducing excess movements that impair performance (Vreeswijk et al., 2018). One mechanism of excess movements to impair performance is an increased agonist- antagonist co-activation, as observed in musicians (Yoshie et al., 2009) or healthy volunteers (Yoshie et al., 2016) under stressful conditions. Of course, all these speculations need to be substantiated experimentally.

One long-standing theory of stuttering postulated an abnormal cerebral lateralization (Travis, 1978). This was based on early observations of handedness, which were, however, not consistently reproduced later on [see review chapter in Bloodstein and Ratner (2008)]. Theoretically, one could have expected ME to be unilateral in stuttering, but this was not the case. Indeed, an asymmetry of ME was found only recently in a large sample of more than hundred individuals at risk of developing PD, with a stronger ME contralateral to the dominant hand (Iranzo et al., 2020). We assume that our sample size is much too limited to detect subtle side differences.



CONCLUSION

We conclude that there is a moderate ME in AWS, likely related to excess of iron deposits. A next clinically relevant step will be to assess mesencephalic iron accumulation in children who stutter, to see whether this can serve as early predictor of recovery or persistency of stuttering.
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Stuttering is a childhood onset fluency disorder that leads to impairment in speech. A randomized, double-blinded placebo-controlled study was conducted with 10 adult subjects to observe the effects of risperidone (a dopamine receptor 2/serotonin receptor 2 antagonist) on brain metabolism, using [18F] deoxyglucose as the marker. At baseline and after 6 weeks of taking risperidone (0.5–2.0 mg/day) or a placebo pill, participants were assigned to a solo reading aloud task for 30 min and subsequently underwent a 90-min positron emission tomography scan. Paired t-tests were performed to compare the pre-treatment vs. post-treatment in groups. After imaging and analysis, the blind was broken, which revealed an equal number of subjects of those on risperidone and those on placebo. There were no significant differences in the baseline scans taken before medication randomization. However, scans taken after active treatment demonstrated higher glucose uptake in the specific regions of the brain for those in the risperidone treatment group (p < 0.05). Risperidone treatment was associated with increased metabolism in the left striatum, which consists of the caudate and putamen, and the Broca’s area. The current study strengthens previous research that suggests the role of elevated dopamine activity and striatal hypometabolism in stuttering. We propose that the mechanism of risperidone’s action in stuttering, in part, involves increased metabolism of striatal astrocytes. We conclude that using neuroimaging techniques to visualize changes in the brain of those who stutter can provide valuable insights into the pathophysiology of the disorder and guide the development of future interventions.
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INTRODUCTION

Stuttering is a neurodevelopmental disorder characterized by frequent disruptions during speech, silent blocks, and repetitions or prolongations of sounds and syllables (Maguire et al., 2020). The fifth edition of the American Psychiatric Association Diagnostic and Statistical Manual (DSM-V) defines stuttering as a disturbance in the normal fluency and time patterning of speech that is inappropriate for the individual’s age and language skills (American Psychiatric Association, 2013). Along with repetitions, prolongations, avoidance or anxiety around speaking situations, and physical tension, there may be involuntary motor movements such as tics, tremors, and eye blinks (Maguire et al., 2020). Those with developmental stuttering generally exhibit symptoms by the age of six and about 65–85% recover from dysfluency by the age of 16 (Maguire et al., 2020).

The etiology of stuttering is likely multifactorial, including genetics, abnormal development of the basal ganglia, white matter tracts, and possibly others (Maguire et al., 2020). Twin and family studies have shown that genetics may account for about 50–80% of stuttering, with a higher concordance for stuttering in monozygotic twins than dizygotic twins and a higher risk of stuttering in those with affected first degree biological relatives (Yairi and Ambrose, 2013).

Several brain imaging studies have been conducted to elucidate the association between stuttering and certain regions of the brain. Functional magnetic resonance imaging has suggested that persistent chronic stuttering is characterized by lower activity of the left hemispheric speech areas (less active than analogous areas in the right hemisphere) (De Nil et al., 2000). For example, a large Single Photon Emission Computed Tomography (SPECT) study found that stuttering was associated with abnormally low brain activity in left-sided speech cortical areas (Pool et al., 1991). Furthermore, analysis of functional and structural brain imaging in people who stutter has indicated that brain activity in the left frontal precentral cortex is significantly lower in those who stutter than their fluent-speaking controls prior to therapy (Watkins et al., 2008). Additionally, structural differences in the left inferior frontal and premotor cortex have been reported in both children and adults with developmental stuttering, suggesting the involvement of premotor and prefrontal mechanisms in speech (Chang et al., 2011; Beal et al., 2012). A previously published meta-analysis further reported findings from diffusion tensor imaging (DTI) studies that indicated lower fractional anisotropy (FA) values in the left hemisphere of those who stutter (Neef et al., 2015). Imaging studies reveal differences in white matter function and dopamine, both of which are likely involved in stuttering pathology (Civier et al., 2013).

Compatibly, functional neuroimaging studies have suggested that left hemisphere impairments may lead to increased right hemisphere involvement in adults, suggesting a compensatory mechanism for the low functioning left hemisphere in those who have stuttered for a long period of time (Fox et al., 1996; Braun et al., 1997; Ingham et al., 2000; Samelin et al., 2000; De Nil et al., 2001; Sommer et al., 2002; Neef et al., 2018; Chang and Guenther, 2020). Functional magnetic resonance imaging has also suggested that persistent chronic stuttering is characterized by overactivation of the right frontal motor regions (Neef et al., 2018). Positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) studies looking at brain functioning in people who stutter suggested higher activity in the cerebellar vermis and right anterior insular cortex during speech production, compared to their fluent-speaking controls (Fox et al., 1996, 2000; Braun et al., 1997; De Nil et al., 2000, 2003; Ingham, 2001; Neumann et al., 2003; Van Borsel et al., 2003; Watkins et al., 2008).

There also seems to be two cortical speech circuits connecting the speech cortical areas (Broca’s and Wernicke’s) that differentiate spontaneous stuttering from induced fluency (Riley et al., 1997). The inner cortical speech loop, which includes the striatum, seems to be affected in spontaneous stuttering whereas induced fluency (chorus, singing, reading out loud with another person) can bypass the inner speech loop, activating the outer speech loop as indicated by activation of the Broca’s area (Riley et al., 1997; Maguire et al., 2020). In this context, a study that utilized [18F] deoxyglucose (FDG) PET to measure glucose metabolism in stuttering found that stuttering was associated with abnormally low activity in the cortical speech areas and the striatum (Wu et al., 1997b). During a state of induced fluency, activity in the cortical speech areas returned to normal or high normal, but activity in the striatum of basal ganglia remained low (Wu et al., 1997b). Therefore, it was hypothesized that the basal ganglia likely play a key role in the development of stuttering. Basal ganglia are the largest subcortical structures in the forebrain and are involved in emotions, cognition, and motor processes (Alm, 2004). The striatum (putamen, caudate nucleus, and ventral striatum) is the major input nucleus, which receives excitatory projections from the cerebral cortex (Alm, 2004). The striatum is in close proximity to the globus pallidus, in which the internal part of the globus pallidus is the main output nuclei of the basal ganglia (Alm, 2004). Through the nuclei in the thalamus, it projects to the cortical areas of the frontal lobe (Alm, 2004). Higher levels of dopamine have been implicated in some people who stutter (Wu et al., 1997b; Maguire et al., 2000b).

Recently, it was proposed that the primary impairment in stuttering is a malfunctioning left hemisphere cortico-basal ganglia-thalamocortical (cortico-BG) loop involved in initiating speech motor programs (Civier et al., 2013; Chang and Guenther, 2020). There are three major areas of impairment suggested by this framework. One is an impairment in the axonal projections between the cerebral cortex, basal ganglia, and thalamus. Impaired connectivity between these regions can lead to difficulty in initiating the next sound by the basal ganglia motor loop and generating initiation and termination signals to the supplementary motor area (Civier et al., 2013; Chang and Guenther, 2020). The second area suggested to be impaired is the cerebral cortex, as seen in neurogenic stuttering where there is damage to the speech related areas in the left cortical hemisphere and in developmental stuttering where there are changes to the premotor cortex and left inferior frontal cortex (Civier et al., 2013; Chang and Guenther, 2020). Another area of impairment is the basal ganglia, evidenced by a functional magnetic resonance study, which discovered a positive correlation between stuttering severity and neural activity during speech in the striatum (Giraud et al., 2008).

In support of the basal ganglia involvement in stuttering, dopamine D2 receptor antagonists (such as haloperidol and risperidone) have been suggested to be effective in the treatment of stuttering (Maguire et al., 2020). Additionally in limited reports, medications that increase dopamine levels, such as L-dopa, have been associated with exacerbations in stuttering symptoms (Burd and Kerbeshian, 1991). Haloperidol, a first generation dopamine antagonist, has been studied in a limited manner for the treatment of stuttering with suggested positive results on efficacy. A previous study that utilized SPECT to investigate the effects of haloperidol on brain activity found that there was an increase in brain activity in speech areas, with subsequent improvement in symptoms upon haloperidol administration (Wood and Stump, 1980). Furthermore, improved fluency was associated with greater brain activity in speech areas (Wood and Stump, 1980). However, haloperidol is not a viable treatment for stuttering due to its poor tolerability and side effects (Rosenberger et al., 1976). Risperidone, which is a second generation dopamine antagonist with relatively lower risk of motor system side-effects compared to haloperidol, has been suggested in one limited, small sample size, preliminary trial, to improve fluency in adults who stutter (Maguire et al., 2002). It may also improve control over voluntary speech and involuntary tic-like movements by reducing the effect of dopaminergic projections on the left caudate nucleus, as suggested by a single-case study (Tavano et al., 2011).

In addition, stuttering has been recently postulated to be related to glial pathology (Han et al., 2019). Astrocytes, the abundant star-shape CNS glial cells, play a major role in providing neurons metabolic support, synapse formation, and synaptic function (Araque et al., 1999; Araque and Navarrete, 2010; Sofroniew and Vinters, 2010; Allen and Lyons, 2018; Marina et al., 2018). Astrocytes are heterogeneous cells with respect to their morphology, function, transcriptomes, and proteomes (Zhang and Barres, 2010; Oberheim et al., 2012; Chai et al., 2017; Miller, 2018; Sheikhbahaei et al., 2018a; Xin et al., 2019). In addition, since astrocytes can regulate activities of motor circuits and control complex behaviors (Sheikhbahaei et al., 2018b), a defect in astrocytic function can potentially affect normal functions of motor circuits controlling speech production. Interestingly, in the mouse model of stuttering, it was shown that the number of a subgroup of astrocytes [identified by Glial fibrillary acidic protein (GFAP)] in the corpus callosum was reduced (Han et al., 2019). It is also accepted that human astrocytes are functionally and morphologically more complex than those in rodents (Oberheim et al., 2006, 2009, 2012; Vasile et al., 2017). Although more experiments are required to define the functional significance of this reduction in number of astroglia cells, data suggest that astrocytes might play a critical role in the development of stuttering. Involvement of astrocytes in motor control disorders is not without a precedent as it has been shown that they have a critical role in the pathogenesis of Parkinson’s disease, amyotrophic lateral sclerosis (ALS), Tourette’s Syndrome, and others (van Passel et al., 2001; Nagai et al., 2007; Chen et al., 2009; Rappold and Tieu, 2010; Haidet-Phillips et al., 2011; Meyer et al., 2014; de Leeuw et al., 2015; Booth et al., 2017; Yamanaka and Komine, 2018; Yun et al., 2018; Cressatti et al., 2019).

The purpose of the current study was to examine the possible effects of risperidone on regional brain metabolism, in stuttering. This preliminary study was devised using neuroimaging data from a previous study conducted in the year 2000 in order to test the hypothesis that risperidone would increase striatal and Broca’s area function, which may correlate its association with the presence of stuttering symptoms. We propose that the therapeutic effect of risperidone might be, in part, due to increased metabolism of striatal astrocytes.



METHODS


Participants

The participants were a subset from a previous study (Maguire et al., 2000a). While 16 subjects (12 males and four females) were enrolled in the study only 10 subjects (eight males and two females) gave consent to undergo a PET scan. The randomized, double-blind, placebo-controlled study examined stuttering in 10 English speaking, adult participants (20–74 years old), with no significant differences between the groups in age, gender, and stuttering severity at baseline. In order to account for possible stress associated with the solo reading task, only those who had completed their senior year of high school were included. Furthermore, all subjects were right-handed and right eye, right foot dominant. Additionally, they had the developmental rather than the acquired form of stuttering, with symptoms present before 6 years old. They also had a minimum score of 15 on the SSI-3 (Riley, 1994), and of the total syllables spoken, they had a minimum severity of at least 3% of syllables stuttered. We assessed stuttering severity by asking the patient to describe a non-emotionally laden event and to read from standardized passages with 500 syllables (Maguire et al., 2000a). The recorded videos and audio tapes were analyzed to determine the stuttering frequency (%SS), duration of stuttering, time spent stuttering in relation to the total time speaking (%TS), and the overall stuttering severity score (Maguire et al., 2000a). None were receiving speech therapy for at least 6 months before the study and for the duration of the study. All had no prior history of pharmacological treatment of stuttering. Subjects were excluded if they had major medical issues, prior history of treatment with antipsychotics, or were using psychoactive medications or drugs of abuse. Informed consent was obtained prior to the study in accordance with the institutional review board at the University of California, Irvine.



Procedure

Subjects who satisfied the criteria had their stuttering severity rated twice during a baseline period of 2–4 weeks (Maguire et al., 2000a). Then they were randomly assigned to receive 6 weeks of treatment with either risperidone or identically appearing placebo pills. Those who were taking risperidone were started on 0.5 mg daily at night. The dose was increased by 0.5 mg/day every four or more days as tolerated up to a maximum of 2.0 mg/day. During the 6 weeks, compliance with the medication, stuttering severity, side effects, tolerability were rated every 2 weeks. Stuttering severity was also assessed and recorded after risperidone or placebo treatment. Medication compliance was evaluated by looking at participants’ daily written record, and confirmed by comparing the number of pills dispensed to the number of pills returned.

Subjects received two FDG PET scans (the measured resolution of the scanner was 7.6 mm in plane and 10.9 mm in the z-dimension), one prior to randomized placebo/medication treatment, and one at 6 weeks while still receiving the double-blind therapy. FDG was used as the marker in order to visualize the regional glucose metabolic processes in the brain activated during speech (Wu et al., 1995). To visualize glucose metabolism, subjects read aloud an emotionally unburdened article to another individual for 30 min before entering the scanner. Thirty minutes of reading aloud was chosen for the standard of allowing the uptake of FDG for imaging visualization.

Subjects lay quietly in a supine position with their eyes open for the entire duration of the PET scan, which was 90 min – making the total procedure time 2 h. The study was limited to just two scans because of the accumulative radiation exposure. The treatment blind (risperidone or placebo) was broken after all the subject scans were obtained and the data was analyzed. With such, we found that there were an equal number of subjects in each group randomized (five on risperidone, five on placebo). Furthermore, we observed differences in the maximum response to risperidone, with some exhibiting maximum response at 2 weeks when subjects were receiving 0.5 mg/day and some showing maximum response at 6 weeks. In order to account for the differing dose related response, subjects in each group were ranked by stuttering severity and each subject in the risperidone group was matched with an equally ranked subject placebo group. Therefore, those in the risperidone group who showed maximal response at the low doses (2 weeks) were compared with those who showed a similar response in the placebo group. The same applied to those who showed maximal response at high doses (6 weeks).



Data Analysis

Positron emission tomography images were reconstructed using standard calculated smoothing filter and attenuation correction methods described elsewhere (Sokoloff et al., 1977; Friston et al., 1991a,b). The images were then anatomically normalized using standardized MRI based atlas. Anatomical localization was accomplished through the concordance of Talairach and Tournoux coordinates (Friston et al., 1991b) and regions of interest (ROI) determined by a probabilistic brain atlas as described elsewhere (Potkin et al., 2003). The probability for a given profile of contiguous connected clusters exceeding the threshold of p < 0.05 was calculated by resampling-based image cluster analysis (Wu et al., 1997a). All significant voxels with cluster sizes less than the calculated threshold cluster size (37 voxels) were not analyzed. Paired t-tests were performed for stuttering subjects comparing their pre-treatment condition with their post-treatment condition. Areas of increased or decreased metabolism were identified using an overlay of Brodmann defined regions from MRIs. Only significant areas (t > 3.2) were reported.



RESULTS

Treatment efficacy, determined by %SS, was significantly higher in the risperidone treatment group compared to the placebo group (p = 0.025) for the original study sample (Maguire et al., 2000a). Additionally, the mean reductions in the overall group for %SS (from 9.6 ± 8.2 to 4.7 ± 4.6), duration (from 4.5 ± 5.1 to 3.2 ± 3.8),%TS (from 28.0 ± 23.8 to 16.7 ± 19.4), and SSI-3 (from 25.3 ± 8.6 to 17.5 ± 9.8) of the risperidone group were greater than those of the placebo group (from 7.0 ± 3.7 to 5.1 ± 3.0, from 3.3 ± 3.0 to 2.8 ± 3.3, from 20.4 ± 13.9 to 16.4 ± 13.6, and from 24.0 ± 9.9 to 20.5 ± 8.6, respectively), with the risperidone group displaying statistically significant changes in SS% (p < 0.01), %TS (p < 0.01), and SSI-3 (p < 0.0001) (Maguire et al., 2000a). Overall, risperidone was well tolerated, with the most common side effect being sedation and one reported case of galactorrhea and amenorrhea, which resolved 2 months after the medication was discontinued (Maguire et al., 2000a). FDG PET scans taken before randomization revealed similarities in brain activation among placebo and active treatment groups. Scans of subjects on placebo after 6 weeks showed no difference from baseline. Alternatively, the subjects receiving risperidone (“on risperidone”) after 6 weeks exhibited increased activity from baseline (“off risperidone”) in the left caudate, putamen, and Broca’s area (p < 0.05). See Figure 1 below.
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FIGURE 1. Within group analysis FDG PET scan of five adult subjects who stutter scanned before treatment (off risperidone) and after treatment for 6 weeks (on risperidone) taken after a 30-min solo reading aloud task. Subjects on risperidone received 0.5–2.0 mg based on tolerability. The acquisition of the FDG during the reading aloud task was 30 min and the scan acquisition time was 90 min. Images were anatomically normalized using the coordinate system of the Talairach atlas (Friston et al., 1991b). Areas of increased (red) or decreased (blue) metabolism were identified using an overlay of Brodmann defined regions from MRIs (Wu et al., 1995). All regions of the brain were examined, with threshold differences of p < 0.05 identified for the caudate, putamen, and Broca’s area (the mg/100 g/min scale represents the uptake rate of the isotope).




DISCUSSION

Data presented in this study suggest that risperidone treatment is associated with increased activity of the striatum and Broca’s area in persons who stutter. The subtraction image generated from the individual FDG PET scans demonstrate enhanced brain activity in risperidone-treated subjects in three particular regions: the left caudate and putamen (components of the striatum in the basal ganglia) and the Broca’s area. A previous study demonstrated persistent left caudate hypometabolism, as well as reversible left language circuit hypometabolism through induced fluency (Wu et al., 1995). This study further supports the hypothesis that the basal ganglia are central to stuttering and as such may serve as a possible biologic marker for stuttering.

While we only observed changes in the left hemisphere, this does not imply that there are no changes in the right hemisphere. The right hemisphere was also imaged in our study and may play a role in stuttering and stuttering recovery, but the medication effect observed in this study in right-handed individuals was solely related to the left hemisphere. Recent findings have suggested increased right hemisphere involvement in those with impaired performance of the left hemisphere cortical network for speech, with the right hemisphere compensating for abnormalities in the white matter tract of the left hemisphere (Riley et al., 1997). Additionally, there is evidence to suggest that certain forms of speech therapy may impact the right hemisphere. For example, in fluency-inducing therapy, successful treatment was associated with the shift from right hemisphere cortical activity toward left lateralized frontal activation (De Nil et al., 2003; Neumann et al., 2005).

Although the pathology of stuttering is not fully understood, stuttering has recently been postulated to be related to glial pathology (Han et al., 2019). Similar to neurons, astrocytes in different brain regions also express functional dopamine receptors (D1 and D2) and dopamine transports (Pelton et al., 1981; Jennings and Rusakov, 2016). Application of dopamine triggers profound intracellular changes in murine astrocytes (Requardt et al., 2012). Therefore, medications affecting D1/D2 can have subtle effects on astrocytes as well. In fact, administration of risperidone increased astrocyte activity (measured by GFAP reactivity or glutamine synthetase) in rats, monkeys, and humans (Toro et al., 2006; Bernstein et al., 2014; Fernandez et al., 2019). In rhesus monkeys, the effect of risperidone was restricted to the striatum as histological staining showed reversible increase in staining in the cell bodies as well as processes of putamen astrocytes (Fernandez et al., 2019). Another dopamine receptor blocker, haloperidol, was shown to block D2 receptors on astrocytes. Chronic administration of this medication increased astrocyte metabolic activity in rats (Konopaske et al., 2013). By extrapolation, it is reasonable that risperidone might have a similar effect on astrocytes. Therefore, the increased metabolic activities of the putamen and Broca’s area that we observed in our study could be, in part, due to the activation of astrocytes; when activated, basal ganglia astrocytes can inhibit dopaminergic neurons (Xin et al., 2019). Together, our data further strengthen the hypothesis that astrocytes may play a major role in the development of stuttering. Given that both white matter function and dopamine activity have been implicated in stuttering, a possible line of further research may be the investigation of risperidone and related medications on astrocyte activity and the possible relation to white matter integrity (Szeszko et al., 2014; Dutta et al., 2018).

One of the initial PET studies used intravenously administered oxygen-15 labeled water [(Ingham et al., 2000) O-water] to measure regional cerebral blood flow (Verger and Guedj, 2018). This was a sensitive method to quantify regional brain activation during various tasks and was useful in mapping brain activation patterns in cognitive tasks (Verger and Guedj, 2018). The PET imaging studies were followed by magnetic resonance imaging (MRI) which allowed for the study of functional connectivity through serial imaging of the brain during a resting state or task dependent activation (Verger and Guedj, 2018). Due to several limitations in these earlier PET studies, fMRI has become the functional imaging modality of choice in stuttering due to the absence of radiation exposure and enhanced resolution. However, some advantages of FDG PET over fMRI still exist. fMRI is susceptible to ferromagnetic artifacts, which makes neuroimaging a challenge due to a high prevalence of treatment with implantable devices that are incompatible with magnetic resonance (Verger and Guedj, 2018). Fortunately, ferromagnetic implants in subjects who stutter tend to be relatively rare, especially in children. FDG PET should seldom, if ever, be considered as imaging modality in children and other susceptible populations because of the radiation exposure. However, with fMRI, movement artifact from talking or orofacial movements, as well as the gradient coils, can produce noise that negatively impacts listening to auditory inputs (Verger and Guedj, 2018). Compared to fMRI, there is no auditory effect on subjects during PET imaging.

The limitations of our study include a small sample size and a relatively limited imaging technique that involves radiation exposure. Future studies should employ less invasive imaging techniques at higher resolution. Furthermore, our data were obtained at the author’s prior institution and more specific demographic data regarding the subjects were not maintained for reference in this article. Another limitation is that we utilized a flexible dose design for the study. Given the preliminary nature of the study, optimal dosing of risperidone in stuttering was based on efficacy and adverse events, as the maximum tolerable and effective dose of risperidone for stuttering were not available. Therefore, a flexible dosage design was utilized to gather understanding regarding the potential target dose for stuttering. Since risperidone is metabolized by the cytochrome P450 2D6 system, significant genetic variability exists, which may partly explain the dosing differences seen in this trial. For future studies, employing a more rigorous dosing design including fixed dose analyses in a larger sample size is required.

In summary, the preliminary findings from this study suggest larger studies involving pharmacologic interventions in stuttering may possibly predict which patients may respond to therapy and which will not. More definitive studies may yield further insights into the neurophysiology of stuttering. Integrating functional neuroimaging techniques into the treatment of stuttering may eventually prove to guide interventions and predict responders and non-responders to various forms of therapies. Future treatment intervention studies may employ functional neuroimaging to investigate the potential changes in the cortico-BG loop. Moving forward, as the potential for pharmacological treatment in stuttering grows, it is unlikely that all stuttering subjects will show a uniform response. Therefore, imaging may prove to be a useful tool in guiding future clinicians as to which therapies may be personalized for each subject, optimizing response and minimizing undue risks. Moreover, research in animal models of stuttering could be critical in improving our understanding of glial role in stuttering, studying the mechanism of medication therapies, and developing cell-specific therapies to target striatal astrocytes.
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Purpose: To evaluate the prevalence and treatment patterns of speech and language disorders in Germany.

Methods: A retrospective analysis of data collected from 32% of the German population, insured by the statutory German health insurance (AOK, Local Health Care Funds). We used The International Statistical Classification of Diseases and Related Health Problems, 10th revision, German Modification (ICD-10 GM) codes for stuttering (F98.5), cluttering (F98.6), and developmental disorders of speech and language (F80) to identify prevalent and newly diagnosed cases each year. Prescription and speech therapy reimbursement data were used to evaluate treatment patterns.

Results: In 2017, 27,977 patients of all ages were diagnosed with stuttering (21,045 males, 75% and 6,932 females, 25%). Stuttering prevalence peaks at age 5 years (boys, 0.89% and girls, 0.40%). Cluttering was diagnosed in 1,800 patients of all ages (1,287 males, 71.5% and 513 females, 28.5%). Developmental disorders of speech and language were identified in 555,774 AOK-insurants (61.2% males and 38.8% females). Treatment data indicate a substantial proportion newly diagnosed stuttering individuals receive treatment (up to 45% of 6-year-old patients), with slightly fewer than 20 sessions per year, on average. We confirmed a previous study showing increased rates of atopic disorders and neurological and psychiatric comorbidities in individuals with stuttering, cluttering, and developmental disorders of speech and language.

Conclusion: This is the first nationwide study using health insurance data to analyze the prevalence and newly diagnosed cases of a speech and language disorder. Prevalence and gender ratio data were consistent with the international literature. The crude prevalence of developmental disorders of speech and language increased from 2015 to 2018, whereas the crude prevalence for stuttering remained stable. For cluttering, the numbers were too low to draw reliable conclusions. Proportional treatment allocation for stuttering peaked at 6 years of age, which is the school entrance year, and is later than the prevalence peak of stuttering.

Keywords: stuttering, cluttering, morbidity, epidemiology, secondary data analysis


INTRODUCTION

Stuttering is a speech fluency disorder that presents with repetitions, prolongations of sounds and syllables, and speech blocks. Verbal or situational avoidance behavior and involuntary movements may develop over time in patients diagnosed with stuttering (Mulligan et al., 2001; American Psychiatric Association, 2013). Stuttering that persists into adulthood can lead to significant restrictions in quality of life and social and professional development (McAllister et al., 2012).

The most frequent form of stuttering, childhood onset speech fluency disorder, occurs in at least 5% of all children and typically presents between the ages of 3 and 6 years (Bloodstein and Ratner, 2008; Reilly et al., 2013). Recovery frequently occurs within the first years, particularly in girls. Stuttering persists after puberty in approximately 1% of the general population, with a male to female ratio of 4 to 1 (Yairi and Ambrose, 2013). Currently, access to treatment is limited by regional availability (Donaghy and Smith, 2016).

Since 1979, the German Stuttering Association has aimed to “counteract the development of stuttering and to improve the living situation of people who stutter” (Bundesvereinigung Stottern & Selbsthilfe e.V., 2020), an effort that has included performing critical reviews of available therapies in terms of accessibility, evidence, and efficiency.

In dialogue with therapists, and during the creation of the guidelines for speech fluency disorders (Neumann et al., 2017), the scarcity of data regarding the current state of stuttering therapy in Germany was emphasized (Radtke, 2019; Waltersbacher, 2019). Questions regarding (1) the frequency with which stuttering is diagnosed in Germany and (2) the form, intensity, and duration of current stuttering therapies in Germany were raised. Another unanswered question was (3) whether the intensity of speech therapy (intensive therapy lasting several weeks compared with one or two weekly sessions for several months) had any relevant impacts on the success or the duration of therapy.

Answering these questions will provide insight into current treatment realities, will help identify treatment traditions and patterns, and might encourage a debate on optimized use of treatment resources for stuttering, cluttering, and developmental disorders of speech in Germany and other countries.

To understand how timely the diagnosis is made, and how timely treatment is initiated, we also assessed the proportion of newly diagnosed patients in the year 2017, and the proportion of treatment allocation in the first year of diagnosis.

Co-existing disorders may influence the long-term response to treatment (Iverach et al., 2009) and might shed light on potential underlying disease mechanisms. A range of disorders has been reported to occur more frequently among individuals who stutter. We used this large database to verify or refute these reports, and contrasted it with the comorbidities of cluttering as well as developmental disorders of speech and language.

We also assessed data on developmental disorders of speech and language, as well as on cluttering. Speech and language abilities are key factors for successful schooling and career development (McAllister et al., 2012; Dubois et al., 2020), and they have received increasing attention in Germany after the relatively poor performance of German pupils during the early runs of the Program for International Student Assessment (PISA)1 (Turner and Adams, 2007). Cluttering, on the other hand, is a rare disorder characterized by a speech rate that is perceived to be abnormally rapid, with some overlap with stuttering (Myers et al., 2012; Bona, 2019). Specific developmental disorders refer to disorders in which development is delayed in one specific area, such as speech and language, which can present with a broad range of clinical characteristics (Neumann et al., 2009) without affecting other areas of development. These disorders provide a useful background and context for the data on stuttering.



MATERIALS AND METHODS

This study was performed as a retrospective analysis of secondary data, conducted using the research database of Wissenschaftliches Institut der AOK (Allgemeine Ortskrankenkassen) (WIdO, Research Institute of the Local Health Care Funds, Berlin, Germany). AOK is the largest sickness fund group within Germany’s statutory health insurance system, able to provide access to the medical details of approximately 32% of the total German population (Nimptsch et al., 2014; Busse et al., 2017; Karagiannidis et al., 2020). 87.7% of citizens in Germany have statutory health insurance (Federal Ministry of Health, 2020), and membership is open to everyone, regardless of factors such as profession, income, age, or comorbidities (Busse et al., 2017; Karagiannidis et al., 2020). Available data were anonymous at the patient level but included patient characteristics, such as age, sex, diagnosis, admissions as inpatients, practitioner consultations, medications used, and other items associated with the use of healthcare services. In Germany, physicians’ claims must be submitted at the end of each quarter, generating four time units for each year in the dataset, with each unit representing a 3-month period. In total, 16 quarters were available for the consecutive insurance years of 2015–2018. The study was approved by the ethics committee of the University of Frankfurt. No funding sources were obtained for this study. STROSA guidelines (Standardized Reporting Of Secondary data Analyses) were followed (Swart et al., 2016).


Identification of the Study Population (Annual Prevalence)

Medical records that included the codes for stuttering (F98.5), cluttering (F98.6), and developmental disorders of speech and language (F80), based on the ICD-10-GM (10th revision of the International Statistical Classification of Diseases and Related Health Problems, German Modification)2, were used to identify patients with disorders of speech and language. At the level of the third and fourth digits, the codes used for the ICD-10 and ICD-10-GM are not discernibly different; therefore, this article will refer to the ICD-10. The ICD-10 coding has previously been used in Germany and other countries to identify cases of brain disorders, demonstrating sensitivity and positive predictive values of up to 98% (Reid et al., 2012; St Germaine-Smith et al., 2012; Jette et al., 2015; Ertl et al., 2016; Strzelczyk et al., 2017a, b, 2021; Schubert-Bast et al., 2019). To ensure the classification validity of speech and language disorders, patients included in this analysis were required to meet the requirements of an ensured diagnosis, which included at least one confirmed outpatient diagnosis of F98.5, F98.6, or F80 during at least one quarter of the insurance year of interest. As the German healthcare system offers eleven regular preventive screening examinations to all children [“Vorsorgeuntersuchung” U1 (at birth) – U11 (age 9–10 years)] and two examinations to adolescents at age 12–14 years (J1) and 16/17 years (J2), we assume a rigorous ICD-10 coding. Presentation to the preventive screening examinations is mandatory in some German states or rigorously controlled. We included all ages in these analyses. After assessing the entire sample, we took a detailed look on the subgroups diagnosed with stuttering (F98.5) or cluttering (F98.6).



Identification of Newly Diagnosed Patients (Incidence Population)

To analyze the time at which a disorder of speech and language was diagnosed, newly diagnosed patients within the insurance reporting system were identified. A newly diagnosed disorder of speech and language was assumed for those patients with no ensured diagnosis of any speech and language disorder during the previous 2 years of observation (i.e., 2015 and 2016), and two confirmed diagnoses of F98.5, F98.6, or F80 that were coded during 2017 or during the first quarter of 2018. Thus, the annual incidence was provided for patients older than 3 years starting in the year 2017. Again, we took a detailed look on the subgroups diagnosed with stuttering (F98.5) or cluttering (F98.6) after assessing the entire sample.



Treatment Calculations

Speech therapy is prescribed by physicians, and the costs are covered by the statutory health insurance, coded as X3001--X3224 (Bundeseinheitliches Heilmittelpositionsnummernverzeichnis)3. The proportion of patients who were treated with speech therapy and the frequency of the treatment sessions (typically 45 min in length) were calculated for the above-defined populations, irrespective of the diagnosis provided on the prescription for speech therapy (Waltersbacher, 2014).



Comorbidities

As the diagnosis of stuttering could also be related to acquired stuttering, we analyzed in detail the occurrence of comorbidities in the cohorts with speech disorders and the total insured population. For the insurance year 2017, we evaluated the co-occurrence of disorders and comorbidities for which a co-existence with stuttering has previously been reported in the literature, including: anxiety disorders (ICD10 codes F40.x, F41.x, and F93.0) (Iverach et al., 2009); ADHD (F90.x) (Ajdacic-Gross et al., 2018); tic disorders and Tourette syndrome (F95.x) (Ajdacic-Gross et al., 2018); personality disorders (F60.x, F61.x, and F62.x) (Iverach et al., 2009); specific developmental disorders of scholastic skills (F81.x) (Ajdacic-Gross et al., 2018); atopic disorders (J30.1–J30.4, J45.0, L20.x, and J30.1–J30.4) (Ajdacic-Gross et al., 2020); mental retardation (F70–F74); chromosomal anomalies (Q90x–Q99.x); and neurodevelopmental disorders (G40.x, G80.x. G91.x, G93.0, and G93.1) (Neumann et al., 2017).



Statistical Analysis

All data were managed and analyzed using an anonymous patient code to comply with data protection regulations. Data were analyzed using Db Visualizer Pro 10.0.13/Toad Data Point/Excel. The annual crude (i.e., non-adjusted against the total population) prevalence rates were calculated based on the number of cases identified in the study years 2015–2018, divided by the total number of AOK-insurants per year. Because the study was intended to be explorative in nature, no further adjustments for multiple testing were performed. To evaluate the incidence of comorbidities, we calculated the percentages of affected individuals among the total number of individuals affected with F80, F98.5, or F96.5 and compared these values with the percentage of affected individuals among the general population of AOK-insurants aged 0–19 years by calculating odds ratios.




RESULTS


Identification of the Entire Study Population

We identified 585,551 patients (insurance year 2017, crude prevalence of 2.13% among the total AOK-insured population of 27.5 million people) who met our definition for diagnosis with a disorder of speech and language. Among these patients, 358,294 were male (61.2%, crude prevalence of 2.63%) and 227,257 were female (38.8%, crude prevalence of 1.63%). Table 1 shows the study population and the crude prevalence rates for the years 2015–2018. Although the crude prevalence increased from 2.00% to 2.24% during this period, the ratio between males and females remained constant, at 1.57 to 1.


TABLE 1. Annual total number of patients and crude annual prevalence of disorders of speech and language coded with at least one confirmed ICD-10 diagnosis of developmental disorders of speech and language, stuttering, or cluttering.
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Disorders of speech and language show a characteristic peak between the ages of 5 and 9 years, with a crude prevalence of 22.1% and predominance among males (crude prevalence of 26.2%) compared with females (17.9%). Disorders of speech and language are rarely coded in patients older than 20 years of age. A detailed analysis of the prevalent cases and crude incidence rates for each age group by year until the age of 19 years showed a peak at the age of 5 years (crude prevalence of 39.3% in males and 29.2% in females). Details regarding the age and gender distributions of disorders of speech and language are shown in Figure 1.
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FIGURE 1. Annual total number (A,C) and crude annual prevalence (B,D) of male and female patients in each 5-year age group (A,B) and each 1-year age group [1–19 years; (C,D)] with of a disorder of speech and language coded with a diagnosis of developmental disorders of speech and language, stuttering, or cluttering for insurance year 2017; y = years.




Identification of Prevalent Patients With Stuttering and Cluttering

In the entire dataset, we identified 27,977 (insurance year 2017) patients of all age groups who were diagnosed with stuttering, including 21,045 males (75%) and 6,932 females (25%). The overall crude prevalence across age and gender was 0.102%. The prevalence of stuttering shows a characteristic peak at the age of 5 years, with a crude annual prevalence of 0.65% (annual prevalence of 5-year-old patients) and predominance in males (crude prevalence of 0.89%) as compared with females (0.40%). The distributions by age and sex are shown in Figures 2A,B. During the analyzed insurance years of 2015–2018, the ratios between males and females remained constant at 2.78–2.86 to 1.
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FIGURE 2. Annual total number (A,C) and crude annual prevalence [in%, (B,D)] of male and female patients in each 1-year age group diagnosed with stuttering (A,B), stuttering or cluttering (C,D), in insurance year 2017; y = years.


Cluttering was diagnosed in 1,800 (insurance year 2017) patients among all age groups, including 1,287 males (71.5%) and 513 females (28.5%). The overall prevalence across age and gender was 0.0013%. The prevalence of cluttering peaked in the age group from 4 to 6 years, with a crude prevalence of between 0.043 and 0.048% and predominance in males (crude prevalence of 0.053–0.065%) compared with females (0.026–0.033%). The distributions by age and sex are shown in Figures 2C,D. These numbers appeared too small to warrant inclusion into the subsequent analyses.



Identification of Annual Newly Diagnosed Cases

The number of newly diagnosed patients who were coded with a disorder of speech and language was calculated for the insurance year 2017, and the details are presented in Figure 3, from the age of 3 years through the age of 19 years. Incident patients peaked among the ages of 4–6 years before declining steadily with increasing age.


[image: image]

FIGURE 3. Annual total number (A,C) and the crude annual incidence [in%, (B,D)] of male and female patients in each 1-year age group diagnosed with a disorder of speech and language (A,B), as coded by at least one confirmed ICD-10 diagnosis of developmental disorders of speech and language, stuttering, or cluttering, and those diagnosed with stuttering (C,D) in insurance year 2017; y = years.




Use of Speech Therapy in Newly Diagnosed Cases and Prevalent Population

The onset of speech therapy in the same year as a disorder of speech and language was newly diagnosed peaked at the ages of 7 and 8 years (42.5 to 42.6%). The details are provided in Figures 4A,B. The onset of speech therapy among children diagnosed with stuttering was earlier and represented a higher proportion of newly diagnosed patients, including 40.4% at 6 years, 55% at 7 years, 48.3% at 8 years, and 45.4% at 9 years. The details are presented in Figures 4C,D. During the year of incident diagnosis, a mean of 15.5 therapy sessions were prescribed for disorders of speech and language, compared with a mean of 13.5 therapy sessions for children with stuttering.
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FIGURE 4. Use of speech therapy in newly diagnosed patients (green color: speech therapy, blue colors: males, red colors: females) with a disorder of speech and language (A,B), as coded by at least one confirmed ICD-10 diagnosis of developmental disorders of speech and language, stuttering, or cluttering, and those diagnosed with stuttering (C,D) for insurance year 2017; y = years.


The percentage of prevalent cases of a disorder of speech and language who were prescribed speech therapy peaked at the ages of 6 (45.9%) and 7 (42.2%) years and decreased to below 20% starting at the age of 12 years. The details are provided in Figure 5A. Each year, a mean of 21.2 therapy sessions were prescribed for patients with disorders of speech.
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FIGURE 5. The percentage of prevalent patients in each 1-year age group prescribed speech therapy (in%) to treat a disorder of speech and language (A), coded with at least one confirmed ICD-10 diagnosis of developmental disorders of speech and language, stuttering, or cluttering), and to treat stuttering (B) in insurance year 2017; y = years.


In children with stuttering, the percentage of prevalent cases who were prescribed speech therapy also peaked at the ages of 6 (46.4%) and 7 (41.6%) years and decreased below 20% starting at the age of 16 years. The details are presented in Figure 5B. Each year, a mean of 19.8 therapy sessions were prescribed for patients diagnosed with stuttering. The details of speech therapy sessions, according to gender and age group, are provided in Table 2.


TABLE 2. Annual total number and percentage of treated prevalent patients and the frequency of speech therapy among males and females in each 1-year age group diagnosed with stuttering in insurance year 2017; y = years.
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Concomitant Disorders and Comorbidities

Based on the comorbidities that have been reported in the literature, the prevalences of concomitant disorders and comorbidities were examined among patients coded with at least one confirmed ICD-10 diagnosis of developmental disorders of speech and language (F80), stuttering (F98.5), or cluttering (F98.6). These numbers were compared against the prevalences observed among the general insurance population aged 0–19 years for the insurance year 2017. Table 3 shows elevated odds ratios in patients with developmental disorders of speech and language (F80) compared with those for the general population for: atopic dermatitis (L20) (Ajdacic-Gross et al., 2020); phobic disorders (F40, F41, and F93) (Iverach et al., 2009); ADHD (F90) (Ajdacic-Gross et al., 2018); tic disorders and Tourette’s syndrome (F95) (Ajdacic-Gross et al., 2018); personality disorders (F60) (Iverach et al., 2009); specific developmental disorders of scholastic skills (F81) (Ajdacic-Gross et al., 2018); intellectual disabilities (F70–F74); chromosomal anomalies (Q90 and Q93); and neurodevelopmental disorders (G40, G80, G91, G93, and G93) (Neumann et al., 2017). Table 4 shows a similar distribution of concomitant disorders and comorbidities among patients with stuttering (F98.5), whereas Table 5 shows the distribution among those diagnosed with cluttering (F98.6).


TABLE 3. Prevalences of concomitant disorders and comorbidities among the total insured population, aged 0–19 years, and among those with at least one confirmed ICD-10 diagnosis of developmental disorders of speech and language (F80).
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TABLE 4. Prevalences of concomitant disorders and comorbidities among the total insured population, aged 0–19 years, and for those with at least one confirmed ICD-10 diagnosis of stuttering (F98.5).
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TABLE 5. Prevalences of concomitant disorders and comorbidities among the total insured population, aged 0–19 years, and for those with at least one confirmed ICD-10 diagnosis of cluttering (F98.6).

[image: Table 5]
Furthermore, were analyzed the ICD-10 coding overlap between children and adolescents with stuttering, cluttering and disorders of speech and language. Among those diagnosed with stuttering the overall crude prevalence of cluttering was 1.2% (1.3% in males and 0.9% in females), and 48.3% for disorders of speech and language (48.9% in males and 46.8% in females). Among children and adolescents diagnosed with cluttering the overall crude prevalence of stuttering was 15.7% (17.3% in males and 11.6% in females), and 57.3% for disorders of speech and language (58.5% in males and 54.2% in females). The overall crude prevalence of stuttering was 1.37% (1.68% in males and 0.88% in females), and 0.12% for cluttering (0.15% in males and 0.08% in females) in those diagnosed with disorders of speech and language.




DISCUSSION

This study represents the first nationwide study to use German health insurance data to analyze the incident and prevalent diagnoses of a disorder of speech and language, including stuttering (F98.5), cluttering (F98.6), and developmental disorders of speech and language (F80), and to evaluate the speech therapy treatment patterns.

Recently, an increasing proportion of children have received treatment for language development disturbances, which has been the focus of lively debate. Our data are consistent with this reported nationwide trend. Table 1 shows that an increasing percentage of the total insured population has been diagnosed with an ICD-10 diagnosis of developmental disorders of speech and language, stuttering, or cluttering. This increase can largely be attributed to developmental disorders of speech and language, whereas the proportion of stuttering individuals among insurance members has remained relatively stable, at approximately 0.3% of the total population (Supplementary Table 1).

The age distribution observed in this study is consistent with the known epidemiology of speech and language disorders, which peak at approximately 4 to 5 years of age, which is a phase of active language development. For stuttering, this peak is earlier, at 30–36 months of age (Mansson, 2000; Bloodstein and Ratner, 2008). Our conservative condition of two preceding years without the diagnosis might have shifted incidence peaks slightly toward older ages.

The annual crude prevalence of stuttering peaked in our sample among patients 5 years of age, which represented 0.65% of the total population. This finding is consistent with the literature summarized in Chapter 3 of Bloodstein and Ratner (2008). In contrast with annual prevalence, as analyzed in this study, the frequent statement that “five percent of all children stutter” (Walsh et al., 2015) refers to the cumulative lifetime prevalence of stuttering. However, we did not analyze longitudinal data; therefore, we cannot provide a lifetime prevalence for our cohort.

In our dataset, the gender ratio for all speech and language disorders favors girls, who are less affected, and remained stable across all the years included in the database under study. This is consistent with the literature (McLeod and McKinnon, 2007; Arrhenius et al., 2018). With regard to stuttering, a yet unresolved question is whether the gender imbalance increases over the years, which would be expected because spontaneous recovery is observed more frequently in girls than in boys (Yairi and Ambrose, 2013; Kefalianos et al., 2017); however, this assumption is not universally supported by population-based data (National Institute on Deafness and Other Communication Disorders, 2010). Unfortunately, such longitudinal insights cannot be derived from our cross-sectional dataset.

The allocation of treatment resources is another debated topic (Wissenschaftliches Institut der AOK, 2012). Our population-based study yielded novel insights regarding treatment prescription behavior. Some affected individuals did not receive therapy, although the diagnosis-based coding system used by ICD-10 does not reflect disease severity or the need for therapy. Therefore, a substantial proportion of affected individuals may not seek therapy because they are only mildly or briefly affected. Indeed, spontaneous recovery occurs early, typically within the first months of speech dysfluency, and most patients recover within the first 2 years after disease onset (Lattermann, 2011), although the extent of early recovery is debated (Reilly et al., 2013).

In our sample, approximately 45% of individuals diagnosed with stuttering received dedicated speech therapy within the year of receiving a coded ICD-10 diagnosis. In Germany, mandatory child screening examinations performed by pediatricians are associated with a high attendance rate, rendering the possibility of underdiagnosis unlikely (Schmidtke et al., 2018; Santos et al., 2020), at least for moderate or severe cases (Winters and Byrd, 2020). In addition, the diagnostic tools available to evaluate preschoolers have improved (Neumann et al., 2014a, b). In our sample, a striking peak in treatment allocation was observed starting at 6 years of age, which coincides with the beginning of regular schooling in Germany, a milestone that may trigger increased demand for treatment. This is difficult to reconcile with the current recommendations for a maximum wait-and-see delay of 1 year (Neumann et al., 2017). Because earlier therapy is likely more able to induce lasting recovery (Jones et al., 2005; Neumann et al., 2017), the current peak of therapy at the time of school entrance may indicate the possibility of earlier treatment. In Germany, speech language treatment usually does not take place in schools. Hence, frequency and spacing of therapy are not necessarily determined by traditions of school scheduling.

The prevalence of treatment in our study was higher with 45% during the first year of diagnosis than in the Australian Early Language in Victoria Study (Kefalianos et al., 2017). Of those parents who reported about seeking treatment by the age of 7 years, only 16.7% of children with persistent stuttering had received intervention for stuttering at some point during the preschool years. In those who had recovered from stuttering only 13.4% received stuttering treatment. At the age of 7 years, 39% of parents of children with persistent stuttering reported that they had sought help or advice for their child’s stuttering at some point during the preschool years, whereas 28% of parents of children who had recovered from stuttering reported seeking help or advice (Kefalianos et al., 2017).

The yearly mean number of therapy sessions for stuttering was slightly lower than 20, reflecting the receipt of two of the usual prescriptions for ten treatment sessions. Treatment frequency is usually once per week. We cannot infer the total treatment duration because we analyzed yearly, partially independent, cross-sectional samples rather than longitudinal data. Therefore, total treatment duration or intensification of therapy over time cannot be inferred. By comparison, the mean number of treatments for developmental disorders of speech and language was comparable, at 21 sessions per year. Of note, there is no formal upper limit of sessions per case per year. In practice, the limit is the number of prescriptions for a single case issued and signed by the pediatricians.

Although the neurological background of stuttering is increasingly understood (Neef et al., 2015), the factors that influence the evolution toward recovery or persistency remain elusive. Comorbidities, such as anxiety or other psychiatric disorders, increase the likelihood of relapse following treatment (Iverach et al., 2009; Menzies et al., 2014). A higher prevalence of comorbidities among the cohorts with stuttering, cluttering, or developmental disorders of speech and language could be confirmed in this study. In addition, atopic disorders, such as hay fever, have been shown to be associated with stuttering persistency (Strom and Silverberg, 2016; Ajdacic-Gross et al., 2020). In our sample, we could substantiate this evolving matter by showing increased odds ratios for atopic disorders. A putative interaction between the two groups of disorders remains to be elucidated and is beyond the scope of this explorative study.


Limitations

With the data at hand, we were unable to address the other questions raised in the introduction. In particular, intensive inpatient therapy settings in Germany are prescribed outside of the ordinary therapy prescription and reimbursement procedures and are not covered by the present dataset.

A distortion might arise from the fact that the apparent coding does not permit identifying primary and secondary disorders. For example, if a child has hydrocephalus or chromosomal defects that are severe, it is likely that stuttering or cluttering may well never be considered as a salient disorder.

Pure cluttering was only rarely coded, even in this large database, with numbers that were too low for further analyses. Analyzing this disorder may require dedicated patient sampling from a nationwide sample.

Online speech therapy has been pioneered in Australia (O’Brian et al., 2008) and is increasingly being used (Wolff Von Gudenberg and Euler, 2017) recently due to the limits on face-to-face therapy that have been imposed in response to the coronavirus disease 2019 (COVID-19) pandemic. Whether this change of setting will affect the efficacy and outcome of treatment has not yet been determined.

Even if the reported results are based on a large database, no statement can be made about all residents in Germany. The nationwide population-based studies, for example by the Robert Koch Institute on adult health in Germany, also show clear differences between the various types of statutory health insurance (Hoffmann and Icks, 2012; Hoffmann and Koller, 2017). An extrapolation procedure developed by the WIdO together with the Chair of Economic and Social Statistics at the University of Trier, which takes into account different age and gender structures as well as additional morbidity differences, can currently be used to estimate the prevalence of all residents of Germany (Breitkreuz et al., 2019). A corresponding extrapolation method that also compensates for the differences in health care between the populations has not yet been developed. However, we assume a good coding of any neurodevelopmental or speech disorders in childhood and adolescence as the German healthcare system offers thirteen regular preventive screening examinations from birth to the age of 17 years that are mandatory is some German states or rigorously controlled in other. Therefore it seems unlikely that speech disorders might be not recognized at all during childhood and adolescence (Santos et al., 2020).




CONCLUSION

The significance of this study arises from the analysis of health insurance data for a sample population that represents 32% of the German population. This study represents the first time that such an analysis has been performed for a disorder of speech and language. Prevalence and gender ratio data were consistent with the international literature. The crude prevalence of developmental disorders of speech and language increased from 2015 to 2018, whereas the crude prevalence for stuttering remained stable. For cluttering, the numbers were too low to draw reliable conclusions. Proportional treatment allocation for stuttering peaked at 6 years of age, which is the school entrance year, and is later than the prevalence peak of stuttering. Future analyses should explore whether new approaches to treatment could improve outcomes for severely affected patients. Follow-up longitudinal studies will allow an even better characterization of treatment intensity and duration.
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1www.oecd.org/berlin/themen/pisa-studie/

2www.dimdi.de

3https://www.gkv-datenaustausch.de/leistungserbringer/sonstige_leistungserbringer/positionsnummernverzeichnisse/positionsnummernverzeichnisse.jsp


REFERENCES

Ajdacic-Gross, V., Bechtiger, L., Rodgers, S., Muller, M., Kawohl, W., Von Kanel, R., et al. (2018). Subtypes of stuttering determined by latent class analysis in two Swiss epidemiological surveys. PLoS One 13:e0198450. doi: 10.1371/journal.pone.0198450

Ajdacic-Gross, V., Rodgers, S., Müller, M., Von Känel, R., Seifritz, E., Castelao, E., et al. (2020). Hay fever is associated with prevalence, age of onset and persistence of stuttering. Adv. Neurodev. Disord. 4, 67–73. doi: 10.1007/s41252-019-00143-9

American Psychiatric Association (2013). Diagnostic and Statistical Manual of Mental Disorders. Washington, DC: American Psychiatric Association.

Arrhenius, B., Gyllenberg, D., Chudal, R., Lehti, V., Sucksdorff, M., Sourander, O., et al. (2018). Social risk factors for speech, scholastic and coordination disorders: a nationwide register-based study. BMC Public Health 18:739. doi: 10.1186/s12889-018-5650-z

Bloodstein, O., and Ratner, B. N. (2008). A Handbook on Stuttering. Scarborough, Ont: Delmar Thomson Learning.

Bona, J. (2019). Clustering of disfluencies in typical, fast and cluttered speech. Clin. Linguist. Phon. 33, 393–405. doi: 10.1080/02699206.2018.1513075

Breitkreuz, J., Brückner, G., Burgard, J. P., Krause, J., Münnich, R., Schröder, H., et al. (2019). Schätzung kleinräumiger Krankheitshäufigkeiten für die deutsche Bevölkerung anhand von Routinedaten am Beispiel von Typ-2-Diabetes. AStA Wirtsch. Sozialstat. Arch. 13, 35–72. doi: 10.1007/s11943-019-00241-z

Bundesvereinigung Stottern & Selbsthilfe e.V. (2020). Satzung. Köln: Bundesvereinigung Stottern & Selbsthilfe e.V.

Busse, R., Blumel, M., Knieps, F., and Barnighausen, T. (2017). Statutory health insurance in Germany: a health system shaped by 135 years of solidarity, self-governance, and competition. Lancet 390, 882–897. doi: 10.1016/s0140-6736(17)31280-1

Donaghy, M. A., and Smith, K. A. (2016). Management options for pediatric patients who stutter: current challenges and future directions. Pediatric Health Med. Ther. 7, 71–77. doi: 10.2147/phmt.s77568

Dubois, P., St-Pierre, M. C., Desmarais, C., and Guay, F. (2020). Young adults with developmental language disorder: a systematic review of education, employment, and independent living outcomes. J. Speech Lang. Hear. Res. 63, 3786–3800. doi: 10.1044/2020_jslhr-20-00127

Ertl, J., Hapfelmeier, J., Peckmann, T., Forth, B., and Strzelczyk, A. (2016). Guideline conform initial monotherapy increases in patients with focal epilepsy: a population-based study on German health insurance data. Seizure 41, 9–15. doi: 10.1016/j.seizure.2016.07.001

Federal Ministry of Health (2020). The German Healthcare System. Available online at: http://www.bmj.bund.de (accessed February 20, 2021).

Hoffmann, F., and Icks, A. (2012). Unterschiede in der Versichertenstruktur von Krankenkassen und deren Auswirkungen für die Versorgungsforschung: ergebnisse des Bertelsmann-Gesundheitsmonitors. Gesundheitswesen, 291–297. doi: 10.1055/s-0031-1275711

Hoffmann, F., and Koller, D. (2017). Verschiedene regionen, verschiedene versichertenpopulationen? Soziodemografische und gesundheitsbezogene Unterschiede zwischen Krankenkassen. Gesundheitswesen 79, e1–e9.

Iverach, L., Jones, M., O’brian, S., Block, S., Lincoln, M., Harrison, E., et al. (2009). The relationship between mental health disorders and treatment outcomes among adults who stutter. J. Fluency Disord. 34, 29–43. doi: 10.1016/j.jfludis.2009.02.002

Jette, N., Beghi, E., Hesdorffer, D., Moshe, S. L., Zuberi, S. M., Medina, M. T., et al. (2015). ICD coding for epilepsy: past, present, and future–a report by the International league against epilepsy task force on ICD codes in epilepsy. Epilepsia 56, 348–355. doi: 10.1111/epi.12895

Jones, M., Onslow, M., Packman, A., Williams, S., Ormond, T., Schwarz, I., et al. (2005). Randomised controlled trial of the Lidcombe programme of early stuttering intervention. BMJ 331:659. doi: 10.1136/bmj.38520.451840.e0

Karagiannidis, C., Mostert, C., Hentschker, C., Voshaar, T., Malzahn, J., Schillinger, G., et al. (2020). Case characteristics, resource use, and outcomes of 10 021 patients with COVID-19 admitted to 920 German hospitals: an observational study. Lancet Respir. Med. 8, 853–862. doi: 10.1016/s2213-2600(20)30316-7

Kefalianos, E., Onslow, M., Packman, A., Vogel, A., Pezic, A., Mensah, F., et al. (2017). The history of stuttering by 7 years of age: follow-up of a prospective community cohort. J. Speech Lang. Hear. Res. 60, 2828–2839. doi: 10.1044/2017_jslhr-s-16-0205

Lattermann, C. (2011). Frühkindliches stottern: abwarten oder sofort behandeln? Indikatoren für den therapiebeginn auf der basis von aktuellen forschungsergebnissen. Forum Logopädie 2, 6–11.

Mansson, H. (2000). Childhood stuttering: incidence and development. J. Fluency Disord. 25, 47–57. doi: 10.1016/s0094-730x(99)00023-6

McAllister, J., Collier, J., and Shepstone, L. (2012). The impact of adolescent stuttering on educational and employment outcomes: evidence from a birth cohort study. J. Fluency Disord. 37, 106–121. doi: 10.1016/j.jfludis.2012.01.002

McLeod, S., and McKinnon, D. H. (2007). Prevalence of communication disorders compared with other learning needs in 14,500 primary and secondary school students. Int. J. Lang. Commun. Disord. 42(Suppl. 1), 37–59. doi: 10.1080/13682820601173262

Menzies, R., O’brian, S., Jones, M., Packman, A., and Onslow, M. (2014). “Supplementing stuttering speech treatment with online CBT,” in Proceedings of the 10th Oxford Dysfluency Conference 2014, Oxford.

Mulligan, H. F., Anderson, T. J., Jones, R. D., Williams, M. J., and Donaldson, I. M. (2001). Dysfluency and involuntary movements: a new look at developmental stuttering. Int. J. Neurosci. 109, 23–46. doi: 10.3109/00207450108986523

Myers, F. L., Bakker, K., St Louis, K. O., and Raphael, L. J. (2012). Disfluencies in cluttered speech. J. Fluency Disord. 37, 9–19. doi: 10.1016/j.jfludis.2011.10.001

National Institute on Deafness and Other Communication Disorders (2010). Prevalence (in Percent) of Stuttering, Stammering, or Other Speech Problems in U.S. Children by Sex, Based on Parent’s Report of Being Told This During the Past 12 Months by a Doctor or Other Health Care Provider [Online]. Bethesda, MD: National Institute on Deafness and Other Communication Disorders. Available online at: https://www.nidcd.nih.gov/health/statistics/prevalence (accessed November 22, 2020).

Neef, N. E., Anwander, A., and Friederici, A. D. (2015). The neurobiological grounding of persistent stuttering: from structure to function. Curr. Neurol. Neurosci. Rep. 15:63. doi: 10.1007/s11910-015-0579-4

Neumann, K., Euler, H. A., Bosshardt, H. G., Cook, S., Sandrieser, P., and Sommer, M. (2017). Clinical practice guidline: the pathogenesis, assessment and treatment of speech fluency disorders. Deutsch. Ärztebl. Int. 114, 383–390.

Neumann, K., Euler, H. A., and Schneider, P. (2014a). Identifikation von Stottern im Vorschulalter- Projektabschlussbericht - mit dem Bochum-Aachener Stotterscreening (BASS). Köln: Demosthenes Verlag.

Neumann, K., Euler, H. A., Schneider, P., and Sommer, M. (2014b). “A screening instrument for a universal screening for stuttering in preschoolers,” in Proceedings of the 10th Oxford Dysfluency Conference, Oxford.

Neumann, K., Keilmann, A., Rosenfeld, J., Schönweiler, R., Zaretsky, Y., and Kiese-Himmel, C. (2009). Sprachentwicklungsstörungen bei kindern: leitlinien der deutschen Gesellschaft für phoniatrie und pädaudiologie (gekürzte Fassung). Kindheit und Entwicklung, 222–231.

Nimptsch, U., Bestmann, A., Erhart, M., Dudey, S., Marx, Y., Saam, J., et al. (2014). “Zugang zu Routinedaten,” in Routinedaten im Gesundheitswesen. Handbuch Sekundärdatenanalyse: Grundlagen, Methoden und Perspektiven, 2 Edn, eds E. Swart, P. Ihle, H. Gothe, and D. Matusiewicz (Göttingen: Hogrefe), 270–290.

O’Brian, S., Packman, A., and Onslow, M. (2008). Telehealth delivery of the Camperdown program for adults who stutter: a phase I trial. J. Speech Lang. Hear. Res. 51, 184–195. doi: 10.1044/1092-4388(2008/014)

Radtke, R. (2019). Anzahl der Heilmittelverordnungen der GKV Nach Therapiebereich und Kassenärztlicher Vereinigung im Jahr 2018 [Online]. Available online at: https://de.statista.com/statistik/daten/studie/247471/umfrage/anzahl-der-heilmittelverordnungen-der-gkv-nach-therapiebereich-und-kv/ (accessed August 12, 2020).

Reid, A. Y., St Germaine-Smith, C., Liu, M., Sadiq, S., Quan, H., Wiebe, S., et al. (2012). Development and validation of a case definition for epilepsy for use with administrative health data. Epilepsy Res. 102, 173–179. doi: 10.1016/j.eplepsyres.2012.05.009

Reilly, S., Onslow, M., Packman, A., Cini, E., Conway, L., Ukoumunne, O. C., et al. (2013). Natural history of stuttering to 4 years of age: a prospective community-based study. Pediatrics 132, 460–467. doi: 10.1542/peds.2012-3067

Santos, J., Klein, U., Herb, S., and Kieslich, M. (2020). [Acceptance of binding preventive examinations: a survey of parents in Hessen]. Gesundheitswesen 82, 333–338.

Schmidtke, C., Kuntz, B., Starker, A., and Lampert, T. (2018). Inanspruchnahme der Früherkennungsuntersuchungen für Kinder in Deutschland – querschnittergebnisse aus KiGGS Welle 2. J. Health Monit. 3, 68–77.

Schubert-Bast, S., Zöllner, J. P., Ansorge, S., Hapfelmeier, J., Bonthapally, V., Eldar-Lissai, A., et al. (2019). Burden and epidemiology of status epilepticus in infants, children, and adolescents: a population-based study on German health insurance data. Epilepsia 60, 911–920. doi: 10.1111/epi.14729

St Germaine-Smith, C., Metcalfe, A., Pringsheim, T., Roberts, J. I., Beck, C. A., Hemmelgarn, B. R., et al. (2012). Recommendations for optimal ICD codes to study neurologic conditions: a systematic review. Neurology 79, 1049–1055. doi: 10.1212/wnl.0b013e3182684707

Strom, M. A., and Silverberg, J. I. (2016). Asthma, hay fever, and food allergy are associated with caregiver-reported speech disorders in US children. Pediatr. Allergy Immunol. 27, 604–611. doi: 10.1111/pai.12580

Strzelczyk, A., Ansorge, S., Hapfelmeier, J., Bonthapally, V., Erder, M. H., and Rosenow, F. (2017a). Costs, length of stay, and mortality of super-refractory status epilepticus: a population-based study from Germany. Epilepsia 58, 1533–1541. doi: 10.1111/epi.13837

Strzelczyk, A., Griebel, C., Lux, W., Rosenow, F., and Reese, J. P. (2017b). The burden of severely drug-refractory epilepsy: a comparative longitudinal evaluation of mortality, morbidity, resource use, and cost using German health insurance data. Front. Neurol. 8:712. doi: 10.3389/fneur.2017.00712

Strzelczyk, A., Schubert-Bast, S., Simon, A., Wyatt, G., Holland, R., and Rosenow, F. (2021). Epidemiology, healthcare resource use, and mortality in patients with probable Lennox-Gastaut syndrome: a population-based study on German health insurance data. Epilepsy Behav. 115:107647. doi: 10.1016/j.yebeh.2020.107647

Swart, E., Bitzer, E. M., Gothe, H., Harling, M., Hoffmann, F., Horenkamp-Sonntag, D., et al. (2016). A consensus German reporting standard for secondary data analyses, version 2 (STROSA-STandardisierte BerichtsROutine für SekundärdatenAnalysen). Gesundheitswesen 78, e145–e160.

Turner, R., and Adams, R. J. (2007). The programme for international student assessment: an overview. J. Appl. Meas. 8, 237–248.

Walsh, B., Mettel, K. M., and Smith, A. (2015). Speech motor planning and execution deficits in early childhood stuttering. J. Neurodev. Disord. 7:27.

Waltersbacher, A. (2014). “Heilmittel,” in Routinedaten im Gesundheitswesen. Handbuch Sekundärdatenanalyse: Grundlagen, Methoden und Perspektiven, 2 Edn, eds E. Swart, P. Ihle, H. Gothe, and D. Matusiewicz (Göttingen: Hogrefe), 88–103.

Waltersbacher, A. (2019). Heilmittelbericht 2019. Ergotherapie, Sprachtherapie, Physiotherapie, Podologie. Berlin: Wissenschaftliches Institut der AOK.

Winters, K. L., and Byrd, C. T. (2020). Pediatrician referral practices for children who stutter. Am. J. Speech Lang. Pathol. 29, 1404–1422. doi: 10.1044/2020_ajslp-19-00058

Wissenschaftliches Institut der AOK (2012). Jeder Vierte Junge zur Einschulung in Sprachtherapie. December 20, 2012. Berlin: Wissenschaftliches Institut Der Aok.

Wolff Von Gudenberg, A., and Euler, H. A. (2017). “Telemedizinische Internetplattform in der Stottertherapie,” in Neue Technologien in der Sprachtherapie, eds J. Mühlhaus, K. Bilda, and U. Ritterfeld (Stuttgart: eorg Thieme), 92–101.

Yairi, E., and Ambrose, N. (2013). Epidemiology of stuttering: 21st century advances. J. Fluency Disord. 38, 66–87. doi: 10.1016/j.jfludis.2012.11.002


Conflict of Interest: MS serves as chairman of the German Stuttering Association. He reports personal fees and grants from Deutsche Forschungsgemeinschaft, Primate Cognition (Leibniz-WissenschaftsCampus), Scientific Organizations (EFCN, UCL, DGKN, and IVS), and pharmaceutical companies (Novartis, GlaxoSmithKline, UCB, and Medtronic), all outside the submitted work. AW, Projektleiterin AOK-Heilmittel-Informations-System; HS, Stellvertretender Geschäftsführer WIdO; and ASc, research associate, are employees of Wissenschaftliches Institut der AOK. ASt reports personal fees and grants from Arvelle Therapeutics, Desitin Arzneimittel, Eisai, GW Pharmaceuticals, LivaNova, Marinus Pharmaceuticals, Medtronic, UCB Pharma, and Zogenix, all outside the submitted work.

Copyright © 2021 Sommer, Waltersbacher, Schlotmann, Schröder and Strzelczyk. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	
	REVIEW
published: 11 August 2021
doi: 10.3389/fnhum.2021.662016






[image: image2]

Speech Fluency Improvement in Developmental Stuttering Using Non-invasive Brain Stimulation: Insights From Available Evidence

Pierpaolo Busan1*, Beatrice Moret1, Fabio Masina1, Giovanni Del Ben2 and Gianluca Campana3


1IRCCS Ospedale San Camillo, Venice, Italy

2Department of Life Sciences, University of Trieste, Trieste, Italy

3Department of General Psychology, University of Padua, Padua, Italy

Edited by:
Maja Rogić Vidaković, University of Split, Croatia

Reviewed by:
Gerald Anthony Maguire, University of California, Riverside, United States
 Silvio Sarubbo, Santa Chiara Hospital, Italy

*Correspondence: Pierpaolo Busan, pierpaolo.busan@ospedalesancamillo.net

Specialty section: This article was submitted to Speech and Language, a section of the journal Frontiers in Human Neuroscience

Received: 31 January 2021
 Accepted: 12 July 2021
 Published: 11 August 2021

Citation: Busan P, Moret B, Masina F, Del Ben G and Campana G (2021) Speech Fluency Improvement in Developmental Stuttering Using Non-invasive Brain Stimulation: Insights From Available Evidence. Front. Hum. Neurosci. 15:662016. doi: 10.3389/fnhum.2021.662016



Developmental stuttering (DS) is a disturbance of the normal rhythm of speech that may be interpreted as very debilitating in the most affected cases. Interventions for DS are historically based on the behavioral modifications of speech patterns (e.g., through speech therapy), which are useful to regain a better speech fluency. However, a great variability in intervention outcomes is normally observed, and no definitive evidence is currently available to resolve stuttering, especially in the case of its persistence in adulthood. In the last few decades, DS has been increasingly considered as a functional disturbance, affecting the correct programming of complex motor sequences such as speech. Compatibly, understanding of the neurophysiological bases of DS has dramatically improved, thanks to neuroimaging, and techniques able to interact with neural tissue functioning [e.g., non-invasive brain stimulation (NIBS)]. In this context, the dysfunctional activity of the cortico-basal-thalamo-cortical networks, as well as the defective patterns of connectivity, seems to play a key role, especially in sensorimotor networks. As a consequence, a direct action on the functionality of “defective” or “impaired” brain circuits may help people who stutter to manage dysfluencies in a better way. This may also “potentiate” available interventions, thus favoring more stable outcomes of speech fluency. Attempts aiming at modulating (and improving) brain functioning of people who stutter, realized by using NIBS, are quickly increasing. Here, we will review these recent advancements being applied to the treatment of DS. Insights will be useful not only to assess whether the speech fluency of people who stutter may be ameliorated by acting directly on brain functioning but also will provide further suggestions about the complex and dynamic pathophysiology of DS, where causal effects and “adaptive''/‘‘maladaptive” compensation mechanisms may be strongly overlapped. In conclusion, this review focuses future research toward more specific, targeted, and effective interventions for DS, based on neuromodulation of brain functioning.
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INTRODUCTION

Developmental stuttering (DS) is a neurodevelopmental disorder characterized by speech dysfluencies such as blocks and repetitions, especially occurring during the first part of words and sentences. Associated motor symptoms (such as muscular spasms) may be evident, especially in the orofacial districts, which could not be strictly related to the motor programs of the intended utterances of speakers. DS appears during childhood (Yairi and Ambrose, 2005), normally between 3 and 9 years of age, when the brain is rapidly developing and increasing skills related to complex motor tasks, such as speech. It affects about 5% of the pediatric population (e.g., Andrews and Harris, 1964), but the majority of DS in children is able to recover a normal speech fluency in a “spontaneous” unassisted way. In the rest of DS, it persists in adulthood (about 1% of the total adult population) (e.g., Drayna et al., 1999). In the most severe cases, DS significantly affects the quality of life of people who stutter. At present, DS is considered as a “multifactorial” disorder characterized by genetic and neural abnormalities (e.g., Alm, 2004; Drayna and Kang, 2011; Craig-McQuaide et al., 2014; Barnes et al., 2016; Etchell et al., 2018; Benito-Aragon et al., 2020; Busan, 2020; Chang and Guenther, 2020). In this context, even if various ways of intervention may be proposed, a “crucial” solution is still not available (e.g., Brignell et al., 2020; Connery et al., 2020; see also Qureshi et al., 2021). Considering that stuttering may be viewed as a “motor timing disorder” (e.g., Etchell et al., 2014; see also Chang et al., 2016), dysfluencies are usually improved when people who stutter are facing with external “cues” (such as choral speech, the use of a metronome, and altered auditory feedback) (e.g., Foundas et al., 2004; Etchell et al., 2014; Park and Logan, 2015) inducing a change in the spontaneous rhythm of speech. However, these solutions are usually not easy to be used in an “ecological” environment. As a consequence, current strategies are mainly based on behavioral “fluency-shaping” interventions, which are aimed at improving the motor/speech skills of persons who stutter (e.g., the Lidcombe or the Camperdown Program) (e.g., Onslow et al., 1997; O'Brian et al., 2003). This may be obtained by modifications, such as slowing speech rhythm and execution, resulting in the management of dysfluencies in a more favorable way. In addition, considering that these techniques may affect speech naturalness, they may be sometimes difficult to be generalized, applied, and effectively maintained. Psychotherapy or cognitive-behavioral interventions may be also adopted, especially when facing with “secondary” (but still important) effects of stuttering, such as anxiety, social phobia, and the avoidance of speech situations (see Maguire et al., 2020). The combination of all these approaches may typically result in the management of DS in a better way.

Similarly, pharmacotherapy also shows promising results (e.g., Maguire et al., 2020). However, also in this case, a definitive solution is still not available. Different active ingredients are demonstrated to be useful in improving dysfluencies and associated motor symptoms of DS, especially in the case of influencing dopaminergic activity (e.g., Maguire et al., 2000a,b, 2004, 2010, 2019; Busan et al., 2009; Tavano et al., 2011). Research is now concentrated on finding the solution of possibly balancing the positive outcomes with good tolerability (e.g., Maguire et al., 2019, 2020).

Finally, sporadic reports also describe the single cases of DS that are resulted as incidentally improved in case of using invasive interventions (such as deep brain stimulation) to treat other conditions and of targeting the thalamus or the basal ganglia system (e.g., Maguire et al., 2012; Thiriez et al., 2013).

As a consequence, new ways of treatment should be always needed and considered to improve (or alleviate) stuttering in a better way. In this perspective, very recent evidence has suggested to combine neuromodulation techniques with more “conventional” interventions. Neuromodulation is able to “boost” brain functioning by means of non-invasive brain stimulation (NIBS) techniques (see updated guidelines, Antal et al., 2017; Lefaucheur et al., 2017; Rossi et al., 2021). Interestingly, NIBS has been recently and increasingly proposed to investigate its potential in modulating the brain functioning of people who stutter, with an aim to improve their speech fluency. Here, most recent advancements in treating stuttering with NIBS will be reviewed to combine this evidence with the previously available information about the neural dynamics of DS. This will provide additional insights into the brain functioning of persons who stutter, as well as further suggestions for evidence-based treatments leveraging on NIBS.



THE DEFECTIVE NEURAL CIRCUITS OF DS

Previous neuroimaging research identified a wide pattern of abnormalities characterizing the neural structures of people who stutter (e.g., Brown et al., 2005; Craig-McQuaide et al., 2014; Neef et al., 2015; Etchell et al., 2018, for comprehensive reviews and meta-analyses). These abnormalities have a role in various tasks, such as motor planning, preparation, and execution, especially in case of their involvement in complex sequences, such as speech (e.g., Alm, 2004; Etchell et al., 2018; Chang and Guenther, 2020; see also, for neural modeling, Civier et al., 2010, 2013). Furthermore, they may interact with cognitive, attention, or emotional brain networks (e.g., Craig-McQuaide et al., 2014; Chang et al., 2018).

As a consequence, a series of “neural markers,” typical of DS, may be extrapolated (e.g., Brown et al., 2005; Neef et al., 2015). They can be summarized as (1) the hypoactivation of speech and the motor structures of the left hemisphere (e.g., Watkins et al., 2008; Chang et al., 2009; Desai et al., 2017; compare with Neef et al., 2015); (2) a larger hyperactivation of the homologous regions of the right hemisphere (e.g., Brown et al., 2005; Chang et al., 2009; compare with Neef et al., 2015); (3) the impaired/abnormal structure of a cortical gray matter and white matter, thus resulting in altered connectivity patterns, which are responsible for an unsuccessful neural communication (e.g., Sommer et al., 2002; Beal et al., 2007; Watkins et al., 2008; Chang et al., 2011); (4) an altered neural activity in cortico-basal-thalamo-cortical circuits (e.g., Wu et al., 1995; Giraud et al., 2008; Watkins et al., 2008; Chang and Guenther, 2020), also in relation to a “defective” dopaminergic regulation (e.g., Wu et al., 1997; Alm, 2004; compare with Alm, 2021; Turk et al., 2021); and (5) altered sensorimotor interactions in a neural level (e.g., audio–motor interactions, “sensory-to-motor” feedback/transformation, or “motor-to-sensory” projections) (e.g., Beal et al., 2010, 2011; Cai et al., 2012, 2014a; Daliri and Max, 2015; Saltuklaroglu et al., 2017; Jenson et al., 2020), which may easily result in the alterations of the functional communication among the brain regions (e.g., Busan et al., 2019).

Interestingly, these abnormalities are not only strictly related to speech tasks but can also be evident during non-speech motor tasks (e.g., Sommer et al., 2003; Chang et al., 2009; Neef et al., 2011; Busan et al., 2013, 2016) or even at rest (e.g., Wu et al., 1997; Sommer et al., 2003; Alm et al., 2013; Busan et al., 2013; Desai et al., 2017; Chang et al., 2018). The altered networks highlighted in DS are fundamental to the programming/execution of complex motor sequences, especially when they are voluntary or internally driven, as is the case for cortico-basal-thalamo-cortical networks (see Busan, 2020; Chang and Guenther, 2020). Hypoactivations or hyperactivations of speech/motor neural networks usually involve various brain regions, for example, the inferior frontal cortex, sensorimotor (primary and associative) regions, the temporal cortex, and subcortical structures, thus constituting complex and reciprocally connected circuits that have been shown to have a role in speech/motor planning and articulation. For example, neuroimaging and direct electrical stimulation data suggest the fundamental role of inferior frontal regions in mediating a series of representations, ranging from speech-related sensory information (e.g., in case of collaboration with the temporal cortex) to corresponding motor and articulatory codes that are made available to the motor regions (e.g., Deletis et al., 2014; Rogić et al., 2014; Flinker et al., 2015; see Etchell et al., 2018, for a recent and comprehensive review in DS). The lower activity of these structures may be more easily evident in the left hemisphere, whereas highly activated networks may be more easily, but not exclusively, evident in the right one (e.g., Wu et al., 1995; Brown et al., 2005; Watkins et al., 2008; Chang et al., 2009; Neef et al., 2015; Desai et al., 2017; Connally et al., 2018). The patterns of impaired/abnormal activity may be responsible for DS but may also reflect the continuous attempts that the brain of people who stutter is running, trying to avoid dysfluencies (thus resulting in an “adaptive” or a “maladaptive” compensation) (e.g., Giraud et al., 2008).

Another feature of DS is the presence of abnormalities in a cortical gray matter (e.g., Foundas et al., 2001, 2003, 2004; Beal et al., 2007; Chang et al., 2008), and white matter (e.g., Sommer et al., 2002; Jäncke et al., 2004; Watkins et al., 2008; Connally et al., 2014; Neef et al., 2018). In this context, for example, abnormalities may be evident in case of considering the indexes of the hemispheric lateralization of frontotemporal structures (e.g., lower asymmetry in the planum temporale or in the prefrontal regions of people who stutter) (e.g., Foundas et al., 2001, 2003, 2004). Similarly, DS may result in the reduction of a cortical gray matter in brain regions such as associative motor cortices, as well as in deeper cortical regions such as the anterior cingulate cortex (e.g., Chang et al., 2008; Garnett et al., 2018). Impaired structural connectivity among the brain regions may be also evident in a compatible manner, thus influencing sensorimotor integration and motor/speech implementation. Also in this case, the networks of the left inferior frontal cortex and sensorimotor regions are usually the most affected circuits (e.g., Sommer et al., 2002; Chang et al., 2008; Watkins et al., 2008; Connally et al., 2014) while the increase in homologous right hemispheric ones may be the result (e.g., Jäncke et al., 2004). However, alterations have been highlighted also in broader structures, such as long-range fascicles (e.g., longitudinal and/or arcuate fascicles connecting anterior and posterior parts of the brain) (e.g., Cykowski et al., 2010; Connally et al., 2014; Chow and Chang, 2017; Neef et al., 2018), the corpus callosum (mainly connecting the homologous regions of the two hemispheres) (e.g., Cykowski et al., 2010; Civier et al., 2015; Chow and Chang, 2017), or corticospinal and corticobulbar tracts (that allow to drive motor commands toward muscular effectors) (e.g., Watkins et al., 2008; Connally et al., 2014). A particular mention should be made for the frontal aslant tract (FAT) that connects the supplementary motor area (SMA) and the inferior frontal cortex (Catani et al., 2012). FAT permits the exchange of motor information between these regions, with a role in speech production, planning, sequencing, and initiation (e.g., Vassal et al., 2014; Fujii et al., 2015; Kinoshita et al., 2015; Chernoff et al., 2019; Dick et al., 2019). More specifically, while the left FAT seems to be more involved in the planning (and coordination) of sequential motor acts (such as speech), the right homologous region should be more involved in an “inhibitory” motor control as well as in the resolution of conflicts among “competitive” actions (see, for example, Kinoshita et al., 2015; Dick et al., 2019; for a perspective in stuttering compare with Neef et al., 2018; La Corte et al., 2021). Interestingly, the FAT has been shown to be defective in DS (e.g., Kronfeld-Duenias et al., 2016; Neef et al., 2018), but has been also reported to be increased in the right hemisphere of people who stutter (e.g., Misaghi et al., 2018). In this context, Kemerdere et al. (2016) reported that the direct electrical stimulation of FAT, during neurosurgery, induced stuttering-like dysfluencies in fluent speakers. Similar evidence was reported by Corrivetti et al. (2019), showing that the stimulation of FAT, fronto-striatal tract, corpus callosum, and corticospinal tract (also involving cortical regions such as the precentral gyrus and the pars opercularis) may result in speech motor disturbances such as speech arrest, stuttering-like dysfluencies, and vocalizations. Similarly, Kinoshita et al. (2015) reported that the FAT and the fronto-striatal tract (mainly connecting the SMA “complex” and the basal ganglia) may cooperate to coordinate the motor aspects of self-initiated actions and speech: in fact, patients experienced intraoperative inhibition of movements and speech during the direct electrical stimulation of these tracts.

Developmental stuttering is also strongly related to the altered activation of the cortico-basal-thalamo-cortical system, in which subcortical structures (i.e., basal ganglia) are considered as fundamental hubs (e.g., Alm, 2004; Giraud et al., 2008; Watkins et al., 2008; Toyomura et al., 2011, 2015; Craig-McQuaide et al., 2014; Etchell et al., 2018; Chang and Guenther, 2020). Similarly, their cortical targets, such as the SMA, may play a central role (e.g., Busan, 2020). The SMA “complex” may be divided into a “proper” SMA region and a pre-SMA: the former is massively connected with the motor cortex, whereas the latter is strongly related with executive/cognitive regions (e.g., prefrontal or temporoparietal cortices) as well (e.g., Picard and Strick, 1996; Johansen-Berg et al., 2004; Klein et al., 2007; Nachev et al., 2008; Ruan et al., 2018). The SMA is fundamental to the correct implementation of complex (internally driven) motor sequences (as well as in motor inhibition), thanks to the information shared with regions such as the basal ganglia, prefrontal regions, and the inferior frontal cortex (Ikeda et al., 1999; Seitz et al., 2006; Narayana et al., 2012; Rochas et al., 2013; Ruan et al., 2018). In this context, the altered functioning of the basal ganglia frequently highlighted in DS (e.g., Wu et al., 1995, 1997; Alm, 2004; Watkins et al., 2008) and often associated with stuttering severity (e.g., Giraud et al., 2008; Toyomura et al., 2011) is likely to result in a “disequilibrium” among excitatory and inhibitory motor signals (compare with Busan et al., 2016, 2017). This may affect the correct functioning of connected cortical targets, thus resulting in the defective programming/implementation of complex motor sequences. Similarly, a direct stimulation (or injuries) of the SMA “complex” and related networks may result in induced stuttering or speech dysfluencies (e.g., Alexander et al., 1987; Abe et al., 1992, 1993; Ackermann et al., 1996; Van Borsel et al., 1998, 2003; Dinoto et al., 2018; see also Penfield and Welch, 1951; Ackermann and Riecker, 2011).

Evidence also suggests that the abnormal functioning of the basal ganglia in people who stutter may be due to an imbalance of dopaminergic activity (Wu et al., 1997; see also Alm, 2021; Turk et al., 2021, for a recent perspective): pharmacological interventions with antidopaminergic drugs may be useful, in a compatible manner, to “restore” a near-to-normal neural activity in DS, especially in the basal ganglia and Broca's region (Maguire et al., 2021).

Finally, DS seems to be characterized by the presence of altered sensorimotor interactions. This may be evident in case of considering the audio–motor interactions that have been suggested to be impaired in people who stutter (e.g., Beal et al., 2010, 2011; Cai et al., 2012, 2014a; Daliri and Max, 2015). However, impaired sensorimotor interactions may be evident also at a more global level, i.e., in case of considering the brain rhythms that are useful for motor implementation and/or sensorial gating (e.g., Saltuklaroglu et al., 2017; Jenson et al., 2020). These weaknesses may easily result in altered functional interactions in the brain circuits of persons who stutter, especially in case of considering demanding tasks such as effective (and timely) speech programming and implementation (e.g., Chang et al., 2019). These “functional” disruptions may result in “poor” neural synchronization (or “delayed” neural activity) among the networks that are useful for motor programming and execution (e.g., Salmelin et al., 2000; Etchell et al., 2014; Busan et al., 2019).

Thus, it is evident that DS is a very complex and dynamic motor disorder likely to be more “general” than the one that is previously hypothesized (e.g., Ludlow and Loucks, 2003; see also Smits-Bandstra et al., 2006; Smits-Bandstra and De Nil, 2007), involving broader brain regions and neural networks (e.g., Chang et al., 2018, 2019; Busan et al., 2019; see also Etchell et al., 2018, for a comprehensive review). Neural activity related to the causal aspects of the disturbance and also to compensation attempts may be overlapping and very difficult to discriminate, resulting in the more complicated understanding of DS neural processes. For example, the modulatory effects of emotional processes on motor programs, in DS (e.g., Yang et al., 2017; Toyomura et al., 2018), should be further investigated and better discriminated (see Craig-McQuaide et al., 2014). Despite the complex scenarios that are suggested to explain DS, researchers agree on two aspects so far: (1) the left hemisphere and cortico-striato-thalamo-cortical impairments can be causally related to stuttering and (2) the right hemispheric (over)activity can be more easily interpreted as compensatory and related to the life-long attempts of overcoming dysfluencies (e.g., Chang et al., 2008) (please also consider that an excessive inhibitory activity of the right hemisphere—perhaps related to “maladaptive” attempts—has been suggested to have a role in maintaining—or worsening—stuttering; see Neef et al., 2018).

These observations may be translated into useful suggestions to improve the interventions for people who stutter: the inferior frontal cortex, motor cortices (e.g., the SMA “complex”), and temporoparietal cortex are often a part of altered neural circuits related to stuttering (Etchell et al., 2018). In this light, they could be the target of non-invasive interventions, which aimed at restoring the impaired/abnormal functioning of DS neural networks, thus hypothetically resulting in an improved speech fluency. In this perspective, NIBS may be a promising opportunity and also a potential “game-changer,” which aimed at improving the currently available treatments of stuttering.



NIBS METHODS AND NEUROMODULATION

Non-invasive brain stimulation allows to directly interact with the functioning of a neural tissue. Therefore, it has been used to obtain further and “real-time” information about the impaired/abnormal motor processes that are the peculiarities of DS (see Busan et al., 2017 for a recent review). Overall, NIBS modulates the activity of the brain networks to modify their functioning (e.g., Miniussi and Ruzzoli, 2013; Miniussi et al., 2013). In both transcranial magnetic stimulation (TMS) and transcranial electrical stimulation (tES), the repeated administration of an externally applied (non-invasive) stimulation may promote neural plasticity, possibly resulting in long-term potentiation (LTP) or long-term depression (LTD) of the neural targets (e.g., Miniussi and Ruzzoli, 2013). This may be evident immediately after the stimulation session, lasting for a discrete amount of time afterwards (e.g., Pirulli et al., 2013; Fertonani et al., 2014; Moret et al., 2019). In general, NIBS is stated to act with the addition of “noise” to the neural system (Miniussi et al., 2013). Stimulation effects (e.g., facilitation or inhibition) are possible as a result of interactions with experimental tasks and also with the actual state-dependency of the brain (Silvanto and Pascual-Leone, 2008; Miniussi et al., 2013). As a consequence, stimulation may be coupled with rehabilitation techniques (e.g., physiotherapy or behavioral interventions) to further promote plasticity and possibly result in better outcomes (e.g., Pirulli et al., 2013; Moret et al., 2018). TMS can induce the activation of the stimulated neural tissue, thanks to the delivery of a magnetic field, using a dedicated coil (eight-shaped or double-cone coils allow to obtain the “focal” stimulations of the neural target): neural structures that are perpendicular to the induced magnetic field will be stimulated. TMS may be used to investigate the functionality of the motor system as well as the role of sensory/associative/cognitive brain regions at rest and in a wide range of tasks (Walsh and Alvaro Pascual-Leone, 2003). In case of inducing long-lasting effects in the neural system, TMS is applied by delivering the repeated pulses, for a certain period of time, on the targeted brain region: a “high-frequency” stimulation (e.g., >5 Hz) (see Maeda and Pascual-Leone, 2003) usually results in LTP-like effects, increasing the excitability of the stimulated networks (e.g., Miniussi and Ruzzoli, 2013). On the other hand, a “low-frequency” stimulation (e.g., 1 Hz) (see Maeda and Pascual-Leone, 2003) usually results in LTD-like effects, lowering the excitability of the stimulated networks (e.g., Miniussi and Ruzzoli, 2013).

Similarly, tES has been developed to modulate the activity of the targeted neural regions and networks. It uses low amounts of current to modulate the activity of the stimulated brain tissue, thus increasing or lowering its excitability depending on the stimulation protocol (e.g., Paulus, 2011a; Fertonani and Miniussi, 2017; Reed and Cohen Kadosh, 2018). The most commonly used protocols are (1) transcranial direct current stimulation (tDCS), where an anode or a cathode is placed on the scalp (in correspondence of the region of interest) modulating the resting membrane potential of neurons, generally resulting in increased or decreased excitability of the neural target, respectively (a reference electrode of opposing voltage is also applied in a different cephalic or extracephalic position) (see Nitsche et al., 2008; Nitsche and Paulus, 2011); (2) a transcranial alternating current stimulation (tACS) is delivered using the patterns of sinusoidal current at a defined frequency (e.g., 20 Hz); this interacts with the physiological oscillations of the brain, possibly resulting in their better entrainment/synchronization, thus modulating (possibly improving) their functioning (e.g., Battleday et al., 2014); and (3) a transcranial random noise stimulation (tRNS), delivering an alternating current with random amplitudes and frequencies. In this case, stimulation may be delivered at high random frequencies (e.g., 100–640 Hz; thus being able to increase cortical excitability; see Moret et al., 2019), or at lower random frequencies (e.g., 0–100 Hz; this may result in opposite excitability effects—as compared to a high-frequency stimulation—or in non-significant modulations of the stimulated cortex) (see Terney et al., 2008; Campana et al., 2016); tRNS may rely on the stochastic resonance phenomenon (e.g., Moss et al., 2004; McDonnell and Ward, 2011; Miniussi and Ruzzoli, 2013; Pavan et al., 2019), theoretically enhancing the “sensitivity” of the stimulated tissue (see Miniussi and Ruzzoli, 2013).

However, research on the NIBS field is constantly resulting in new possibilities of brain stimulation. For example, in case of considering the theta burst stimulation (TBS), Huang et al. (2005) uses bursts of pulses of a high-frequency repetitive TMS (rTMS) (e.g., 50 Hz), re-proposed at a “theta-rhythm” (e.g., every 200 ms) (Huang et al., 2005). This allows to reduce the total duration of the stimulation, inducing faster LTP-like or LTD-like phenomena depending on the characteristics and protocols of the stimulation (e.g., Huang et al., 2005). Similarly, new tES protocols have been proposed, resulting in “combined” stimulation protocols: for example, the transcranial pulsed current stimulation (tPCS) “optimizes” stimulation outcomes to combine tonic and phasic effects (Jaberzadeh et al., 2014). Anyway, progress in this field is running: in this sense, for example, the techniques of transcranial pulse stimulation with ultrasounds (Beisteiner et al., 2019), transcranial pulsed magnetic field stimulation (Rodger et al., 2012), or transcranial static magnetic field stimulation (Oliviero et al., 2011) are also in development, thus likely to result in new possibilities and protocols, also for patients, in the near future.

Non-invasive brain stimulation is normally characterized by a limited spatial resolution in a neural level. This problem may be partially mitigated by using advanced neuronavigation methods (based on the magnetic resonance information) as well as by using more “focal” TMS coils and tES configurations. In the latter case, for example, the use of particular montages and electrodes [e.g., high definition-tES (HD-tES)] may be useful to reduce unspecific stimulations, thus limiting the heterogeneity of findings and effects (e.g., Edwards et al., 2013; Masina et al., 2021). Fortunately, NIBS methods are usually well-tolerated when safety guidelines are followed in terms of admitted protocols and populations (e.g., Antal et al., 2017; Lefaucheur et al., 2017; Rossi et al., 2021).

Non-invasive brain stimulation techniques are currently and extensively employed in the functional improvement of various motor/cognitive functions in healthy participants (e.g., Moret et al., 2019; Masina et al., 2021) as well as in experimental rehabilitation trials (see Hamilton et al., 2011; Campana et al., 2014; Moret et al., 2018). However, while protocols may be sometimes ineffective in the healthy population (e.g., Wiltshire and Watkins, 2020), the involvement of clinical (or subclinical) participants may result in an effective advantage for their conditions. In this context, a wide range of neural impairments may be considered, such as stroke (e.g., aphasia) (see Hamilton et al., 2011; Marangolo et al., 2013a,b; Khedr et al., 2014), neurodegenerative diseases (e.g., Alzheimer's disease and Parkinson's disease) (e.g., Cotelli et al., 2011; Goodwill et al., 2017), and psychiatric disorders (e.g., schizophrenia, depression, obsessive-compulsive disorder, attention deficit, hyperactivity disorder, etc.) (e.g., Maeda and Pascual-Leone, 2003; Hasan et al., 2016; Palm et al., 2016). For example, previous evidence of acquired motor/language disorders reported additional improvements when tES and behavioral therapies are combined (see Hamilton et al., 2011). As a consequence, considering that, in DS, the effect of conventional (e.g., behavioral) techniques is usually limited, the additional modulatory effect induced by NIBS should be investigated. This should be done to assess whether (1) additional improvements in speech fluency (i.e., the efficacy of interventions) and (2) better brain functioning of people who stutter (also increased understanding of the complex neural dynamics of DS) might be obtained.



NIBS TO IMPROVE SPEECH FLUENCY IN DS

The use of NIBS, in DS, takes place very recently. A PubMed search (last check: June 2021) using the keywords “transcranial,” “stimulation,” and “stuttering” resulted in a total of 31 articles, but only 6 were the studies using a neuromodulatory approach in DS. Three additional reports taken into consideration in this review (one in a “pre-print” form) were found thanks to a more general search on the web. The first attempt, which is aimed to verify the modulatory effects of tES on the brain functioning of people who stutter, has been published in 2017 (Chesters et al., 2017). Previously, Garnett and den Ouden (2015) implemented a trial of the single sessions of anodal/cathodal tDCS in a group of 11 participants with DS (compared to a group of 20 fluent speakers), stimulating the posterior part of the left superior temporal gyrus (2 mA for 20 min; no findings—i.e., improved or impaired speech—approached significance). However, the aim of this study was the implementation of more effective sham methods for HD-tES. Furthermore, a report using the peripheral transcutaneous electrical nerve stimulation (applied on the jaw and on the neck) to treat the participants with persistent stuttering and concomitant orofacial disorders (e.g., bruxism) also exists (Merlo, 2020). This is a multiple case study conducted to allow a successive better application of more conventional (i.e., behavioral) fluency-shaping techniques. The results showed a reduction in stuttering frequency and severity after the intervention, suggesting that the peripheral stimulation of facial muscular districts may have positive effects on some DS participants. In this case, it should be considered that peripheral structures are always in interaction with the brain systems (especially at a sensorimotor level) (see Schuhfried et al., 2012), thus possibly modulating their functioning [in this context, see also De Bonis et al. (2020), for a case study of the disappearance of persistent DS after an iatrogenic lesion of the facial nerve].

However, at present, neuromodulatory interventions in DS are mainly addressed to two different (but related) neural targets: inferior frontal regions (which include the Broca's area) and the SMA “complex.” These cortical areas are considered as a part of complex and wider speech/motor networks, comprising different structures such as the temporoparietal cortex, associative and primary sensorimotor regions, and the basal ganglia. In addition, inferior frontal regions and the SMA “complex” are directly interconnected through axonal fibers constituting distinct fascicles, such as the FAT, which have been shown to have a role in DS (e.g., Kronfeld-Duenias et al., 2016; Misaghi et al., 2018; Neef et al., 2018). In the following sections, available evidence will be presented by considering the anatomical targets of stimulation. Finally, a brief perspective on current ongoing trials will be also offered.



NIBS TO IMPROVE SPEECH FLUENCY IN DS: THE STIMULATION OF THE INFERIOR FRONTAL CORTEX

Chesters et al. (2017) investigated the effects of a single session of tDCS on the indexes of speech fluency in 16 adults who stutter. They used anodal or sham tDCS at 1 mA for 20 min. In the sham condition, the stimulation ramped up and down within the first 45 s of the protocol. The anode electrode was placed over the left inferior frontal cortex, in correspondence of the FC5 electrode position (according to the common systems of EEG electrode placement), whereas the cathode was placed over the right supraorbital ridge. The size of electrodes used for stimulation was 5 cm × 7 cm. tDCS was associated to a behavioral training, in which participants had to read in a “choral speech” mode following a recorded voice. Speech fluency (primary outcome: the percentage of stuttered syllables; secondary outcomes: stuttered syllables per minute, speaking rate) was assessed before the stimulation session, immediately after and 1 h later: indexes were obtained from sentence reading, passage reading, and spontaneous conversation. The findings suggested a general effect of choral speech practice irrespective of real or sham stimulations, especially in the sentence reading task. However, although these findings did not show a significant difference between real and sham tDCS, a trend was found to suggest an improvement of speech fluency in real tDCS while measuring reading and aftereffects (i.e., 1 h later) related to conversational tasks. Thus, even if no significant tDCS-induced improvements in speech fluency have been individuated in this single-session study (likely to be influenced by heterogeneity in stuttering severity and variations across evaluations, as suggested by the authors), the increased excitability of the left inferior frontal region (and its effect on related networks) should be further considered to evaluate the outcomes on the speech fluency of people who stutter.

In a successive study, the same research group conducted a randomized, double-blind, controlled trial, in which the same protocol was proposed for people who stutter in the 5 consecutive days of treatment (Chesters et al., 2018). In addition, real tDCS (15 adult participants) was compared to sham stimulation (15 adult participants). Neuromodulation was associated to a behavioral intervention (i.e., choral speech and metronome-timed speech). Speech fluency was evaluated before and during treatment, as well as 1 and 6 weeks after the end of the tDCS sessions: the main outcome was the evaluation of dysfluencies (the percentage of stuttered syllables) during reading and conversation in addition to the scores obtained from the stuttering severity instrument-4 (SSI-4) (Riley, 2009), and a subjective evaluation of the psychosocial impact of stuttering [Overall Assessment of the Speaker's Experience of Stuttering (OASES)] (Yaruss and Quesal, 2006). The findings suggest that speech fluency was generally improved in case of using real tDCS, in particular in case of its evaluation 1 week after the conclusion of the stimulation sessions. Interestingly, improvements were also maintained 6 weeks later, especially in the case of considering dysfluencies in the reading task. In conclusion, the left inferior frontal cortex is a possible neural target, in which neuromodulation may have “positive” effects, in stuttering.

In this context, Yada et al. (2019) investigated the effect of single sessions of tDCS on the speech fluency of adults who stutter, during a reading task, stimulating various neural targets in both the hemispheres. More specifically, they investigated the effect of tDCS on putative Broca's and Wernicke's regions in the left hemisphere as well as on their homologs placed in the right one. Anodal and cathodal stimulations were administered in two different sessions (each session composed of a total of 13 adult participants). Stimulation comprises the four blocks of real tDCS (2 mA; the total duration of the stimulation 210 s per block; the size of the electrodes: 5 cm × 7 cm). Active electrodes were placed on the following locations based on the EEG scalp positions: between F7 and FC5 (i.e., putative Broca's region in the left hemisphere), between TP7 and C5 (i.e., putative Wernicke's region in the left hemisphere), between F8 and FC6 (i.e., putative homolog of the Broca's region in the right hemisphere), and between TP8 and C6 (i.e., a putative homolog of the Wernicke's region in the right hemisphere). The return electrode (either cathodal or anodal, according to the planned session) was always placed on the supraorbital region, which is contralateral to the stimulation site. Sham stimulation was also proposed for participants by using one of the already described montages (in this case, the stimulation site was rotated among the four target sites and participants) and delivering the current only for the initial 30 s of the session at 1 mA. During stimulation sessions, participants were asked to read a passage aloud, thus evaluating the effect of the different protocols on the indexes of speech fluency (the percentage of stuttered “moras,” i.e., the Japanese phonological units—comparable to syllables—were considered). The findings mainly suggest that anodal and cathodal sessions of the same brain regions resulted in “opposite” patterns of evidence. More specifically, the most evident result suggested that cathodal stimulation was able to induce a significant improvement of speech dysfluencies (registered in the reading task) in case of its delivery in the frontal regions of the right hemisphere. A “qualitative” (i.e., non-significant) improvement was also observed in case of using anodal stimulation on the contralateral homologous brain regions. This evidence is compatible with the suggestion that the speech/motor networks of both hemispheres may be “causally” and differently involved in determining dysfluencies (e.g., Neef et al., 2016, 2018). Indeed, while the left hemisphere activity is usually impaired in DS and may need to be “boosted,” the activity of the right hemisphere is classically considered as related to compensatory reactions to stuttering. In this context, the right frontotemporal networks may play an “adaptive” compensatory role in fluency enhancements (e.g., Alm, 2004; Etchell et al., 2014; Neef et al., 2015, 2018; see also Giraud et al., 2008; Busan et al., 2019). On the other hand, “maladaptive” reactions to dysfluencies may be also present. As a consequence, the hyperactivity of right frontal/prefrontal networks (also involved in proactive and reactive actions and motor inhibition) (see Neef et al., 2018) may sometimes speculatively result in the worsening of DS symptoms (e.g., Neef et al., 2016, 2018).

In case of considering TMS, Le Guilloux and Compper (2018) described the case of an adult with a severe and persistent stuttering, who received high-frequency rTMS on the left inferior frontal cortex in combination with a speech therapy. TMS was delivered at 10 Hz (30 trains of 5 s, with an inter-train interval of 30 s; 1,500 pulses per session), using the intensity of 80% of the resting motor threshold (RMT) of a hand muscle. A total of 10 sessions were proposed for the participant (5 days per week) every 3 months (three cycles were reported). The left inferior frontal cortex was identified using neuronavigation, and the figure-of-eight TMS coil was oriented with a handle in an anterior-to-posterior and a medial-to-lateral direction. The authors report a progressive improvement of speech fluency, resulting in a “quasi-normal” speech in the end of the third cycle of stimulation.

Finally, Tezel-Bayraktaroglu et al. (2020) started from the evidence to demonstrate an overactivation of the homologous speech-related regions of the right hemisphere in DS. As a consequence, they used an inhibitory rTMS protocol (1 Hz; 800 monophasic pulses at 90% of the RMT of a hand muscle) on different subregions of the right inferior frontal gyrus (8 adult male participants who stutter). In particular, using a figure-of-eight coil, they stimulated the portions of the pars opercularis [Brodmann area (BA) 44], the anterior and the posterior pars triangularis (BA45; please note that BA44 and BA45 are commonly reported to compose the Broca's region, in the left hemisphere), and the portions of the mouth primary motor cortex (BA4), individuated by means of a neuronavigation system. A single TMS session stimulating a specific target region was administered on different days. The coil was normally maintained at 45° tangentially to the scalp and with the handle pointing back. Real stimulation was compared to sham stimulation. Stuttering severity was evaluated before and after stimulation sessions (calculating the percentages of stuttered syllables), recording reading and conversational samples. Interestingly, in case of the stimulation of the anterior pars triangularis (BA45), opposite effects were seen: conversational samples resulted in the worsening of dysfluencies while the evaluation of reading samples resulted in an improvement of stuttering. The authors suggest that these two tasks may be differently detailed in the brain of people who stutter: the “burden” on the speech networks, during a “spontaneous” conversation, can lead to an increased involvement of the right hemisphere, especially in case of evidence of impairments on the left one (as is the case in DS). Thus, the enhanced activity of the right hemisphere may have a compensatory effect, especially in case of considering the tasks that require an augmented demand of linguistic and internally driven motor processes [i.e., conversation; compare with recent perspectives advanced in Alm, 2021], likely increasing the probability that dysfluencies may appear. As a consequence, in this case, the reduction of cortical excitability might have worsened stuttering. On the other hand, simpler, more “automatic,” or “repeated” tasks (such as reading) may result in a decreased stuttering (e.g., Sandak and Fiez, 2000; Ambrose, 2004). Therefore, these tasks could have benefits in case of decreasing the activity of the specific frontal/prefrontal neural circuits of the right hemisphere, perhaps related to attention/control processes and motor inhibition (compare with Neef et al., 2016, 2018), thus speculatively allowing to increase the involvement of “opposite” (or homologous, in the case of inferior frontal cortex) left hemispheric brain regions (see Neumann et al., 2003). Similarly, these tasks may require the involvement of further and different (e.g., frontotemporal) bilateral networks, in DS, which may be theoretically needed for the better management of “rhythmic” or “external” (i.e., sensorial) cues, such as those arising in case of reading (see, for a comprehensive perspective in stuttering, Etchell et al., 2014; compare with Alm, 2004; Neef et al., 2015; Chang et al., 2016).

In conclusion, the neuromodulation of the inferior frontal cortex may be useful to improve some aspects of speech fluency in DS, also in follow-up evaluations. This could be obtained by increasing the activity of the inferior frontal cortex (and related networks) in the left hemisphere, and/or inhibiting the activity of homologous regions (and networks) in the right one (see Figure 1) [the induced electrical fields of the reviewed studies have been estimated using the free toolbox “SimNIBS”; (Thielscher et al., 2015); https://simnibs.github.io/simnibs/build/html/index.html-, and the software “NIC2”—Neuroelectrics, Spain—based on the reported stimulation parameters; also, a summary of parameters and of the findings of the reviewed studies is reported in Table 1]. A better understanding of the combined interactions between the left and right hemisphere motor/speech regions will be helpful to obtain further improvements in speech fluency and brain functioning in DS.
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FIGURE 1. Non-invasive brain stimulation (NIBS) neuromodulation in developmental stuttering (DS) to improve speech fluency. Reconstructions of electric field strengths for every reviewed study: (A) absolute values of the electric fields of transcranial direct current stimulation (tDCS) studies estimated using “SimNIBS” (Thielscher et al., 2015; https://simnibs.github.io/simnibs/build/html/index.html); (B) absolute values of the electric fields of transcranial magnetic stimulation (TMS) studies estimated using “SimNIBS” (Thielscher et al., 2015; https://simnibs.github.io/simnibs/build/html/index.html); and (C) positive (red) and negative (blue) values of the electric fields of tDCS studies estimated using “NIC2” (Neuroelectrics, Barcelona, Spain).



Table 1. Summary of characteristics and findings of the reviewed studies using non-invasive brain stimulation (NIBS) neuromodulation in developmental stuttering (DS) to improve speech fluency.
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NIBS TO IMPROVE SPEECH FLUENCY IN DS: THE STIMULATION OF THE SMA “COMPLEX”

The SMA “complex” is another promising candidate for the efficient neuromodulation of the impaired/abnormal networks in stuttering (see Busan et al., 2019; Busan, 2020). For example, Garnett et al. (2019a) used a single-session tDCS (compared to sham) in the left supplementary motor regions of people who stutter. They recruited 14 adult DS participants (3 women), and a HD-tDCS protocol was administered with an aim to improve stimulation focus. More specifically, anodal HD-tDCS was delivered to stimulate at 1.5 mA for 20 min, placing the anodal electrode on the FCz EEG scalp position, whereas the cathodal electrode was placed on the FC1 EEG scalp position. In sham stimulation, the current was ramped up and down over the first 30 s of the session, repeating this procedure at the end of the stimulation. During the protocol, participants were asked to read aloud while following the rhythm of a metronome. Effects on speech dysfluencies and brain activity were investigated: the indexes of stuttering severity (the main outcome was calculated as the percentage of stuttering-like dysfluencies) and functional MRI (during aloud choral reading and solo reading) were recorded before and after stimulation sessions. Speech fluency improved in both real stimulation and sham sessions, especially in reading samples (qualitatively, higher improvements were noticeable after the real tDCS session). No differences were evident in brain activity, except the presence of an association between the stuttering severity (i.e., SSI-4 scores) and the right thalamo-cortical activity that “disappeared,” after stimulation, in the real tDCS group. Authors suggest that these findings may be related to previous evidence suggesting that stuttering severity is positively correlated with connection strengths in regions such as the right anterior thalamic radiation and the right frontal cortex (by means of the FAT fascicle) (Neef et al., 2018). Compatibly, previous works showed the existence of correlations between the stuttering severity and the activity of deeper structures (e.g., the basal ganglia): interestingly, these correlations were evident before a behavioral therapy intervention (i.e., “fluency-shaping”), but not after it (e.g., Giraud et al., 2008; compare with Neumann et al., 2003).

Based on the previous works (i.e., Neef et al., 2018; Busan et al., 2019), Mejías and Prieto (2019) investigated the feasibility of using rTMS to improve speech fluency in DS. More specifically, evidence indicating the presence of “delayed” neural networks in stuttering related to an inefficient activation of the SMA “complex” (Busan et al., 2019) and evidence indicating the presence of an increase in structural connectivity of the motor response/inhibition networks (including the SMA “complex”) (Neef et al., 2018) in people who stutter were considered to implement a single-case study. An excitatory, high-frequency protocol (10 Hz; stimulation intensity: 120% of the RMT; 3,000 pulses applied per session, delivering 60 trains of 5 s with 25 s of inter-train interval) was delivered to the SMA “complex,” bilaterally, on 15 consecutive working days (i.e., 3 weeks). TMS was applied through a figure-of-eight coil, and the SMA “complex” was identified by means of neuronavigation. In the inter-train intervals, the participant was instructed to read aloud following the pacing of a metronome. The authors evaluated rTMS effects calculating the percentages of the stuttered syllables in tasks such as spontaneous conversation, as well as recording SSI-4 scores. This was done before the treatment and after 5, 10, and 15 sessions. The findings suggest a fast and strong decrease in speech dysfluencies (i.e., after five sessions) that was maintained at the end of the treatment.

These studies suggest that also the SMA “complex” may be an effective neural target to improve speech fluency and brain functioning in DS. Indeed, the evidence is still poor and should need to be expanded. However, the evidence of a neural effect allowing to “dissolve” a life-long relation between the discrete patterns of neural activity and stuttering severity after only one session (Garnett et al., 2019a) as well as the evidence of a “boosted” speech fluency effect after a longer treatment (Mejías and Prieto, 2019) suggests that the therapeutic neuromodulation of the SMA “complex” in DS deserves further investigation and consideration (see Figure 1 and Table 1).



NIBS TO IMPROVE SPEECH FLUENCY IN DS: CURRENT AND “IN-PROGRESS” TRIALS

Based on the reviewed studies, further investigation of the neuromodulatory effects of NIBS in DS should be encouraged. In this context, starting from the evidence that altered neural activity of the auditory cortex is evident in stuttering (e.g., Daliri and Max, 2015), the report registered by Moein et al. (2020) considers the effects of combining tDCS (stimulating primary and secondary auditory brain regions) and delayed auditory feedback (DAF) training. DAF is a well-known approach, allowing to temporarily enhance speech fluency in DS (e.g., Foundas et al., 2004). This is a randomized, double-blind, sham-controlled study involving a total of 50 participants and 6 stimulation sessions: all participants receive DAF (60 ms delay during oral reading, monolog, and conversation); the experimental group also receives anodal tDCS on the left superior temporal gyrus (1 mA for 20 min; anodal electrode placed in correspondence of the T3 EEG position; cathodal electrode placed on the right prefrontal region, on Fp2 EEG position; the surface of electrodes 5 cm × 7 cm; see Figure 1), whereas the control group receives sham stimulation. The primary outcome measurement is the percentage of stuttered syllables, whereas the secondary outcomes are the scores obtained from SSI-4 (Riley, 2009) and OASES (Yaruss and Quesal, 2006) scales. Indexes are obtained from reading, monolog, and conversation tasks, recording before and after treatments as well as in follow-up evaluations that are foreseen 1 and 6 weeks after the end of the interventions. A reduction in the percentage of stuttered syllables is hypothesized in the group who undergoes real tDCS and DAF, as well as improvements in physical concomitants (as individuated by SSI-4) and the quality of life. Compatibly, preliminary results (Moein et al., under review)1 suggest that stuttering is significantly reduced immediately 1 and 6 weeks after the real tDCS and DAF intervention (compared to the control group).

Similarly, other controlled clinical trials evaluating the effect of neuromodulation in DS are currently running as reported on the web (e.g., https://clinicaltrials.gov/ct2/show/NCT03437512; https://clinicaltrials.gov/ct2/show/NCT03335722). In these studies, anodal tDCS (1–2 mA for 20 min; 5 days of stimulations associated with speech training) is applied on brain regions such as the left frontotemporal cortex. In the end of treatments (and in follow-up phases), improvements in the indexes of speech fluency and brain functioning (e.g., the neurophysiological indexes of motor/speech/auditory networks related to DS) will be evaluated.



NEUROMODULATORY NIBS IN DS: INSIGHTS FROM AVAILABLE EVIDENCE AND NEURAL MODELING OF STUTTERING

Available findings suggest that neuromodulatory NIBS may be a promising approach in improving speech fluency and brain functioning in DS. Data are still limited and need to be expanded: in fact, sometimes only “qualitative” evidence has been reported. The weakness of this evidence may depend upon several aspects. The first one may have to do with the heterogeneity of measures used to evaluate speech fluency. In fact, fluency may be measured by using various indexes: some of them may consider the percentage of stuttered syllables only, others (e.g., SSI-4) consider also physical concomitants and the duration of dysfluencies (perhaps resulting in greater levels of variability, especially among different raters) (see Tahmasebi et al., 2018). Finally, other scales mainly rely on a “subjective” evaluation of the participants (e.g., OASES; however, aspects related with the perceived quality of life, as well as affective/social and cognitive/behavioral characteristics of DS, are equally important to define the severity of the disturbance). A second aspect may be related to evidence that also the investigated protocols are heterogeneous in case of considering both brain targets and the characteristics of stimulation. In this context, the recent observations of Neef et al. (2021) suggest that, in stuttering, assisted (behavioral) fluency recovery that mainly supports neural compensation rather than the normalization of speech/motor circuits should be also taken in account to better evaluate the outcomes of neuromodulation effects on brain networks. In fact, neural circuits are continuously influenced by the actual state dependency of the brain (e.g., Silvanto and Pascual-Leone, 2008; Bergmann, 2018) that, as a consequence, may be a further element of variability to be taken into consideration in case of evaluating the neurophysiological effects of treatments.

However, all reviewed works, especially those showing that some positive effects arise also after a single stimulation session (and might endure at follow-up), deserve further consideration, investigation, and replication. As a matter of fact, current insights may be very useful not only to improve speech interventions in DS, but also to obtain a further and better understanding of neural dynamics involved in stuttering. This should be done because the use of neuromodulatory NIBS, in DS, is very recent: protocols need to be optimized to better understand their effects and interactions with brain functioning.

On one hand, findings suggest that increasing the neural activity of the left inferior frontal cortex may help in improving speech fluency (Chesters et al., 2017, 2018; Le Guilloux and Compper, 2018; see Figure 1). This is fully compatible with the previous evidence of wide structural and functional dysfunctions of this particular brain region (and related neural networks) in DS (e.g., Sommer et al., 2002; Watkins et al., 2008; Neef et al., 2016; Desai et al., 2017; Busan et al., 2019; see also Etchell et al., 2018, for a comprehensive review): the left inferior frontal cortex is classically thought to be involved in speech processing, strongly contributing to speech/motor plans that should be used to “feed” sensorimotor cortices (e.g., Neef et al., 2016). For example, as already suggested, this could be possible thanks to the FAT fascicle, connecting this region with the SMA “complex” (e.g., Catani et al., 2012; Dick et al., 2019; La Corte et al., 2021).

On the other hand, the inhibition of the homologous regions of the right hemisphere also resulted in improved levels of speech fluency, especially in case of considering reading tasks (Yada et al., 2019; Tezel-Bayraktaroglu et al., 2020; see also Figure 1). Conversely, the speech during conversational tasks resulted in lower fluency (Tezel-Bayraktaroglu et al., 2020). Evidence about the role of the right hemisphere in stuttering mainly suggests a compensatory role of these structures (e.g., Neumann et al., 2003; Preibisch et al., 2003). However, compensatory processes may result in “adaptive” or “maladaptive” mechanisms: as a consequence, discrete evidence of an abnormal (i.e., increased) structure and function of the right hemisphere, in DS, may also partially contribute to the maintenance of the disturbance and its pathophysiological mechanisms, speculatively due to excessive inhibitory mechanisms likely related to a conscious motor control (e.g., Neef et al., 2016, 2018). This may resemble the similar evidence highlighted in stroke-induced aphasia: the damaged speech/motor regions of the left hemisphere may be compensated by the intervention of the homologous regions of the right one (e.g., Hamilton et al., 2011; Balaev et al., 2016; Skipper-Kallal et al., 2017). Anyway, this hemispheric “disequilibrium” may also result in stronger inhibitory projections that arise from the “healthy” side of the brain toward the regions of the affected one (see Hamilton et al., 2011). For this reason, aphasia may usually benefit from TMS/tES inhibitory interventions on the brain regions of the (healthy) right hemisphere of patients, thus favoring the left hemispheric “re-activation” (e.g., Martin et al., 2004; Naeser et al., 2005a,b; Hamilton et al., 2010, 2011; Kang et al., 2011; Marangolo et al., 2013c). Nevertheless, the findings of Yada et al. (2019) and Tezel-Bayraktaroglu et al. (2020) suggest that the speech fluency of the reading and conversation tasks may be differently treated in DS, speculatively relying on different neural networks, especially in the right hemisphere: while the frontal right regions may be more related to compensation (and control) of the conversational and spontaneous speech, reading may also depend on “automatical” (or “rhythmic”) speech processing, in which “external” (i.e., sensorial) cues may involve additional neural circuits. Accordingly, Busan et al. (2020) showed that the signal-to-noise ratios of muscular activation and the intracortical inhibition of the right primary motor cortex are “improved” (especially) when people who stutter are facing the motor tasks “cued” by an external sensorial stimulation (i.e., an acoustic signal), thus suggesting a possible mechanism of efficacy for a series of fluency-inducing techniques, such as the “choral-speech” effect or the use of a metronome. However, more generally, this vision is also compatible with the evidence suggesting that the neural mechanisms that are useful for reading may be broader and widespread in various complex systems, which bilaterally involve fronto-temporoparietal networks, as well as precentral and postcentral areas (e.g., Roux et al., 2004; Morshed et al., 2020). In accordance with the finding, neuromodulation may differentially affect reading and conversation tasks: Crinion (2018) (referring to the evidence of stronger tDCS positive effects on reading-related dysfluencies, with respect to conversation, reported in Chesters et al., 2018) suggested the possibility that differences in task-related modulatory effects may exist, favoring “well-learned” and “well-practiced” mechanisms, such as those associated with reading, with respect to “less stable” activity that may be present in conversation tasks.

Another cortical region that seems to be strongly correlated to the positive effects of neuromodulation in DS is the SMA “complex” (Garnett et al., 2019a; Mejías and Prieto, 2019): the SMA is an associative motor region involved in the management of complex (internally driven) motor sequences, such as speech (e.g., Picard and Strick, 1996; Alario et al., 2006; Seitz et al., 2006). As already highlighted, the SMA is able to exchange information with different cortical structures, not only with the inferior frontal regions (by means of the FAT fascicle) (e.g., Dick et al., 2019) but also with subcortical structures such as the basal ganglia. In the latter case, it is part of an “internal timing (motor) network” that has been shown to be defective in DS, thus resulting in difficult preparation, initiation, and control of voluntary, “precise in time,” and “complex” motor sequences (see Alm, 2004; Etchell et al., 2014; compare with Chang et al., 2016; Busan, 2020). In contraposition, an “external timing (motor) network” also exists (mainly composed of structures such as the lateral premotor regions, the cerebellum, and the right inferior frontal regions) (see Alm, 2004; Etchell et al., 2014), which may be suggested to sustain the effectiveness of “fluency-inducing” conditions (especially in case of their characterization by the presence of a paced external rhythm) (compare with Alm, 2004; Etchell et al., 2014), also restoring a more “near-to-normal” and left-lateralized neural activity in people who stutter (e.g., Neumann et al., 2003; Giraud et al., 2008; Toyomura et al., 2011, 2015). As a consequence, the SMA may represent a critical neural “hub” in DS (see Busan, 2020), in which neuromodulation may allow to “restore” also associated cortical/subcortical networks that may similarly interfere with (motor) speech planning, initiation, and execution, in people who stutter.

Preliminary evidence suggests that the stimulation of the left temporal cortex (in case of its association with DAF) may also help in improving speech fluency, in DS (Moein et al., 2020)1, thus resulting in augmented task-related fluency effects (and, likely, in corresponding neural plasticity). Temporal cortex may also have a role in stuttering in a compatible manner: audio–motor interactions have been reported to be impaired in people who stutter (e.g., Beal et al., 2010, 2011; Cai et al., 2012, 2014a; Daliri and Max, 2015), whereas (especially) the right temporal cortex may be involved in ‘‘adaptive''/‘‘maladaptive” compensatory processes related to dysfluencies (e.g., Foundas et al., 2004; Jäncke et al., 2004; Beal et al., 2013; Busan et al., 2019). As a matter of fact, this region has been often reported as characterized by structural or functional abnormalities, in DS (see Etchell et al., 2018, for a general review). For example, stuttering may be characterized by locally increased (or lowered) gray matter volumes of the bilateral temporal cortices (e.g., Beal et al., 2007; Song et al., 2007; Chang et al., 2008). In this context, lower hemispheric asymmetries may be also evident (e.g., Foundas et al., 2001, 2004; Jäncke et al., 2004), and task-dependent functional abnormalities (i.e., lower or higher activity) are often reported (e.g., De Nil et al., 2008; Chang et al., 2009; Ingham et al., 2012; Lu et al., 2017). Moreover, this region is part of the speech motor network thanks to discrete connection fibers, such as the left arcuate fasciculus, that may result in lower white matter integrity in people who stutter (see Garnett et al., 2019b, for a recent review; see also Cai et al., 2014b; Cieslak et al., 2015; reports of an increase in white matter under the left temporal regions are also available, see Beal et al., 2007; Cai et al., 2014b). These defective patterns may easily result in altered or abnormal connectivity, for example, with the basal ganglia or SMA (e.g., Lu et al., 2010; Cieslak et al., 2015; Yang et al., 2016; see also Chang and Zhu, 2013), as well as with the inferior frontal regions (Chang et al., 2011), and sometimes also resulting in correlations with stuttering severity (e.g., Cai et al., 2014b). A neural model suggests that DS may appear from an excessive “overreliance” of the neural system on auditory feedbacks, with consequent delays in speech/motor activations: the lack of correct auditory feedbacks may lead to a restarting of the intended motor programs, thus resulting in dysfluencies (Civier et al., 2010).

However, current evidence more properly suggests that DS should be considered as a “dynamic” timing and motor control disorder, affecting broader neural networks in the brain and their communications (e.g., Ludlow and Loucks, 2003; Alm, 2004; Etchell et al., 2014). Dysfluencies may be the result of “poor” neural synchronization (or “delayed” neural activation) among different brain regions (see Salmelin et al., 2000; Etchell et al., 2014; Busan et al., 2019), altering the balance among excitatory and inhibitory (motor) signals (e.g., Busan et al., 2016, 2017, 2020).

In this context, the neural modeling of DS suggests that stuttering may be the result of impaired feedforward processing of speech/motor programs (e.g., Postma and Kolk, 1993; Howell, 2004; Max et al., 2004; Giraud et al., 2008; Civier et al., 2010, 2013; Packman, 2012; Chang and Guenther, 2020). For example, Giraud et al. (2008) propose the existence of a defective exchange of the information between the cortico-basal-thalamo-cortical circuits and the motor/speech regions of the left hemisphere: the homolog cortices of the right hemisphere may compensate for these defects, but likely resulting in a “delayed” neural activity, and thus in stuttering (see also Busan et al., 2019). Wu et al. (1995) proposed a comparable model also considering the cerebellum as a useful structure to correct motor timing deficits in DS and adding the limbic system as a possible emotional “modulator” (i.e., higher anxiety resulting in a worsened stuttering). Compatibly, it has been suggested that the anticipation of upcoming difficulties may lead to the setting of further higher neural thresholds for the subsequent release of the intended motor/speech plans (Brocklehurst et al., 2013; see also Smith and Weber, 2017) (for a model considering the effects of psychosocial and emotional factors, for example, the presence of a heightened “arousal,” in contributing to the appearance–and maintenance–of dysfluencies).

Successively, after the already cited model about “overreliance” on auditory feedbacks (Civier et al., 2010), Civier et al. (2013) considered the combined role of white matter impairments, premotor cortices, basal ganglia, and altered dopamine neurotransmission, in DS. Again, the authors concluded that the activity of the impaired neural networks may be “delayed” in stuttering, thus resulting in the abnormal timing and the exchange of neural information to facilitate dysfluencies. In this context, Chang and Guenther (2020) individuated three different “causal” alterations leading to compromised implementation of speech motor programs in people who stutter: impairments within the basal ganglia system, in the neural projections of the cortico-basal-thalamo-cortical networks, and in cortical processing.

Interestingly, a larger part of all these models may be compatible with the very recent suggestions of Alm (2021) and Turk et al. (2021). More specifically, they discuss evidence that DS may be the result of a metabolic disturbance (with a probable genetic basis—and in a mutual interaction with the dopaminergic brain systems, also useful for movement learning/automation), thus resulting in a deficit of energy supply to neurons, such as those that are part of the speech/motor networks (Alm, 2021). In this context, the importance of the role of astrocytes in modulating the dopaminergic networks involved in the implementation of normal/abnormal speech is also considered (Turk et al., 2021).

In summary, in all these models, the role of neural “hubs,” related to wider interconnected neural networks, such as the (left) inferior frontal cortex, the cortico-basal-thalamo-cortical system (including the SMA “complex”), or the temporal cortex (i.e., the regions that are fundamental for the correct motor/speech programming and execution), is evident. An effective communication among them is constantly needed through the discrete patterns of connections such as the FAT, the fascicles connecting anterior and posterior parts of the brain, and corpus callosum. In the end, bilateral inferior frontal cortices may be promising targets for a non-invasive neuromodulation in stuttering, with reversed effects in the two hemispheres. Attempts also suggest that acting on the temporal cortex or, especially, on the cortico-basal-thalamo-cortical networks of people who stutter, may be a promising approach to reduce speech dysfluencies. In the latter case, the SMA “complex” may be a more achievable cortical target for acting on “defective” brain dynamics, and likely for improving the functioning of these wider and complex neural networks.



NEUROMODULATORY NIBS IN DS: FUTURE PERSPECTIVES

The evidence also suggests future perspectives of neuromodulatory NIBS in stuttering: attention should be paid to the implementation and the investigation of new and more focused protocols of interventions. In this context, it could be useful to increase an understanding of the neural effects of “pure” neuromodulatory NIBS trials (i.e., not in combination with “fluency-shaping” interventions) on the neural networks of the people who stutter (taking always into account the state dependency of the stimulated neural circuits) (e.g., Silvanto and Pascual-Leone, 2008; Bergmann, 2018).

Described interventions have been mainly proposed to adult male persons who stutter. However, there could be some differences in neurophysiologic profiles in case of considering women who stutter (e.g., Ingham et al., 2004; Busan et al., 2013; Chang and Zhu, 2013; Choo et al., 2016), or, perhaps, adolescents/children who stutter (see Etchell et al., 2018). In this very last case, unassisted (i.e., spontaneous) recovery may be a further confounding factor. For this reason, trials should be conducted in a part of the population unequivocally identified as future, persistent, adults who stutter (e.g., Walsh et al., 2018). Actually, the recovery from stuttering (in adults and children) may be associated with a further reorganization of brain circuits (e.g., Neef et al., 2021). For example, a reduced speaking-related functional connectivity between the speech/motor regions, such as the inferior frontal cortex and the SMA, may be evident in adults who recovered fluency (Kell et al., 2018), possibly resulting in a better functionality of the left inferior frontal region (see also Kell et al., 2009). In this context, a low involvement of circuits related to the SMA “complex” has been also demonstrated in the recovered children (e.g., Garnett et al., 2018). As a consequence, speculatively, also the possible presence of some differences in genetic and metabolic profiles among people who stutter -perhaps resulting in differences in neuroplasticity/neuromodulatory outcomes- should be further considered and investigated -compare with Paulus (2011b), Benito-Aragon et al. (2020), Chow et al. (2020), Alm (2021).

Thus, the most recent models of neural functioning in DS, as well as a better understanding of the altered brain functioning related to stuttering (e.g., involved brain rhythms and/or functional connectivity) (see Etchell et al., 2015; Jenson et al., 2020), should be used to implement more advanced and effective neuromodulation interventions in terms of both targeted brain regions and stimulation protocols (e.g., HD-tES for a higher focus of stimulation, tACS for exploiting discrete stimulation frequencies, or TMS H-coils to better stimulate deeper neural structures such as basal ganglia) (e.g., Popa et al., 2019). Finally, advancements in this field should be also useful to improve in an evidence-based manner, interventions currently available for DS (e.g., behavioral therapy, as well as the outcomes of other usable interventions, such as psychotherapy or pharmacotherapy), also considering their effects on involved neural circuits (e.g., the better comprehension of the mechanisms resulting in fluency facilitation—for instance, those related to “choral speech,” see Kalinowski and Saltuklaroglu, 2003—or, on the other hand, in the worsening of speech dysfluencies—such as those related to anxiety or emotional “arousal”; compare with Craig-McQuaide et al., 2014; Yang et al., 2017; Toyomura et al., 2018).



CONCLUSIONS

In conclusion, neuromodulatory NIBS may be a promising and useful approach to “boost” more conventional interventions in stuttering, thus resulting in an improvement of speech fluency in a better way. At present, the stimulation of neural circuits comprising the inferior frontal cortex and the SMA “complex” may be the more effective approach. Secondarily, temporal cortex may be also considered for additional investigation regarding its potential to serve as a further neural target that is useful to improve DS (compare with Moein et al., 2020)1. However, considering that stuttering is a wider and dynamic motor disorder (Ludlow and Loucks, 2003), involving sensorimotor regions and neural networks useful to motor programming and control, research should focus on improving neuromodulatory interventions in terms of both protocols and the definition of neural targets. This should be done to assure new, tailored, and more successful interventions (in the shortest possible time, and in addition to the already available interventions), thus resulting in a higher improvement in the quality of life of people who stutter.
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FOOTNOTE

1Moein, N., Mohamadi, R., Rostami, R., Nitsche, M., Zomorrodi, R., Ostadi, A., et al. (under review). Investigation of the effect of Delayed Auditory Feedback and transcranial Direct Current Stimulation (DAF-tDCS) treatment for the enhancement of speech fluency in adults who stutter: a randomized controlled trial. Res. Square. doi: 10.21203/rs.3.rs-29391/v1
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Stuttering is a disorder characterized by intermittent loss of volitional control of speech movements. This hypothesis and theory article focuses on the proposal that stuttering may be related to an impairment of the energy supply to neurons. Findings from electroencephalography (EEG), brain imaging, genetics, and biochemistry are reviewed: (1) Analyses of the EEG spectra at rest have repeatedly reported reduced power in the beta band, which is compatible with indications of reduced metabolism. (2) Studies of the absolute level of regional cerebral blood flow (rCBF) show conflicting findings, with two studies reporting reduced rCBF in the frontal lobe, and two studies, based on a different method, reporting no group differences. This contradiction has not yet been resolved. (3) The pattern of reduction in the studies reporting reduced rCBF corresponds to the regional pattern of the glycolytic index (GI; Vaishnavi et al., 2010). High regional GI indicates high reliance on non-oxidative metabolism, i.e., glycolysis. (4) Variants of the gene ARNT2 have been associated with stuttering. This gene is primarily expressed in the brain, with a pattern roughly corresponding to the pattern of regional GI. A central function of the ARNT2 protein is to act as one part of a sensor system indicating low levels of oxygen in brain tissue and to activate appropriate responses, including activation of glycolysis. (5) It has been established that genes related to the functions of the lysosomes are implicated in some cases of stuttering. It is possible that these gene variants result in a reduced peak rate of energy supply to neurons. (6) Lastly, there are indications of interactions between the metabolic system and the dopamine system: for example, it is known that acute hypoxia results in an elevated tonic level of dopamine in the synapses. Will mild chronic limitations of energy supply also result in elevated levels of dopamine? The indications of such interaction effects suggest that the metabolic theory of stuttering should be explored in parallel with the exploration of the dopaminergic theory.
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INTRODUCTION

Stuttering is a disorder of speech. The core symptoms manifest as an intermittent loss of volitional control of speech movements, resulting in various forms of speech disruptions, commonly described as repetitions, prolongations, or blocks (Perkins, 1990; Bloodstein and Bernstein-Ratner, 2008). Research on the neurological underpinnings of stuttering has made remarkable progress over the last two decades; yet, our understanding of the nature and mechanisms of the disorder can still be described as fragmentary, with a range of proposed theories.

The present hypotheses and theory article was written as part of a series of articles aiming to analyze and integrate research findings on stuttering to date. The first article in the series focused on the role of streptococcal infections as a cause of stuttering (Alm, 2020). The second article was a more general review of the anatomy and functions of the dopamine system, and the mechanisms for the automatization of movement sequences, in particular in relation to speech and stuttering (Alm, unpublished manuscript). The aim of the present article is to review and discuss indications that stuttering is related to the supply of energy to neurons. The article begins with a brief review of the energy metabolism in the brain, followed by a discussion of the findings and observations related to stuttering and cerebral metabolism, primarily considering the electroencephalography (EEG) power spectrum at rest, brain imaging of the cerebral blood flow at rest, genetics, and biochemical measures.


Energy Metabolism in the Brain


A Debated Topic

The brain does not move and it represents only about 2% of the human body mass, but it still consumes about 20% of the total body energy budget (Herculano-Houzel, 2012). The major energetic burden in the brain comes from the firing of synapses (Magistretti and Allaman, 2015). The last decades have seen a changing and more complex picture emerge of the energy metabolism of the brain (e.g., Vaishnavi et al., 2010; Rogatzki et al., 2015; Schurr, 2018; Yellen, 2018; Calì et al., 2019; Barros et al., 2021). This has opened new perspectives regarding the possible causal mechanisms of various neurological and psychiatric disorders. Though it is outside the scope of the present article to discuss these mechanisms in-depth, a brief overview will be attempted here1.



Glycolysis

In the “classical model,” there are two main pathways for glucose metabolism: an aerobic pathway, involving the mitochondria, and an anaerobic pathway, resulting in lactate as a (supposedly) harmful waste product. Both pathways produce adenosine triphosphate molecules (ATP) as fuel for the cells, though the aerobic process is 19 times more effective for ATP production than the anaerobic process. Therefore, the anaerobic pathway has been considered to only have the function of providing emergency support when the supply of oxygen is insufficient. The first step in both pathways is the splitting of the glucose molecule, i.e., glycolysis. The term glycolysis has often been associated with anaerobic glycolysis, resulting in lactate, but glycolysis is the first step also in the aerobic metabolism of glucose. More recently it has been claimed that lactate is always the result of glycolysis, and that lactate is the mitochondrial oxidative substrate (Rogatzki et al., 2015; Schurr, 2018).



Non-oxidative Glycolysis With Oxygen Available: “Aerobic Glycolysis”

In a seminal study, Fox et al. (1988) reported that activation of the primary visual cortex resulted in about a 50% increase in regional cerebral blood flow (rCBF) and glucose uptake, but only a 5% increase in oxygen uptake. Similarly, Madsen et al. (1995) found that a cognitive task resulted in a global increase in glucose uptake of 12% without a change in the oxygen uptake. These data suggested that during a momentary need for energy the brain uses non-oxidative metabolism of glucose. Non-oxidative glycolysis is much faster than the oxidative production of ATP, making it a good “first-responder” to acute energy needs of the neurons even when oxygen is available (Díaz-García and Yellen, 2019). The term “aerobic glycolysis” has become established for this phenomenon, i.e., utilization of non-oxidative glycolysis in the presence of oxygen (Pellerin and Magistretti, 1994; Vaishnavi et al., 2010; Yellen, 2018). The term was adopted from research on the metabolism of cancer cells, which tend to show this characteristic (Lunt and Vander Heiden, 2011).



Lactate as a Fuel for Neurons

Another seminal paper in this context was published by Schurr et al. (1988), who found that synaptic firing in hippocampal slice preparation was supported by lactate, without glucose. An influential theory in line with this result is the astrocyte-neuron lactate shuttle (ANLS) model, see Calì et al. (2019) and Barros et al. (2021) for recent updates. In brief, based on Calì et al. (2019), it is proposed that neurons consume glucose (diffusing from the capillaries) and lactate (produced by the astrocytes and released in proximity to the synapses). The astrocytes are assumed to use both glucose and stored glycogen for the production of lactate. According to this model, lactate is the preferred substrate for neuronal energy during periods of intense neuronal firing. In addition, it has been proposed that the release of lactate from the astrocytes signals long-term potentiation (LTP), implicating lactate in learning (Calì et al., 2019; Descalzi et al., 2019). The only storage of glucose in the brain is in the form of glycogen, primarily in the astrocytes (Bak et al., 2018; DiNuzzo, 2019). Recent research has come to emphasize the importance of glycogen in the brain, e.g., that “any interference with normal glycogen metabolism in the brain severely affects neuronal excitability and disrupts memory formation” (DiNuzzo, 2019, p. 1455).


Variations of “Aerobic Glycolysis” by Brain Regions and Age

Interestingly, it has been claimed that the metabolic properties of neuronal tissue differ substantially between different regions of the brain, and by age. By means of positron emission tomography (PET), regional and age-related differences in “aerobic glycolysis” were quantified by Raichle’s group, using a combination of tracers (Vaishnavi et al., 2010). With this method, they calculated a glycolytic index (GI), representing regional variations in metabolism. Basically, regions with a high GI normally show a high consumption of glucose in relation to the consumption of oxygen, interpreted as a high level of glycolysis and production of lactate. The resulting map is shown in Figure 1. The map shows that, in particular, regions within the frontal lobe show high levels of glycolysis, with lower levels in the posterior half of the brain, especially in the cerebellum and the medial temporal lobe. The regions with the highest GI are assumed to use glycolysis for about 25% of their energy consumption at rest, while the cerebellum only uses about 2%. The highest GI is in the inferior frontal gyrus, with a GI from 116 to 142, and the dorsolateral prefrontal cortex, with a GI of 120. This can be compared with a GI of approximately −80 in the hippocampal formation. The striatum shows a relatively high GI, approximately 70 (Vaishnavi et al., 2010).


[image: image]

FIGURE 1. Variations in the utilization of aerobic glycolysis in the human brain of healthy adults expressed as a “glycolytic index (GI)”. Reprinted from Goyal et al. (2014), with permission.



The cerebral glycolysis varies strongly with age. In newborns, more than 30% of the brain glucose is metabolized by glycolysis (Vaishnavi et al., 2010). Figure 2 shows the changes in adults for the cerebral metabolism at rest (Goyal et al., 2017). At 20 years of age, about 20% of the glucose metabolism at rest is by glycolysis, which is reduced to zero at about 60 years of age, in cognitively normal persons. This age dependence has been discussed in terms of the specific role of cerebral lactate in neuronal plasticity and learning (Goyal et al., 2017; Descalzi et al., 2019). A temporary increase in glycolysis has been observed in cortical regions involved in motor learning, for hours after the training of a motor task (Shannon et al., 2016). This observation suggests that GI is not static, but at least partly a dynamic measure, reflecting the momentary level of plastic changes to the synaptic network. With increasing age, the number of new experiences and behaviors tends to go down. It would be of interest to compare the effect of novel motor training on glycolysis at different ages—would increased glycolysis be shown also at old age after novel motor training?
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FIGURE 2. Results of a meta-analysis of whole-brain metabolism in relation to age, in cognitively normal adults. The blue line shows the total use of glucose, while the brown line shows the use of glucose with oxidative metabolism. The light-yellow area shows the amount of glucose that was metabolized by glycolysis, despite oxygen being available, i.e., “aerobic glycolysis”. Reprinted from Goyal et al. (2017), with permission. The blue line being lower than the brown line after the age of 60 is likely an artifact from fitting the trend lines.








REDUCTION OF BETA EEG POWER AT REST RELATED TO STUTTERING


Effects of Hypoxia and Hyperventilation on the EEG Power Spectrum

One method to get information about the metabolic state of the brain is to analyze the power spectra obtained from electroencephalogram (EEG), as hypoxia and other disturbances affect the pattern of frequencies in the EEG power spectrum. Experimentally, there have been several attempts to model low-degree hypoxia in healthy humans, such as using a low-pressure chamber (Kraaier et al., 1988), reduced oxygen content of the air (Van der Worp et al., 1991), and pharmacologically induced cerebral vasoconstriction (Kraaier et al., 1992). For example, the study by Kraaier et al. (1992) reported that the pharmacologically induced vasoconstriction resulted in an about 40% reduction of the CBF accompanied by reduction of the EEG power from 9 Hz and higher, but without the formation of abnormal levels of lactate. Overall, hypoxia tends to result in a relative slowing of the EEG frequencies, though with different effects on specific frequency bands.

Hyperventilation is an established method to provoke abnormalities of the EEG for diagnostic purposes. Hyperventilation has complex effects, resulting in a reduced level of carbon dioxide, i.e., hypocapnia, and an increased level of oxygen in the blood. Hypocapnia has a strong vasoconstrictive effect in the brain, such that hyperventilation can reduce the CBF by up to 60% (Kraaier et al., 1992). Hyperventilation also affects the EEG power spectrum. Similarly to experimental hypoxia, the general tendency is a slowing of the oscillations, with an increase in the power of slow waves, in particular those from 2 Hz and lower, and a relative decrease in the alpha and beta waves (Kraaier et al., 1992; Achenbach-Ng et al., 1994; Zwiener et al., 1998). An interesting observation from studies with various methods is that large reductions in CBF may occur with relatively limited acute mental effects.



The EEG Power Spectrum at Rest in Persons Who Stutter

In the literature, the present author found three reports of EEG power spectra obtained at rest in adults who stutter (Finitzo et al., 1991; Joos et al., 2014; Saltuklaroglu et al., 2017)2, and one in children, including hyperventilation (Ozge et al., 2004). The main common finding was that there was a decrease in the beta band power (about 13–20 Hz) in the stuttering groups relative to controls. The reports also show a tendency towards a decrease in alpha band power and an increase in the slow delta band. Thus, the EEG power spectra at rest for people who stutter resemble the spectra observed during mild hypoxia or hyperventilation. The studies will be reviewed in more detail below.


Study of Children Who Stutter, EEG With Hyperventilation

Ozge et al. (2004) studied 26 children who stuttered, aged 3–12 years old, and a group of matched controls. The average EEG power spectrum of the stuttering children at rest can be described as a shift from faster to slower activity compared with control, with a 30% increase in delta (0.5–3 Hz), 23% reduction in alpha (8.5–12 Hz), and 15% reduction in beta (12.5–30 Hz) power. Interestingly, with hyperventilation, the EEG spectrum of the control group approached the average spectrum of the stuttering group at rest. For the stuttering children, hyperventilation primarily resulted in further reduction of the beta power. Interestingly, the within-group variation in beta power in the stuttering group was strikingly smaller compared with the variation within the control group. For the measurement at rest, the beta power standard deviation (SD) of the stuttering group was only 50% of the SD of the control group, and with hyperventilation, it was only 40% of the SD for the controls. This implies that the stuttering group was much more homogenous than the control group with regard to the beta power. This high homogeneity, in turn, may suggest that this group difference reflects a core aspect of stuttering, shared by most persons who stutter.



Studies of the EEG Power Spectrum in Adults Who Stutter

Regarding studies of adults who stutter, Figure 3 shows the spectra obtained from one example of such a study, by Joos et al. (2014). The EEG was sampled by 19 channels with closed eyes for 5 min, with 11 participants in each group. After artifact rejection, the power EEG spectrum was calculated for all channels and averaged over all the electrodes and all the participants. There was significantly lower power in the theta (4–7.5 Hz) and beta 1 (12.5–18.5 Hz) bands for the stuttering group. The effect size of the group differences, as Cohen’s d, was 0.95 standard deviations for both bands. Inspection of the graph indicates that the peak alpha power was also lower in the stuttering group. Curiously, as in the study of children by Ozge et al. (2004), the stuttering group showed only about half the within-group variation as the control group for these frequency bands. The within-group variations in theta and beta power in the stuttering group were only 59% and 52% of the variations in the control group (variation measured as standard deviation).
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FIGURE 3. Mean whole-head electroencephalography (EEG) power spectra from adults who stutter and matched controls. Reprinted from Joos et al. (2014) according to Creative Commons license CC-BY 4.0.



The data from Saltuklaroglu et al. (2017) supports the finding of low beta power in adults who stutter, based on groups of 27 persons who stuttered and 27 controls, with a mean age of 27 years old. In addition, the graphs from Saltuklaroglu et al. (2017) showed a similar reduction in power of up to 30 Hz (no information available for frequencies above 30 Hz).

Last, also the study by Finitzo et al. (1991) supports the findings reported above, with the study finding significantly lower EEG power in the beta band, from 12.2 to 19.5 Hz. In fact, Finitzo et al. (1991) concluded:


EEG spectral analysis shows a reduction in beta amplitude that is consistent with a mild reduction in absolute blood flow in these subjects (p. 251). A relationship between decreased Beta amplitude and reduced rCBF has long been recognized in ischemia ⃛ Beta activity is the first EEG frequency band to be affected in mild ischemia. Thus, quantitative Beta reduction in stutterers may have a correlate in rCBF hypoperfusion … Hypoperfusion can be due to autoregulatory phenomena at the neuronal level since blood flow is related to the activity and metabolic demands of the neurons involved (p. 257–258).



Their study is of special interest, as they also measured absolute rCBF in the same participants. These results are discussed in the next section.



Additional Comments


Beta Power and Cerebral Metabolism in ADHD

There are reports that reduced beta power at rest is a trait of attention deficit hyperactivity disorder (ADHD, e.g., the summary in Clarke et al., 2002), especially in the inattentive subtype (Buyck and Wiersema, 2014). However, this could not be confirmed by Arns et al. (2018). Medication with methylphenidate in ADHD tends to increase the beta power (Loo et al., 2016), showing a relation between the EEG power spectrum and the dopamine tone. In this context, it is of interest that ADHD has been proposed to be an “energy deficiency syndrome,” by Todd and Botteron (2001). Their proposal is in line with the present proposal on stuttering, though it has received little attention, with only 23 citations in PubMed. These authors hypothesized that dopamine affects the glycogen metabolism of the astrocytes, which, in turn, was assumed to affect the symptoms of ADHD. It is clear that a substantial subgroup of persons who stutter show traits of ADHD, in particular symptoms related to inattention (Alm, 2014; Druker et al., 2019; Tichenor et al., 2021).



Effect of Hyperventilation on Stuttering?

With regard to hyperventilation and stuttering, Johnson et al. (1959) investigated this topic, based on the reasoning that hyperventilation results in tetany, i.e., involuntary contractions of muscles. The participants hyperventilated until signs of tetany appeared, and performed readings of text with and without hyperventilation. However, no difference in the frequency of stuttering could be observed in relation to hyperventilation. The effects of hyperventilation are complex, making it difficult to interpret this report.






ABSOLUTE LEVEL OF CEREBRAL BLOOD FLOW IN STUTTERING


Conflicting Data on CBF


Pool et al. (1991) vs. Ingham et al. (1996) and Braun et al. (1997)

The data in the literature on the absolute level of rCBF in stuttering are conflicting. Most brain imaging studies can not report the absolute level of rCBF, only relative changes, for methodological reasons. In parallel to the study of the EEG power spectra by Finitzo et al. (1991), reviewed above, Pool et al. (1991) studied the rCBF of the same participants. The method they used was [133Xe] SPECT during rest with open eyes. The results were presented for 22 regions of interest in one horizontal cross-section of the brain, from 20 adults who stuttered and 43 control persons. The authors claimed that the results showed there was a global reduction in the absolute CBF, on average approximately 20%. The combined finding of reduced CBF and reduction of EEG beta power in the same participants provided support for reduced metabolism.

The CBF study was questioned on several grounds, by Viswanath et al. (1992) and Fox et al. (1993), but was defended by the authors. A central argument in the critique was that a 20% global reduction of CBF would be expected to lead to more widespread effects, while the authors maintained that large variations in CBF may occur without obvious deficits. Another criticism was that at least a part of the control group was not acquired concurrently with the experimental group, which could make the results vulnerable to technical problems. The authors replied that they did run concurrent control persons, and when comparing these to the earlier sample, no significant differences were found (Fox et al., 1993). Yet another criticism concerned the specificity of the regions of interest (Fox et al., 1993), which, however, may not be of relevance when considering global differences in CBF.

Later, Ingham et al. (1996) and Braun et al. (1997) reported on the absolute CBF at rest of persons who stutter, based on [15O]-labeled water PET. They did not find support for any widespread group differences in absolute blood flow. The study by Ingham et al. (1996) included 10 persons who stuttered and 19 controls, with a mean age of 32 years old, whereas the study by Braun et al. (1997) included 18 persons who stutter and 20 controls, and the mean age was approximately 35 years old. PET with [15O]-labeled water is considered a reliable method for quantification of the absolute CBF (Carroll et al., 2002). Overall, the null results from the two later studies generally have been considered to settle the debate, that stuttering persons show no gross differences in absolute CBF.

However, a more recent study of rCBF in stuttering did actually report group differences in rCBF, at least partly in line with Pool et al. (1991). This was the study by Desai et al. (2017), who used arterial spin labeling magnetic resonance imaging (ASL MRI). This is a method with the capability to quantify absolute levels of rCBF; however, in this publication, only normalized results were reported: The rCBF data for each individual were normalized to a Z-score map, so that all individuals had the same mean and standard deviation, with the aim to highlight regional differences. The study involved 26 participants who stuttered, aged 5–51 years old, and 36 typically fluent controls. See group difference map in Figure 4.
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FIGURE 4. Group difference in rCBF from Desai et al. (2017). The rCBF was measured at rest using arterial spin labeling magnetic resonance imaging. The participants were 26 persons who stuttered and 36 typically fluent controls. Please note that the individual rCBF maps were normalized to Z-scores so that all participants showed the same mean and standard deviation. Blue and red voxels indicate regions with lower vs. higher relative rCBF in the stuttering group, with a threshold of p < 0.05, corrected for multiple comparisons. The normalization masks any global differences in rCBF. It is, therefore, possible that no regions showed higher absolute level of rCBF in the stuttering group, but instead a global reduction of absolute rCBF. The red regions are strongest in the cerebellum; overall, the pattern corresponds well with the map of regional differences in the glycolytic index shown in Figure 1. Abbreviations: PC, parietal cortex; SFG, superior frontal gyrus; MTG, middle temporal gyrus; MOG, middle occipital gyrus; CN, cerebellar nuclei. Reprinted from Desai et al. (2017) with permission.



Similar to Pool et al. (1991), reductions in rCBF were reported in the anterior half of the brain: in particular in the bilateral BA44 (= posterior Broca’s area) and the superior frontal gyrus (significance p < 0.05 after correction for multiple corrections, uncorrected p < 0.005). The severity of stuttering was correlated with the reduction in the left BA44, the Wernicke’s area and the left auditory cortex at rest. In the posterior half of the brain, on the contrary, relative increases were reported: in the left angular gyrus, middle occipital gyrus, and in the cerebellum. The normalization of the data masked any differences in the absolute rCBF. Normalized results will per definition show a balance between increases and decreases, as both groups will have the same mean. No other study suggests an elevated level of absolute rCBF in the posterior half of the brain in persons who stutter, suggesting that widespread increases are an unlikely result. Alternatively, if there are no regions with absolute increases in the stuttering group, it would imply that the global CBF is reduced in the stuttering group in Desai et al. (2017), similar to the result reported by Pool et al. (1991). To conclude, in case there are no regions with an absolute increase of rCBF in the stuttering group in Desai et al. (2017), the result appears to be very similar to the result in Pool et al. (1991) both in terms of reduced global CBF and the anterior-posterior gradient.

In summary, these four studies of rCBF at rest can be divided into two studies reporting no differences in absolute rCBF, based on [15O]-labeled water PET, and two studies reporting frontal reduction of rCBF. Can these contradictory results be reconciled? It seems clear that more information and data are needed to elucidate this issue.


Correlation Between rCBF and the Regional Glycolytic Index

When the present author encountered the map of GI shown in Figure 1, the results from Pool et al. (1991) were recalled in memory, of reduced rCBF primarily in the frontal cortex regions. As the GI is based on measures of CBF, there might be a close physiological link. Naturally, the question arose: Is there a correlation? In order to estimate the correlation, the corresponding regions of GI from Vaishnavi et al. (2010) were approximated in relation to the region of interests (ROI) outlined in Pool et al. (1991). Thereafter, the effect sizes for the regional differences of rCBF in Pool et al. (1991) were calculated, as Cohen’s d values. Finally, the effect sizes of the rCBF differences were correlated with the regional GI values from Vaishnavi et al. (2010). The figures are available in the Supplementary Material. The Pearson correlation is r = 0.72, with r2 = 0.51, p = 0.0004, see the plot in Figure 5. It is striking from the plot that the group differences reported by Pool et al. (1991) are not random: There is an anterior–posterior gradient, and the left/right homolog regions tend to appear together, in pairs. The eight regions with the largest reported reduction in rCBF are located from the central sulcus and into the frontal lobe.
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FIGURE 5. Plot of group differences in absolute regional cerebral blood flow (rCBF) as reported by Pool et al. (1991), vs. regional glycolytic index (GI) in healthy subjects, as reported by Vaishnavi et al. (2010). The group differences in rCBF are plotted as the effect size for each region, calculated as Cohen’s d [standard deviation (SDs)]. Positive GI values mean that the area has a high level of glycolysis, whereas negative GI values imply low levels of glycolysis. The approximate locations of the regions of interests (ROI) in Pool et al. (1991) were estimated by the present author. Data are available in the Supplementary Information. ACC: anterior cingulate cortex; Occ: Occipital cortex, approximately BA 17, 18, 19. M1/S1: precentral and postcentral gyri.



A correlation between regional GI and reduction of rCBF in adults who stutter is further supported by results of Desai et al. (2017), as shown in Figure 4 (based on normalized data, giving both groups the same mean global CBF). The blue areas in Figure 4 indicates significantly lower relative rCBF in the stuttering group compared with controls (p < 0.05, corrected for multiple comparisons). All of these areas are located in regions with high regional GI, according to Figure 1. In contrast, the red areas in Figure 4 indicates regions with significantly higher relative rCBF in the stuttering group. All of these areas are located in regions with low regional GI, according to Figure 1.

In summary, the correlations between the reports of reduced rCBF in adults who stutter and the normal regional distribution of GI suggests a possible common underlying factor, involved both in stuttering and in cerebral aerobic glycolysis.






PROTON CHEMICAL SHIFT IMAGING OF THE BRAIN, AT REST

Magnetic imaging spectroscopy is a method for the non-invasive quantification of certain molecules, such as neurometabolites. In stuttering, one such study has been performed, by O’Neill et al. (2017), partly with the same participants as in Desai et al. (2017). The following molecules were measured: N-acetyl-aspartate plus N-acetyl-aspartyl-glutamate (NAA), choline compounds (Cho), and creatine (Cr). The results are not straightforward to interpret, but in summary, the authors concluded that: “Our investigation suggests that disturbances in neuronal or membrane metabolism contribute to the pathogenesis of stuttering” (p. E9).

Interestingly, magnetic imaging spectroscopy is also a method for the non-invasive measurement of cerebral levels of lactate. This method is used to study conditions with elevated levels of lactate; for example, related to impaired oxygenation (Hillary et al., 2007; Mitra et al., 2019) or suspected mitochondrial disorders (Kuang et al., 2018). Possibly, MRI spectroscopy of cerebral lactate during speech may be a method of interest for further studies of stuttering.



ARNT2, A GENE FOR INITIATION OF GLYCOLYSIS IN THE BRAIN


Regulation of Brain Metabolism


Mutation of the ARNT2 Gene Linked to Stuttering

As far as is known by the present author, the only genome-wide association study of stuttering published to date was performed by Kraft (2010). In genome-wide association studies, the relation between specific alleles and a trait is analyzed, while genome-wide linkage studies analyze the transmission of loci in families. The study by Kraft (2010) included 84 persons who stuttered and 107 matched controls. The fourth strongest association reported in the study was for the gene ARNT2, at the SNP rs11072922 (p = 0.000052, uncorrected for multiple comparisons). ARNT2 is of special interest in the current context as it is part of a mechanism for the cellular increase of glycolysis in the brain when the supply of oxygen is low. Variants at another location of this gene have previously been reported in autism (Chakrabarti et al., 2009; Di Napoli et al., 2015).



The ARNT2 Gene Is Involved in Sensing the Cerebral Oxygen Level, Activating Glycolysis

The ARNT2 gene encodes the ARNT2 protein. The ARNT2 protein acts as a partner for several other sensor proteins, responding to changes in the intracellular space. One of the key functions is that during hypoxia it binds with the hypoxia-inducible factor 1α (HIF-1α), and together they form the hypoxia-inducible factor 1 (HIF-1). The HIF-1, in turn, activates several genes which adapt the cell to the low-oxygen state, including an increase of glycolysis (Sharp et al., 2001; NCBI, 2021). HIF-1 has been described as a master regulator of oxygen homeostasis, with a central role in physiology, development, and pathophysiology (Semenza, 1999). At a normal level of oxygen, HIF-1α rapidly degrades, but low levels of oxygen inhibit the degradation so that it can bind to ARNT2 and form the HIF-1. More recently, it has been emphasized that the HIF-system for oxygen sensing is part of a complex system of hypoxia-sensing mechanisms, to sustain oxygen homeostasis. For a recent update, see SheikhBahaei (2020).



The Cerebral Expression of the ARNT2 Gene Roughly Matches the Glycolytic Index

Humans have two different genes which encode proteins that can act as subunits for HIF-1 to signal hypoxia: ARNT and ARNT2, which have both overlapping and unique functions (Sekine et al., 2006). ARNT is expressed richly in most body tissues, including the brain, while ARNT2 primarily is expressed in the brain (The Human Protein Atlas, 2021). In more detail, ARNT2 shows its strongest expression in the cerebral cortex and the basal ganglia, in neurons and glia, but shows low expression in the cerebellum, less than half of the cortical expression (The Human Protein Atlas, 2021). The ARNT gene shows the opposite pattern of expression in the brain, with the strongest expression in the cerebellum and lower in the rest of the brain. These patterns are of interest, as the expression of the ARNT2 gene corresponds to the pattern of the GI in the brain, with the lowest GI in the cerebellum, while ARNT shows the opposite distribution (Vaishnavi et al., 2010).

Interestingly, ARNT2 is weakly expressed in the dopaminergic nuclei (ventral tegmental area and substantia nigra pars compacta) compared to other brain regions (Dela Cruz et al., 2014). It should be noted that signaling low levels of oxygen is only one function of ARNT2, as it plays a role as a subunit for several different sensor proteins (NCBI, 2021).



Summary, ARNT2

In summary, the following observations link ARNT2 to the mechanism of “aerobic glycolysis” in the brain: (1) ARNT2 is part of a sensor mechanism for low levels of oxygen; (2) ARNT2 is primarily expressed in the brain; (3) the distribution of ARNT2 within the brain follows the GI differences between the cerebellum and the cerebrum; and (4) in contrast, ARNT shows the opposite distribution within the brain, with the strongest expression in the cerebellum. These observations support the role of the ARNT2 gene in the central nervous system (Maltepe et al., 2000), especially within the cerebrum. The present author can find no information regarding the possible role of ARNT2 for the regulation of neuronal supply of energy during normal conditions, for example during local brain activation resulting in a low level of available oxygen.


Increased Risk for Early Hypoxic Injuries, Related to ARNT2 Variations?

Another aspect of impaired regulation of cerebral metabolism in relation to hypoxia is the increased risk of early hypoxic injuries, pre- or perinatal. Smith et al. (2016) summarized and discussed research related to pre- and perinatal risk factors and their interaction with genetics. The review is focused on ADHD, but their discussion can have wide applications. In addition, traits of ADHD sometimes co-occur with stuttering (Alm, 2014; Druker et al., 2019; Tichenor et al., 2021).

In relation to this, Drayna et al. (1999) concluded, based on their own data:


One possibility suggested by these data is that roughly half of all cases of stuttering are due to inherited causes, while the other half is due to poorly understood but nongenetic factors. This hypothesis is consistent with the view that persistent stuttering of nongenetic origin is largely a male disorder (p. 1474).



The background for this conclusion by Drayna et al. (1999) was the observation of a large difference in gender ratio between stuttering persons reporting stuttering relatives and sporadic cases, with larger dominance of males in the sporadic cases. Which non-genetic factor may result in stuttering primarily in boys? In Alm and Risberg (2007) it was proposed that the main factor, in particular affecting boys, might be pre- or perinatal hypoxia, interacting with genetics and hormonal factors. Clinical and experimental experience have shown that males are more sensitive than females to pre- and perinatal hypoxia (Hill and Fitch, 2012), as a result of testosterone increasing the negative effects of hypoxia (Hill et al., 2011), and X-chromosome-linked genetic inhibition of apoptosis (Hill and Fitch, 2012). Hypoxia is associated with increased release of dopamine, which may have neurotoxic effects and contribute to deleterious effects of ischemic-hypoxia (Akiyama et al., 1991a; Davis et al., 2002; Yang et al., 2007). Laplante et al. (2012) reported opposite effects of perinatal hypoxia in male vs. female rats, on adult dopamine release in the nucleus accumbens. It has been proposed that the higher sensitivity to early hypoxia in males partially can account for the male preponderance in ADHD (Smith et al., 2016). Loss of dopaminergic neurons has not been indicated in these reports, but dysregulation of dopaminergic neurons and possible subtle striatal injuries have (Toft, 1999; Smith et al., 2016). Lou et al. (2004) reported a higher number of “empty” D2 receptors in adolescents with ADHD and a history of preterm birth and reduced neonatal CBF.

Overall, the available data provide support for an interaction effect between pre- and perinatal hypoxia and the male gender. As ARNT2 has an important role for the adaptation and protection of neurons during hypoxia, one would expect a tripartite interaction, among early hypoxia, male gender, and genetic variants affecting the function of ARNT2. It is here hypothesized that such interaction can account for part of the incidence of stuttering.



High Blood Level of Nitric Oxide?

A study analyzing blood samples for indications of oxidative and nitrosative stress was published by Bilal et al. (2017), involving 40 children who stuttered, aged 3–17, and 40 children as the control group. The reported result was striking, with higher levels of all the reported compounds in the stuttering group. When calculating effect sizes3 (Cohen’s d) the following group differences were shown: nitric oxide d = 4.6 standard deviations; 3-nitrotyrosine d = 3.2; superoxide dismutase d = 2.5; malondialdehyde d = 2.4; and catalase d = 2.0. The report in the article indicates that there was no group overlap for nitric oxide.

These results are of great potential interest, but difficult to interpret. Primarily, there is a need to further investigate the results, to see if the group differences can be verified. The largest group difference was for nitric oxide (NO). Elevated NO can be a response to brain ischemia (Bolanos and Almeida, 1999). NO has a central and complex role in the cellular metabolism of the brain, including adaptation to hypoxia (Galkin et al., 2007; Man et al., 2014). The metabolism of energy can be affected by NO in multiple ways, such as an increase of the CBF (Toda et al., 2009) and inhibition of the transportation of oxygen into the mitochondria (Galkin et al., 2007). In relation to cerebral aerobic glycolysis, it is of special interest that NO has a great influence on the stability of the HIF-1α, and thereby on the activation or inhibition of glycolysis. NO has the ability both to activate glycolysis during the presence of oxygen and to inhibit glycolysis during hypoxia (Man et al., 2014). These functions make NO a factor of interest in the current context. However, there are also other mechanisms that can stabilize HIF-1α in the presence of oxygen (Semenza, 2010).






GENES FOR TRANSPORTATION OF ENZYMES TO LYSOSOMES


The Lysosomes and Intracellular Transportation

The best characterized genetic variants associated with stuttering relate to intracellular trafficking of molecules, which is an essential part of metabolism. Because of the established links to both stuttering and to cellular metabolism, these genetic findings need to be discussed in the current context.

These genes have been identified by the work of the Dennis Drayna group at the National Institute of Health, USA. The variants are genes related to the endosomal transport system, which has the function of sorting and transporting complex biomolecules to the lysosomes (Kulkarni and Maday, 2018). The lysosomes are known as the cellular stations for the degrading and recycling of material. Recent research indicates that the lysosomes have important control functions, sensing the availability of nutrients and influencing the metabolism of the cell (Xu and Ren, 2015; Lim and Zoncu, 2016; Lawrence and Zoncu, 2019). The lysosomes are cell organelles containing enzymes that are activated by the acid interior of the lysosome. The enzymes are hydrolases, which break down various biomolecules such as proteins and complex lipids and carbohydrates to their building blocks (Xu and Ren, 2015). These hydrolases are inactive as long as they are outside the lysosomes, because of the higher pH in the surrounding cytosol. The lysosomal hydrolases are synthesized outside the lysosomes together with a large number of other proteins. How can these hydrolases be selected and transported to the lysosomes, to do their work there? The main transportation pathway is through tagging with a mannose-6-phosphate group (M6P). Within the trans-Golgi network, an intracellular “sorting station,” the lysosomal hydrolases are marked with an M6P group, for transportation to the endosomes and further transportation to their final destination in the lysosomes (Coutinho et al., 2012).



Four Genes Linked to Stuttering and Intracellular Transportation

In total, four genes involved in this transportation system have been linked to stuttering. Three of these genes encode enzymes that encode the M6P group, which has the function of being an address tag to the lysosomes. The three genes are GNPTAB, GNPTG, and NAGPA (Kang et al., 2010; Raza et al., 2016; Srikumari et al., 2020). In total, 81 different variants of these genes have been associated with stuttering (Raza et al., 2016). Impairments of the functions of these genes can be expected to impair the selection and transportation of lysosomal hydrolases to the lysosomes. A fourth gene linked to stuttering has also been characterized by the Drayna group: AP4E1 (Raza et al., 2015). AP4E1 is involved in the next step of transportation from the trans-Golgi network to the lysosomes (Raza et al., 2015). This implies that all four of these genes may be related to the same mechanism underlying stuttering, involving the transportation of enzymes to the lysosomes. In Frigerio-Domingues and Drayna (2017), the contribution of these genes to stuttering, in general, is discussed. They estimated that something like 12–20% of the total cases of stuttering can be explained by these gene variants.

Kang et al. (2010) presented the distribution of one of these variants—the GNPTAB Glu1200Lys mutation—in one Pakistani family. In this family, the mutation showed a gender difference in penetrance, with 100% of homozygotic males showing stuttering (9 out of 9), and 60% of homozygotic females (3 out of 5). For heterozygotic males, the penetrance was 79% compared to 25% for heterozygotic females. However, the level of penetrance has to be interpreted carefully, as it may well be combined with other genes increasing the risk for stuttering.

It should be noted that the carriers of these genes generally are in good health, not showing any other obvious symptoms than stuttering. This suggests that the effects of these gene variants are relatively mild and partial.

In summary, these results suggest that stuttering in some cases is related to a reduced amount of hydrolase enzymes in the lysosomes, resulting in a reduced rate of degradation of proteins and complex lipids and carbohydrates. There is a range of different lysosomal storage disorders, related to various aspects of physiology (Parkinson-Lawrence et al., 2010). Considering that these variants do not cause general health problems or widespread neurological dysfunction, it appears that the processing capacity of the lysosomes fulfills the baseline demand, but that the higher demands imposed by speech exceed the processing capacity of the cells. This may result in an accumulation of complex biomolecules in the cytoplasm and a shortage of recycled building blocks, such as amino acids, glucose, and lactate. In the current context, further analysis of the role of the lysosomes in cerebral aerobic glycolysis will be of importance.

Of particular interest is that the lysosomes play a role in glycogenolysis, i.e., the degradation of stored glycogen to glucose or lactate in the astrocytes, by the enzyme alpha-glucosidase (Adeva-Andany et al., 2016; Calì et al., 2019; Duran et al., 2019). As mentioned in the introduction, a well-functioning metabolism of glycogen has been shown to be essential for the brain (DiNuzzo, 2019). However, based on the discussion in Bak et al. (2018), it appears that the primary pathway for cerebral degradation of glycogen may be outside the lysosomes, by the enzyme glycogen phosphorylase. It is therefore possible that gene variants affecting the metabolic rate of the lysosomes do not have important effects on cerebral glycogenolysis.



Mice With “Stuttering” Mutation in the GNPTAB Gene


Reduced Number of Vocalizations

In Barnes et al. (2016), mice were engineered to carry a homozygous mutation in the GNPTAB gene, corresponding to the Glu1200Lys mutation discussed above. These mice were in good health and behaved normally in a series of behavioral tests. The difference that could be detected was in the ultrasonic vocalization of pups. The pups normally produce bouts of vocalizations, separated by longer pauses. Overall, the pups with the mutation produced only 32% of the number of vocalizations per time unit, compared with the wild-type. The mean number of vocalizations per bout was somewhat smaller for the mice carrying the mutation, though not statistically significant (3.0 vs. 3.6). The main difference was a longer duration between the bouts.



Reduced Number of Astrocytes

Han et al. (2019) reported that two other mutations of the GNPTAB gene associated with stuttering resulted in the same reduction in vocalization as the mice discussed above. Immunohistochemistry showed a marked reduction in the number of astrocytes in these mice, in particular in the corpus callosum. The authors proposed that the results support hypotheses regarding deficits in intrahemispheric communication in stuttering. Further experiments suggested that only mice with a reduced number of astrocytes showed a decrease in vocalization. The finding that the strongest reduction of astrocytes in mice was localized to the corpus callosum fits with the expression pattern of the GNPTAB gene in the mouse brain, with the strongest expression in the corpus callosum (The Human Protein Atlas, 2021). However, this may differ in humans, as the human samples indicate the highest expression in the cerebral cortex and the basal ganglia, with relatively lower expression in the human corpus callosum (The Human Protein Atlas, 2021). In the human cerebral cortex, the GNPTAB gene is strongly expressed in neurons but at low levels in glial cells (astrocytes not specified, The Human Protein Atlas, 2021).


Lysosomal Deficits May Affect Gray Matter Development

Chow et al. (2020) compared the expression patterns of two stuttering-related genes, GNPTG and NAGPA, with the pattern of magnitude of differences of gray matter volume between children with persistent stuttering and fluent controls. They reported a positive correlation, and that this pattern also correlated with the expression patterns of other genes involved in glycolysis and oxidative metabolism in the mitochondria. They discussed the possibility that impairment of lysosomal enzymes trafficking may lead to accumulation of damaged mitochondria and increased oxidative stress, with a negative effect on neurological development. It was also proposed that this may be related to the normal rapid increase in the cerebral metabolic rate occurring after 2 years of age, as shown by Chugani et al. (1987).



Summary, Lysosomal Genes

This group of mutations is likely to result in a mild reduction of the lysosomal processing capacity, which, in turn, may result in a mild reduction of the cellular metabolic rate, with stuttering as the main symptom. This pathway is partly involved in the metabolism of glycogen stored in the astrocytes to glucose or lactate, as fuel for the neurons. Mice pups carrying this type of gene, associated with stuttering, show less frequent vocalization and a reduced number of astrocytes in the white matter. These findings support the hypothesis that a limitation in the supply of neuronal energy is an aspect of stuttering.






THIAMINE

Thiamine, also known as vitamin B1, is a compound necessary for the metabolism of carbohydrates and cellular energy supply, in particular for the central nervous system. It has been claimed that supplement of thiamine can reduce stuttering in some cases, which makes it relevant to discuss in this context.

Thiamine serves as a cofactor for several enzymes, mostly with mitochondrial localization (Dhir et al., 2019; Encyclopedia Britannica, 2021). Deficiencies in thiamine intake, or genetic disorders of transportation or metabolism of thiamine, can result in a wide range of disorders, often involving nervous tissues (McCandless, 2009; Marcé-Grau et al., 2019). More recently, developmental conditions such as autism spectrum disorder and delayed language development have been associated as possible effects of thiamine deficiency (Fattal-Valevski et al., 2009; Dhir et al., 2019). Some genetic defects of thiamine transport and metabolism result in specific neurological symptoms, such as degeneration of the striatum and generalized dystonia (Marcé-Grau et al., 2019).

There are two small studies reporting improvement of stuttering from thiamine supplement, in some persons who stutter. These results have to be described as uncertain, but their potential importance and their direct relation to the topic of this article makes them relevant for discussion. The first study was conducted by Hale (1951) with children who stuttered, age 2–8. The rationale for the study was to provide additional nutritional support for the development of the central nervous system, with additional energy and supply of carbohydrates, during the period of speech development. The study was double-blind with a cross-over design. The children received 30 mg of thiamine daily, or placebo, for 1 month, and thereafter the groups changed treatments for an additional month. The presentation of the results is poor by today’s standards; however, it was claimed that 80% of the children aged 2–3 years showed an observable improvement on thiamine, while little or no improvement could be observed in the children aged 5–8 years. A reflection that comes to mind is that the improvements reported at age 2–3 years may be due to the widespread spontaneous improvement of stuttering at this age (Yairi, 2004). The cross-over design may have made it possible to control for this, but the data were not reported with this level of detail. It was reported that if stuttering was markedly improved, it typically was improved within the first 2 weeks of thiamine treatment.

To the knowledge of the present author, no other controlled studies of thiamine for children who stutter have been reported. However, Schwartz (2011) reported that uncontrolled attempts to treat stuttering at age 2–4 with 30 mg of thiamine daily resulted in a dramatic reduction of stuttering in almost 60% of the cases, within 2 weeks. Cases showing no improvement after 2 weeks were unlikely to show later improvement following longer treatment.

In addition, Schwartz (2011) reported a preliminary randomized double-blind study of thiamine for adults who stutter. In the study, 19 adults who stuttered were randomly assigned to a treatment group and 19 to a placebo group. The treatment consisted of 300 mg of thiamine daily for 2 weeks. It was reported that six out 19 in the treatment group showed a “switch effect” with a dramatic improvement of their stuttering, from 9.1% stuttered syllables before treatment to less than 1% at the end of the treatment. The rest of the participants showed no significant improvement. An informal follow-up on these six cases for 5 years indicated that the improvement remained, as long as the thiamine supplement was continued (Schwartz, 2015).

The study of adults by Schwartz (2011) was replicated by Hum et al. (2017), though with 100 mg of thiamine daily instead of 300 mg, with 19 adults for 2 weeks. This study did not show a treatment effect of thiamine. The possibility cannot be excluded that the difference in dosage affected the result, as anecdotal reports claim a dosage effect, with 100 mg being inefficient compared with 300 mg (Kehoe, 2013).

The safety of high dosage thiamine supplementation is discussed in a report by the Committee on Toxicity (2003), part of the Food Standards Agency, UK. It concluded that there are insufficient data to establish a safe upper level for thiamine, though “the oral toxicity of thiamin and thiamin derivatives in humans is generally considered to be very low. No specific toxic effects of thiamin ingestion by humans have been identified” (p. 79). As an example, the Committee reported that doses at 5,000 mg daily and higher may cause reversible symptoms of headache, nausea, and insomnia. For nutrition therapy in adults, Sriram et al. (2012) recommend 100 mg three times a day when at risk for deficiency, and 200 mg three times a day for high suspicion or proven deficiency.



DISCUSSION


Overview of the Results From the Review


EEG-Spectra at Rest Indicate Reduced Cerebral Metabolism

Four studies of the EEG power spectra at rest in persons who stutter were found in this review, one with children and three with adults. The main converging result was that all studies showed lower beta power compared with controls, and the overall tendency appeared to be a reduction of EEG power from the alpha band and higher, and some increase of power in the delta band (low frequency). Reduced beta power is considered a main characteristic of conditions involving limitations in the supply of neuronal energy. Possibly the most remarkable result was that in the two studies of which the within-group variation is available (Ozge et al., 2004; Joos et al., 2014), the stuttering groups showed about half the standard deviation for beta power compared with the control groups. In other words, the stuttering groups showed a surprising homogeneity in this respect, suggesting that it might reflect a core trait of stuttering.



Conflicting Reports on Absolute rCBF, Correlation With Glycolytic Index

The review on absolute rCBF resulted in two studies reporting significantly lower frontal lobe rCBF in the stuttering group (Pool et al., 1991; Desai et al., 2017), and two studies reporting no group differences in absolute levels (Ingham et al., 1996; Braun et al., 1997). An interesting aspect is that both of the two studies reporting no differences used [15O]-labeled water PET, while the studies reporting differences used other methods. It appears important to investigate this issue further. Is there any fundamental difference between the methods that caused the different results?

It is interesting to note that the studies by Pool et al. (1991) and Desai et al. (2017) reported a similar pattern of rCBF in the stuttering group, with an anterior-posterior gradient: low in the frontal lobe and relatively higher in the posterior half of the brain. As the results in Desai et al. (2017) only were presented as normalized rCBF, it is possible that the absolute CBF in Desai et al. (2017) matched the results of Pool et al. (1991) in terms of reduced global CBF.

Further, the rCBF patterns in Pool et al. (1991) and Desai et al. (2017) correspond to the regional variations in GI, as calculated by Vaishnavi et al. (2010). Regions with high GI show high consumption of glucose in relation to the consumption of oxygen, interpreted as high reliance on glycolysis with the production of lactate. The reductions of rCBF in the stuttering group in Pool et al. (1991) showed a correlation of r = 0.72 with the regional GI (p = 0.0004). This suggests that those regions with high reliance on glycolysis and production of lactate were the regions that showed the largest reduction of rCBF in the stuttering group in the studies by Pool et al. (1991) and Desai et al. (2017). Based on these results, it is here preliminary hypothesized that stuttering groups tend to show impairment of the cellular mechanism activating glycolysis and production of lactate during high demands for energy.



Proton Chemical Shift Imaging of the Brain, at Rest

One study of brain metabolites in persons who stutter was reviewed, a study based on magnetic imaging spectroscopy of the brain (O’Neill et al., 2017). The result of this study is difficult to interpret, but the authors claim that it indicates disturbances in neuronal or membrane metabolism.



ARNT2, a Gene for Initiation of Glycolysis in the Brain

ARNT2 was the gene that showed the fourth-strongest association with stuttering in the genome-wide association study by Kraft (2010). A main function of the gene is to produce a protein that is one part of a sensor mechanism (HIF-1) that detects low levels of oxygen in the brain and activates non-oxidative metabolism with glycolysis and production of lactate. ARNT2 is expressed in the cerebral cortex and the basal ganglia, with lower levels in the cerebellum. In the cerebral cortex, ARNT2 is expressed both in neurons and in glial cells. The function and the pattern of distribution imply that ARNT2 is a possible element in the mechanism underlying “aerobic glycolysis”.

A dysfunction of the ARNT2 genes would be expected to result in impaired adaptation to low levels of oxygen in the brain, for example by reduced activation of glycolysis and maybe also by the insufficient increase of the cerebral blood flow. This can be consistent with the reduction of EEG beta power in the stuttering group, and the reduction of frontal rCBF reported by Pool et al. (1991) and Desai et al. (2017). Furthermore, a dysfunction of ARNT2 would be expected to result in elevated sensitivity to pre- or perinatal hypoxia, in particular in boys. The interaction between early hypoxia and male gender is proposed to account in part for the unexplained non-genetic causation of stuttering in particular affecting males, which was discussed by Drayna et al. (1999).

In addition, one study of nitric oxide in the blood of children who stuttered, by Bilal et al. (2017), may be of great relevance in this context. The reported result is very striking, but the method of analysis appears to be relatively complicated, which implies that it needs to be confirmed before conclusions and hypotheses can be built on it. The blood level of nitric oxide was reported to be higher in the stuttering group, without overlap with the control group. Nitric oxide has a direct influence on the stability of HIF-1, and is able to both activate and inhibit glycolysis, during different conditions of oxygenation.



Genetic Impairment of Transportation of Lysosomal Enzymes

Four genes involved in the transportation of lysosomal enzymes to the lysosomes have been associated with stuttering by the Dennis Drayna group (Kang et al., 2010; Raza et al., 2016). The carriers of these genes are generally healthy except for stuttering. In mice, these mutations result in a longer delay between vocalizations than normal and a reduced number of astrocytes. It can be expected that these gene variants result in a decreased amount of degradation enzymes in the lysosomes, which may lead to the accumulation of complex biomolecules in the cytoplasm and a shortage of recycled building blocks. Both a reduced number of astrocytes and a reduced metabolic rate of the lysosomes may result in a reduced supply of energy to the neurons.



Thiamine Supports Oxidative Metabolism of Glucose

Thiamine has an essential role in the oxidative metabolism of glucose in the mitochondria. There are no published data indicating deficiency of thiamine in persons who stutter, but there are reports from preliminary studies suggesting that supplementation of thiamine may have an effect on stuttering in some persons who stutter. According to the reports, if the supplement is effective, the effect tends to show within 2 weeks. There are also anecdotal indications of a dose–response relationship. The available data need to be tested by larger systematic studies. It may be speculated that a supranormal level of thiamine can provide compensatory energy to the neurons in some cases of stuttering.


Possible Causal Mechanisms, From Limitations of Energy Metabolism to Stuttering?

The above review has highlighted research findings that are compatible with the hypothesis that stuttering is related to some impairment of the energy supply to neurons. If it is assumed that this hypothesis is correct, in what way might a reduced supply of energy result in stuttering? Several mechanisms may be conceivable, but I will here discuss two proposals: (1) Speech stands out in relation to other behaviors in terms of the energy required by certain neurons. This could result in a reduced rate of firing by these neurons, causing stuttering. (2) The effect is indirect, for example, a reduced supply of energy causes an elevated tonic level of synaptic dopamine, which, in turn, results in stuttering.


Proposal 1: Insufficient Supply of Energy to Sustain Firing for Speech?


Persons Who Stutter Show Reduced Pre-speech Firing in the Motor System

The study by Neef et al. (2015) supports that reduced firing frequency of the motor system may be an important aspect of stuttering. By means of an experiment with transcranial magnetic stimulation (TMS), it was shown that persons who stuttered had a reduced level of activation of the primary motor cortex region of the tongue immediately before attempting to articulate a speech sound involving the tongue, compared with controls. In addition, the reduction of activity was correlated with the individual severity of the stuttering. It can be noted that the stuttering persons in Neef et al. (2015) were fluent in the experimental task, and still showed reduced premovement activation in the primary motor cortex. Normally, before a voluntary movement is initiated, there is a gradual increase of firing in the motor cortices and the putamen that can be detected hundreds of milliseconds to seconds prior to the movement (Romo and Schultz, 1992; Schultz and Romo, 1992). Figure 6 illustrates the high-frequency neuronal firing that is required within the primary motor cortex in relation to a finger movement. The red spot shows the firing at around 80 Hz, gamma band, during the movement.


[image: image]

FIGURE 6. Gamma band activation, around 80 Hz, in the left primary motor cortex during right-s hand finger abduction. Signal recorded with magnetencephalography (MEG). Reprinted from Cheyne and Ferrari (2013) with permission.





Prolonged Pauses of Vocalization in Mice With a Gene Associated With Stuttering

As discussed above, the mice carrying the gene variant associated with stuttering showed prolonged pauses between bouts of vocalization (Barnes et al., 2016). It appears plausible that this effect could be the result of a reduced peak rate of energy supply to the motor system.



Are Cerebral Regions With a High Glycolytic Index (GI) the Most Affected in Stuttering?

If stuttering is related to an impairment of aerobic glycolysis, the greatest functional problems may be expected in regions with the highest glycolytic index (GI). This includes core regions for speech production, such as Broca’s area and the supplemental motor area (SMA); see Figure 1.



Insufficient Supply of Energy for Dopamine Neurons?

Bolam and Pissadaki (2012) argued that the sensorimotor dopamine neurons of the substantia nigra pars compacta (SNc) have extreme energy demands, as a result of the unusually high number of synapses in each neuron. They estimated that a single SNc dopamine neuron gives rise to between 1 million and 2.4 million synapses, and has a total axonal length of about 4.5 m. Some dopamine neurons in the substantia nigra pars compacta (SNc) appear to signal at the initiation of every single movement (Jin and Costa, 2015), which would require a sustained high level of energy supply during speech. On the other hand, dopamine neurons fire at a relatively low frequency, about >15 Hz during burst firing (Douma and de Kloet, 2020). Further, according to recent models of cerebral metabolism, e.g., by Magistretti and Allaman (2015), energy is supplied directly to the synapses by astrocytes. This would imply that the number of synapses per neuron may be of less importance for the energy load of the neurons. In summary, it is not clear that dopaminergic neurons are the most vulnerable to metabolic limitations during speech.



Speech Is a Complex, Sequential Motor Task

Speech is a motor process, characterized by being extended over time, with a sequence of varied complex motor actions and a high degree of automatization of the subunits. Most other activities that are extended over time tend to be repetitive and relatively simple, such as walking or running. Many other human movements are brief, such as picking up something. These characteristics of speech might make it particularly vulnerable to metabolic limitations. In addition, persons who stutter often produce single syllables or single words fluently, while connected speech imposes a higher frequency of stuttering (Bloodstein and Bernstein-Ratner, 2008). This could be a result of energy deficiency. However, it is also the case that stuttering often occurs in the initial position in utterances (Bloodstein and Bernstein-Ratner, 2008). This contradicts the hypothesis that metabolic limitations have a direct effect on speech production in persons who stutter. Similarly, persons who stutter typically are able to sing for extended periods of time without problems. Further, persons who stutter may gain increased fluency if shifting to a less automatic mode of speech, such as imitating an accent. This is despite that less automatized behaviors require more cerebral energy, at least at the cortical level (Schneider, 2009). Also the “adaptation effect,” i.e., that stuttering tends to be reduced by repeated reading of the same text, appears to be at odds with the energy deficiency hypothesis. The preliminary conclusion here is that these later arguments make it less likely that stuttering is the result of difficulties in sustaining the neuronal firing rate required for speech.


Proposal 2: Metabolic Limitations Result in Elevated Tonic Dopamine?

Anomalies of the dopamine system have been implicated in stuttering, in particular, because of pharmacological effects and theoretical links between stuttering and the basal ganglia (e.g.,Wu et al., 1997; Maguire et al., 2002; Alm, 2004; Chang and Guenther, 2020). In particular, a hyper-dopaminergic state has been proposed (Wu et al., 1997; Maguire et al., 2002), but also the existence of subgroups with hypo- and hyper-dopaminergic characteristics (Alm, 2004). An overview of the normal functions of the dopamine system is presented in Alm (unpublished manuscript).

An observation of relevance in the current context is that acute hypoxia and ischemia result in an elevation of the tonic level of dopamine in the synapses. This appears to be the result of a combination of mechanism: (1) release of dopamine without synaptic firing; (2) inhibition of the synaptic reuptake of dopamine; and (3) upregulation of tyrosine hydroxylase (TH), the rate-limiting enzyme in dopamine synthesis (Akiyama et al., 1991a,b; Norris and Millhorn, 1995; Gozal et al., 2005). I have not found studies of the effect of long–term mild limitations of the supply of energy on the tonic level of dopamine. If stuttering is related to a reduced supply of energy to the neurons, would this reduction be sufficient to result in a chronically elevated tonic level of dopamine? An elevated tonic level of dopamine will have effects on the dopaminergic signaling, causing an impaired signal-to-noise ratio, as the rapid phasic dopamine bursts will be smaller in relation to the baseline. Dopamine plays a central role in both automatization of speech movements and the execution of speech, in particular within the basal ganglia (Alm, unpublished manuscript). If metabolic impairments affect the dopamine system, it is quite possible that it is the changes in dopamine signaling that are the more proximal cause of stuttering. Based on this theoretical model it is essential to pursue the metabolic and the dopaminergic hypotheses of stuttering in parallel.



Are Metabolic Limitations Affecting the Cerebral Development of Speech?

At the group level, there appear to be some differences in the distribution of gray matter volume in children who stutter compared with other children. Recently, Chow et al. (2020) correlated this pattern with the normal expression pattern of lysosomal genes linked to stuttering. A correlation was found for two out of four genes. Similarly, Boley et al. (2021) correlated the pattern of gray matter differences with the normal pattern of cerebral glucose metabolism. A correlation of 0.36 was found for the left hemisphere. In both articles, it was argued that limitations in energy metabolism might affect childhood development, in particular during periods when energy utilization rapidly increased. A central aspect of these articles is the proposal that a limitation in metabolism during the childhood development of speech is linked to stuttering. This is in contrast to the hypotheses discussed previously in the present article, which have emphasized the acute effects of metabolic limitations. In conclusion, it is quite possible that a limitation in energy supply can have both developmental and momentary effects.



Peripheral and Central Dopamine Effects


Peripheral Dopamine

Dopamine also has functions outside the brain. Similar to other monoamines, dopamine can not pass through an intact blood-brain barrier (Hardebo and Owman, 1980). In relation to cerebral blood flow it is of interest that at low to moderate levels, blood dopamine has been shown to result in vasodilation and decreased systemic blood pressure, which contrasts with the effects of norepinephrine (Brodde, 1982; Reitsamer et al., 2004; Rubí and Maechler, 2010). Blood dopamine originates primarily from the sympathetic nervous system (Rubí and Maechler, 2010), which contains both dopaminergic and norepinephrinergic neurons (Bell, 1988). Stimuli that increase the sympathetic drive can have differential effects on the blood levels of dopamine and norepinephrine, with some stimuli resulting in an increase in both, while others elevate primarily one of them (Bell, 1988). In a study of five adults who stutter, the plasma levels of dopamine, norepinephrine, and epinephrine were analyzed (Rastatter and Harr, 1988). One participant showed a plasma dopamine level substantially above the reference level, whereas the other two catecholamines were within the normal range.

Homovanillic acid is the major metabolite of dopamine. The blood level of homovanillic acid is determined by a combination of cerebral and the peripheral dopamine metabolism (Amin et al., 1992). The blood level of homovanillic acid was studied in 92 children who stutter and in controls, aged 3 to 9 years, by Mohammadi et al. (2018). There was no statistically significant difference between the groups, and all the stuttering children were within the same range as the control children.

Overall, these results indicate that the level of peripheral dopamine is normal in most cases of stuttering.



Dopamine as a Regulator of Aerobic Glycolysis

There are interesting links between dopamine activity and cerebral aerobic glycolysis (i.e., consumption of glucose without consumption of oxygen when oxygen is available). Sato et al. (1991) found that intravenous injections of dopamine in cats treated with barbiturates resulted in a marked increase of cerebral glucose consumption while the oxygen consumption was reduced, i.e., there was increased aerobic glycolysis. The dopamine injections also resulted in increased CBF and arterial blood pressure. Increased aerobic glycolysis caused by dopamine is supported by results from a study in mice (Leonard, 1975), in which the dopamine was injected into the ventricles.

In line with these results, DiNuzzo et al. (2015) proposed that the entire central monoamine system, comprising dopamine, norepinephrine, serotonin, and histamine, modulates both the functioning and the metabolism of cerebral regions by modulating glycogen mobilization in the astrocytes. According to Papadopoulos and Parnavelas (1991), the monoamine system provides dense innervation of norepinephrine and serotonin to every cortical region. In contrast, the cortical dopamine projections are more restricted, with a clear preference for motor regions, and there are stronger projections to multimodal sensory regions as compared with primary sensory regions (Papadopoulos and Parnavelas, 1991). Gaspar et al. (1989) reported that the strongest dopamine projections to the human cortex target the primary motor cortex, the premotor cortex, the SMA, the anterior cingulate cortex, and the insula, with lower densities in prefrontal regions, such as BA 9. These descriptions of the cortical distribution of dopamine do not exactly match the GI map in Figure 1, but they do so well enough to suggest a possible relationship. For example, in the temporal and the parietal lobes, the primary areas show lower GI than the multimodal parts, which is in parallel with the distribution of dopamine according to the review by Papadopoulos and Parnavelas (1991). The inner arch of the anterior cingulate cortex (i.e., BA24) shows low GI in Figure 1, which may be related to the phylogenetically older cortical structure there.

Another indication pointing towards a connection between GI and dopamine is the common decline of GI and dopamine with aging. The decline of GI in humans is illustrated in Figure 2. A substantial decline of cortical and subcortical dopamine with aging was reported by Goldman-Rakic and Brown (1981) in a study of rhesus monkeys. This was in contrast to the levels of norepinephrine and serotonin, which remained largely stable. In summary, it might be hypothesized that the distribution of dopaminergic projections to the neocortex contributes to the pattern of GI shown in Figure 1.

Recently, Maguire et al. (2021) discussed this possible interaction between dopamine and metabolism, with astrocytes as a mediating link. It has been shown that astrocytes carry both D1 and D2 receptors, and that pharmacological blockade of the D2 receptors increases the metabolic activity of astrocytes in rats (Konopaske et al., 2013). The study by Maguire et al. (2021), of persons who stutter, reported that the D2 antagonist risperidone resulted in increased uptake of glucose during speech, in the left striatum and in the Broca’s area. The stuttering was reduced in the risperidone-group, compared to the placebo group. The authors proposed that, in part, the effect of risperidone on stuttering involves an increase in metabolism by striatal astrocytes. This finding and hypothesis are in line with the hypothesis of ADHD suggested by Todd and Botteron (2001), as discussed above. Todd and Botteron hypothesized that dopamine affects the glycogen metabolism in astrocytes, in turn affecting the symptoms of ADHD. Overall, it seems that studies of the interactions between the metabolic system and the dopamine system may be of importance for the understanding of stuttering.



Dopamine, Aerobic Glycolysis, and Synaptic Plasticity

Synaptic plasticity in motor regions is directly related to the presence of dopamine in the cortex: it has been shown that cortical dopamine is required for long-term potentiation in skill and motor learning (Molina-Luna et al., 2009; Hosp and Luft, 2013). As discussed at page 3, it has been shown that sensorimotor learning results in temporarily increased aerobic glycolysis for hours after the training, for example in the BA44 (Shannon et al., 2016). This has been proposed to support the view that aerobic glycolysis is particularly involved in synaptic plasticity (Goyal et al., 2017). It is therefore possible that Figure 1 and Figure 2 reflect, at least partially, the momentary synaptic plasticity that is taking place in these participants. It is clear that, on average, a greater amount of learning and plasticity takes place at a young age. The mean age of the participants summarized in Figure 1 was 25 years. It is conceivable that the GI pattern changes over time with development, as different types of learning engage different regions. Considering the dynamic aspect of aerobic glycolysis, it would be of great interest to study persons at older ages after intense motor learning. Would they show a similar localized increase of aerobic glycolysis as is seen in younger persons? Furthermore, it would be of interest to study the aerobic glycolysis in cortical and subcortical regions of persons who stutter immediately after intense speech fluency training.

In summary, there are substantial indications linking cortical dopamine to energy metabolism, CBF, aerobic glycolysis, and synaptic plasticity. The functions of dopamine may be the factor that links the disparate observations reviewed in this article. How this might be linked to stuttering is still an open question.


Can Diet Influence Stuttering?

Preliminary findings regarding the possible effect of thiamine on stuttering were discussed above. If the metabolic hypothesis is confirmed, are there other possible effects due to diet? It has long been recognized that a “ketogenic diet” may have a positive effect on epilepsy (see e.g., Schoeler et al., 2021). In a ketogenic diet, there is a large reduction in the intake of carbohydrates, and a shift to high-fat food, to induce the production of ketones. Lately, ketogenic diets have become relatively popular among the public, for weight loss. Ketones are produced by the liver from fatty acids. The exact mechanism by which a ketogenic diet has an effect on epilepsy is not clear, but ketone bodies alter the cerebral metabolism by bypassing glycolysis and increasing mitochondrial oxidation (Lutas and Yellen, 2013). In short, the ketone bodies produced by someone following a ketogenic diet provide an alternative metabolic pathway for neurons. If some instances of stuttering are related to an impairment of glycolysis, it would be of interest to explore the effect of a ketogenic diet. Discussion forums on the Internet provide some anecdotal reports of a reduction in stuttering due to a ketogenic diet. Of course, a ketogenic diet requires radical lifestyle changes that will limit its usefulness. Moreover, medical supervision is advised.











CONCLUSIONS

This review points at several outstanding issues for the research on the nature of stuttering. Overall, it is clearly premature to draw conclusions regarding the pathophysiology of stuttering based on the data reviewed, and there is a need for further studies. Possibly, the strongest finding in this review was the consistent reports of the reduced power of the EEG beta band, in combination with higher homogeneity in the stuttering group for this measure, compared with the controls. It is currently difficult to explain the conflicting data for the absolute CBF. It can be noted that the pattern of the reported reduced rCBF in adults who stutter corresponds well with both the pattern for the glycolytic index and with the expression of the ARNT2 gene. The glycolytic index indicates the degree of reliance on aerobic glycolysis for normal brain function, whereas the ARNT2 gene is one part of the mechanism leading to induction of glycolysis. Alterations to the ARNT2 gene have been linked to stuttering.

Neocortical aerobic glycolysis appears to, at least partly, reflect the momentary processes of synaptic plasticity and learning. This makes it a dynamic process rather than a static property. Further, synaptic plasticity in the motor regions has been shown to require the presence of dopamine. It is here proposed that the spatial variations of the dopaminergic projections to the neocortex contribute to the pattern of GI shown in Figure 1.

The genes with the strongest established link to stuttering affect the transport of enzymes to the lysosomes, for degradation and recycling of biomolecules. It is of great interest that these gene variants do not appear to affect general health but result specifically in stuttering in humans and reduced vocalization in mice pups. It is likely that the lysosomal alterations result in a mild reduction in the processing rate of biomolecules. The link to energy metabolism is further strengthened by the observation that mice carrying these genes tended to have fewer astrocytes in their cerebral white matter.

The single report of extremely high blood levels of nitric oxide in children who stutter needs to be replicated. Nitric oxide is involved in the regulation of cerebral metabolism and blood flow. Therefore, it is of theoretical interest in this context. If the finding can be confirmed it would be of great importance to explore this further.

The hypothesis that stuttering may be related to a limitation of the supply of energy that is required to sustain rapid neuronal firing during speech was discussed. Even though this hypothesis is in line with several observations, it does not account for the fact that stuttering often occurs at the beginning of utterances, or that a shift to a less automatized mode of speaking (e.g., imitation of an accent) tends to have a fluency-inducing effect.

Another possibility discussed is that mild limitations in energy metabolism result in an elevated tonic level of synaptic dopamine, as demonstrated in acute hypoxia. The links between dopamine and energy metabolism indicate that the dopaminergic and the metabolic hypotheses of stuttering need to be explored in parallel.
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FOOTNOTES

1^It may be mentioned that a problem when trying to capture the literature is that key terms such as glycolysis and aerobic appear to have been used with somewhat different meanings by different authors.

2^Data from Jenson et al. (2020) were from passive exposure to auditory noise, so this was not fully from rest.

3^In the article by Bilal et al. (2017), the interquartile range was presented instead of standard deviations. For the calculation of Cohen’s d effect size, the standard deviations were estimated based on the method from Higgins and Green (2011).
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Vibrational energy created at the larynx during speech will deflect vestibular mechanoreceptors in humans (Todd et al., 2008; Curthoys, 2017; Curthoys et al., 2019). Vestibular-evoked myogenic potential (VEMP), an indirect measure of vestibular function, was assessed in 15 participants who stutter, with a non-stutter control group of 15 participants paired on age and sex. VEMP amplitude was 8.5 dB smaller in the stutter group than the non-stutter group (p = 0.035, 95% CI [−0.9, −16.1], t = −2.1, d = −0.8, conditional R2 = 0.88). The finding is subclinical as regards gravitoinertial function, and is interpreted with regard to speech-motor function in stuttering. There is overlap between brain areas receiving vestibular innervation, and brain areas identified as important in studies of persistent developmental stuttering. These include the auditory brainstem, cerebellar vermis, and the temporo-parietal junction. The finding supports the disruptive rhythm hypothesis (Howell et al., 1983; Howell, 2004) in which sensory inputs additional to own speech audition are fluency-enhancing when they coordinate with ongoing speech.
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INTRODUCTION

Persistent developmental stuttering manifests as prolongations or repetitions of speech sounds, or blocks to airflow, characteristically accompanied by increased tension in muscles of the face and articulatory system (Bloodstein et al., 2021). Behavioral manifestation is accompanied by differences in neurological activity and morphology by comparison with ordinarily fluent speakers (Budde et al., 2014; Belyk et al., 2015; Neef et al., 2015a; Etchell et al., 2017).

A consistent finding in stuttering research is that the amount of stuttering can be reduced with alterations to timing and/or audition during ongoing speech. Examples of fluency-inducing interventions for people who stutter include speaking with masking (Kern, 1932; Cherry et al., 1956), with a metronome (Barber, 1939; Fransella and Beech, 1965), in chorus with another speaker (Barber, 1940; Cherry et al., 1956), or in tandem with delayed (Neelly, 1961; Yates, 1963) and frequency-shifted (Howell et al., 1987) playback of ongoing speech. The findings are to a large degree captured by the disruptive rhythm hypothesis (Howell et al., 1983; Howell, 2004), which proposes that sensory inputs additional to own speech audition will be maximally fluency-enhancing when they coordinate with ongoing speech.

Research since the 1990s shows that the vestibular system in mammals responds to sonic and vibratory frequencies up to 1,000Hz, and may phase lock to higher frequencies (Rosengren and Colebatch, 2018; Curthoys et al., 2019). Vestibular sensitivity is considerably greater to vibrations conducted through the body than to sound waves in air (Welgampola et al., 2003), so much so that body-conducted vibration created by the act of speaking will deflect vestibular mechanoreceptors in humans (Todd et al., 2008; Curthoys, 2017; Curthoys et al., 2019). Electrophysiological responses of vestibular origin in humans are present at 70 dB above perceptual threshold for air-conducted stimuli, and 35 dB above perceptual threshold for body-conducted stimuli (McNerney and Burkard, 2011; includes adjustment for temporal integration). Thus, when referenced to a 60 dBA sound level typical of conversational speech, the indication is that air-conducted vestibular thresholds will be 10 dB above baseline and body-conducted vestibular thresholds 25 dB below baseline.

Deflection of vestibular mechanoreceptors by the vibrational energy created by speech sets off a chain of activity culminating in neural firing along the VIII cranial nerve. These neural firing patterns of vestibular origin will be coordinated with ongoing speech and, according to the disruptive rhythm hypothesis, will enhance fluency. Contrariwise, if neural firing patterns of vestibular origin are delayed or attenuated, dysfluency would be expected. This study was pre-registered (Gattie et al., 2019) with the hypothesis that vestibular-evoked myogenic potentials (VEMPs) in a stutter group would have significantly smaller amplitudes or significantly different latencies than in a non-stutter control group. Either result would support an interpretation in which the neural firing patterns arising from deflection of vestibular and cochlear mechanoreceptors combine differently between people who do and do not stutter.



MATERIALS AND METHODS


Background

In addition to the corticopetal and corticofugal pathways typical to sensory systems, the vestibular system comprises reflexes causing body movements compensatory to changes in head position or body rotation. Examples include the vestibulo-collic reflex, which maintains balance, and the vestibulo-ocular reflex, which maintains direction of gaze (Beraneck et al., 2014). Automatic operation of reflex arcs via the brainstem (i.e., with no requisite cortical mediation) enables a faster motor response than would be possible if cortical involvement was necessary (Goldberg, 2012).

Figure 1 shows reflexes identified in postural muscles. Figure 2 shows pathways for the vestibulo-collic reflex. Modelling of the vestibulo-collic reflex, including appraisal of relative contributions from saccule, utricle and vestibular canals, and exact trajectory through vestibular nuclei, remains ongoing (Forbes et al., 2013). The vestibulo-collic reflex might in principle be recorded from any neck muscle (Forbes et al., 2018). A short latency fragment of the vestibulo-collic reflex, referred to as a cervical VEMP, is frequently recorded using surface electrodes over the sternocleidomastoid muscle (SCM) (Goldberg and Cullen, 2011).
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FIGURE 1. Reflexes evoked by sound or vibration in postural muscles. Circles show sites, laterality and approximate latencies based on air-conducted stimulation. The right ear (solid red headphone) is the stimulated side. Solid circles show reflexes whose polarity has been confirmed with intramuscular recordings (black: excitatory; grey: inhibitory). Open circles show reflexes whose polarity has either not been definitively determined (triceps and gastrocnemius) or is known to depend upon head position (soleus). Reproduced from Rosengren and Colebatch (2018), see original for references to supporting studies. Creative Commons Attribution License (CC-BY).
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FIGURE 2. Recording arrangement and neural pathways of the electrically evoked vestibulo-collic reflex in monkey and human, reproduced from Forbes et al. (2020). Single motor unit recordings were made from the sternocleidomastoid muscle (SCM) using irregular stimuli, and sine wave stimuli at frequencies up to 300 Hz. Cervical motor unit activity in both human and monkey was modulated by the stimuli. Recording of vestibular afferents in the monkey only showed similar modulation. See Forbes et al. (2020) for detail of filtering and phase locking effects. When evaluated using surface electrodes and sound or vibration stimuli, inhibition of SCM spindles can be measured as the cervical vestibular evoked myogenic potential (VEMP) which is the subject of the current study. INC, interstitial nucleus of Cajal; MN, motoneurons; MRST, medial reticulospinal tract; VN, vestibular nuclei; VST, vestibulospinal tract. Creative Commons Attribution License (CC-BY).


The VEMP measures a short inhibition of tonic activity in the SCM (Corneil and Camp, 2018; Rosengren and Colebatch, 2018). It is a large response having a characteristic peak (p1) and trough (n1). Measures of interest include the difference in amplitude (p1-n1 amplitude) and time (p1-n1 latency) between the characteristic peak and trough. In modelling studies, the VEMP represents a superposition of motor unit action potentials occurring at irregular time intervals (Wit and Kingma, 2006), with generation of motor unit action potentials being inhibited following presentation of sound or vibration. The VEMP can be described by two mathematical functions: one specifies the mean number of motor unit action potentials per unit of time, and the other describes the time course of an individual motor unit action potential (Lütkenhöner, 2019). As such, the VEMP does not correspond directly to neural firing rates of interest in the current study (i.e., those along the VIII cranial nerve or within vestibular nuclei). In this way, interpretation of data is disanalogous to experiments whose outcome measures do directly correspond to neural firing rates of interest (e.g., many study designs using single cell recordings, electrocorticography or electroencephalography).

Vestibular-evoked myogenic potentials do not provide a complete appraisal of the vestibular system, and find clinical application as part of a neuro-otological test battery. Cervical VEMPs are used clinically to identify acute vestibular syndrome, episodic vertigo, chronic dizziness or imbalance, and superior canal dehiscence and third window syndromes (Rosengren et al., 2019).



Participants

This was a case control study, with 15 participants who stutter and a non-stutter group of 15 paired controls. All participants had normal hearing as assessed by otoscopy, tympanometry and pure tone audiometry. Stuttering was assessed using the SSI-4 (Riley, 2009). Non-stutter control participants had SSI-4 scores lower than 10, whilst participants who stutter had SSI-4 scores between 18 and 39 (a range from “mild” to “very severe” according to the SSI-4).

Stutter and non-stutter groups were paired on sex, and to within 0.05 years (SD 1.05) on age in aggregate. Of the 15 non-stutter controls, the seven participants aged younger than 21 years were selected from a normative sample of 48 undergraduate students (Gattie et al., in preparation). VEMP response amplitudes in these controls are representative of the normative sample of 48, rather than a normative sample of seven as would have been the case if controls aged younger than 21 years had been sampled randomly from the general population. Full details of screening and pairing are available in the Supplementary Material.

Prior to any testing, all participants gave written informed consent according to the Declaration of Helsinki. The University of Manchester Ethics Committee approved the study.



Electromyography

Vestibular-evoked myogenic potentials were recorded on an Eclipse EP25 system (Interacoustics AS, Assens, Denmark). Disposable non-metallic silver chloride electrodes were used (type M0835, Biosense Medical, Essex, United Kingdom). Skin was prepared with NuPrep® (Weaver and Company, CO, United States) prior to electrode attachment using Ten20® conductive paste (Weaver and Company, CO, United States). Electrode impedances were maintained below 3 kΩ. An active electrode was placed over the SCM on the right hand side, with reference and ground electrodes on the upper sternum and nasion, respectively.

The stimulus was a 500 Hz sinusoidal carrier with rectangular windowing generated by the Eclipse. This frequency is found to be optimal for VEMP testing (Rosengren et al., 2010; Papathanasiou et al., 2014). The rise/fall time of zero, and plateau time of 2 ms, gave characteristics intermediate between a tone burst and a click (Laukli and Burkard, 2015). Stimuli were delivered at a rate of 5.1 per second through a B81 bone conductor (Radioear, MN, United States), positioned on the mastoid bone behind the right ear. The bone conductor was calibrated with a Model 4930 artificial mastoid and 2250 Investigator (Brüel and Kjaer, Naerum, Denmark), and an Agilent 54621A 2-Channel Oscilloscope (Keysight, CA, United States). Calibrations were based on the artificial mastoid having a reference equivalent threshold force level re 1 μN of 40.2 dB for 500 Hz. Interacoustics provide a correction factor of 69.5 dB for peSPL to nHL conversion of a 2-2-2 500 Hz tone burst. This correction factor was applied to the 0-1-0 500 Hz tone burst, with bone conduction levels accordingly reported in dB HL. Thus, stimulus levels in this report are calculated as they apply to the cochlea, rather than the vestibular system. More precisely, the stimulus levels describe a body conducted equivalent to standardised sound pressure levels in the ear canal. Maximum stimulus level was set at 40 dB HL, since sine waves with amplitude above 40 dB HL displayed clipped on the oscilloscope.

The electromyography (EMG) signal was amplified and band-pass filtered prior to sampling on the Eclipse system, using the Interacoustics research license. Low pass was a digital FIR filter of 102nd order at 1500 Hz, and high pass was a 10 Hz analog Butterworth filter of 1st order at 6 dB per octave. Sample rate was 3 kHz.



Procedure

Participants were seated with the forehead resting against a padded bar, using apparatus specially constructed for this experiment (Figure 3). Participants were instructed to push their heads against the padded bar such that they would maintain an EMG biofeedback target as close as possible to 50 μV root mean square (RMS) throughout testing. If the background EMG was lower than 50 μV RMS, the stimulus would stop playing and participants were instructed to push harder. Participants were asked to push no harder than they needed to, and would rarely attempt to do so. The importance of maintaining a constant background EMG was relayed to participants, and the experimenter monitored background EMG throughout.
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FIGURE 3. Custom head bar. Participants were instructed to push against a padded bar using the forehead, such that sternocleidomastoid tension was maintained as close as possible to 50 μV RMS throughout testing. Biofeedback in the Eclipse clinical software enabled participants to monitor sternocleidomastoid tension.


Eclipse recordings followed the Interacoustics recommended procedure for VEMPs, including rejection of epochs having peak or trough amplitudes with magnitude larger than ±800 μV. A software feature compensated for rejected epochs such that the averaged response to exactly 300 epochs was recorded for every stimulus level tested. Such averages of 300 epochs will be referred to henceforth as “sequences.” The initial sequence was recorded with a stimulus level of 40 dB HL, with further sequences recorded with stimulus level descending in 2 dB steps until 34 dB HL or until the averaged VEMP trace summarising the sequence was comparable to background noise, whichever came soonest. Comparison of the averaged VEMP trace to background noise was made by the experimenter using the EP25 clinical software. A second series of recordings was initiated at 39 dB HL, with stimulus level descending in 2 dB steps until 35 dB HL or until the averaged VEMP trace summarising the sequence was comparable to background noise, whichever came soonest. The collection procedure was explained to participants, who could watch their averaged VEMP trace being calculated in real time by the EP25 software on a computer screen. If the participant was willing (e.g., if they had no time constraints) and if participants had shown a response at 34 dB HL, further sequences were recorded at stimulus levels below 34 dB HL. Sessions ended with repeat recording of a sequence using the maximum 40 dB HL stimulus level.



Data Processing

Raw data were processed using custom scripts in MATLAB 2019a (The MathWorks, Inc., Natick, MA, United States). Response amplitudes were transformed into a dimensionless ratio by normalising per participant. For each participant, a pre-stimulus interval of 18 ms was extracted from a mean of the EMG waveforms from the first six sequences of 300 presentations recorded (i.e., it was a pre-stimulus mean of the first 1800 presentations recorded). The RMS of this per participant pre-stimulus mean was assigned as a background EMG tension per participant. Finally, all waveforms for a participant were normalised by dividing them by the background EMG tension per participant.

This normalisation procedure is in principle not necessary, since background EMG tension is already tightly controlled at a target of 50 μV per participant using the head bar. However, the normalisation will account for any small per participant variation in background EMG tension. Normalisation uses the maximum pre-stimulus data available for every participant (1800 presentations), minimising the presence of random noise per participant in the pre-stimulus RMS background EMG tension. This procedure is preferable to, for example, per sequence normalisation based on pre-stimulus RMS for each sequence of 300 presentations. Per sequence normalisation would introduce noise to data because random fluctuation in pre-stimulus RMS per sequence (i.e., random in addition to any actual change in sternocleidomastoid tension) would affect VEMP amplitudes randomly on a per sequence basis, thereby affecting within participant comparisons. Between participant comparisons will use linear mixed-effects regression analysis, which depends on an accurate within participant measure of VEMP amplitude growth with stimulus level. As such, preserving within participant comparisons as accurately as possible – so, identically to the raw data with the normalisation procedures used in this study – is optimal for linear mixed-effects regression analysis.

Figure 4 shows VEMP grand averages for stutter and non-stutter groups at the maximum 40 dB HL stimulus level. Peaks per sequence per participant were identified using the “findpeaks” algorithm in the MATLAB Signal Processing Toolbox. Waveforms were inverted to find troughs. Initially peaks and troughs were appraised for the first 40 dB HL sequence per participant. This was done by first identifying troughs for the entire 40 dB HL sequence, and then identifying the most prominent trough (prominence as defined in the findpeaks algorithm) between 15 and 37 ms as n1. Next, peaks were identified for the entire 40 dB HL trace. Peaks earlier than 8 ms, and later than n1, were discarded. Remaining peaks were ranked. Firstly, the three most prominent peaks were awarded 5, 4, and 3 points in order of prominence. Secondly, the same three most prominent peaks were weighted based on their prominence compared to the most prominent peak: 3 points awarded for greater than or equal to two thirds; 2 points for greater than one third and less than two thirds; and 1 point otherwise. Thirdly, the five peaks having the smallest time difference from n1 were awarded points from 5 to 1 in a hierarchy with more points for smaller time difference. Finally, all of the points were summed. The peak with the greatest number of points was identified as p1. Ties were decided in favor of the peak with smaller time difference from n1.
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FIGURE 4. Grand Average VEMP wave forms at the maximum 40 dB HL stimulus level. The horizontal axis shows the time course of each epoch in milliseconds, with the stimulus always presented at time zero during an epoch. The 8 ms interval immediately after stimulus presentation is adjusted to have an amplitude of zero for all recordings, to remove stimulus artefact from the bone conductor. The vertical axis shows response amplitude. Wave forms in this figure have been averaged per participant and per group. On a per participant basis, the 300 epochs per stimulus level per participant were averaged together; these averages of 300 epochs (see the “Procedure” and “Data Processing” sections) are referred to as a “sequence”. Normalisation was then carried out on a per participant basis, and is in addition to the tight control of background electromyographic tension (target of 50 μV for all participants) using a custom head bar and biofeedback. In the normalisation routine, the VEMP amplitude of the wave form in microvolts was divided by the root mean square VEMP amplitude in microvolts of an 18 ms pre-stimulus interval. VEMP amplitudes are thus provided in dimensionless units. In the per group averaging to create the grand averages shown in this figure, all normalised sequences at 40 dB HL have been averaged together on a group basis for either the stutter group or the non-stutter control group.


Peaks and troughs for other stimulus levels were identified in a similar manner to the process just described for the initial 40 dB HL sequence, except that the trough from the initial 40 dB HL sequence was used as an anchor for trough detection for remaining sequences on a per participant basis. Peaks and troughs were rejected (the script returned an empty result) if the p1-n1 amplitude was less than 1.65 times the pre-stimulus RMS for the sequence of 300 repetitions being evaluated.

The script was checked through visual inspection of waveforms for the entire data set collected. This was an iterative procedure, with the script run several times using adjustments to some of the parameters described. Visual inspection showed that the final script identified peaks and troughs with a high degree of fidelity. Identification by the script was final – no data points were removed or adjusted manually.

Data were transformed to a response level (RL) scale by taking the log of p1-n1 amplitude as follows:
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Zero dB RL denotes a projected VEMP threshold (this is not the same as VEMP thresholds in clinical procedure; see note at Figure 11). The transformation is analogous to that for the dB SPL scale widely used for sound pressure levels (and its frequency-adjusted HL variant), in which a 10 dB increase approximates a perceptual doubling.



Confounders in VEMP Measurement

This section describes precautions taken to minimise potential confounders in VEMP measurement. The precautions predominantly address measurement of VEMP p1-n1 amplitude, but will also increase accuracy when measuring VEMP p1-n1 latency.



Stimulus Level

VEMP p1-n1 amplitude is expected to increase with stimulus level (Todd et al., 2008). Linear mixed-effects regression analysis takes advantage of this relationship, with between group comparisons based on VEMP growth rate.



Neck Tension

Tension in the SCM must be greater than at resting state in order to record a cervical VEMP. However, VEMP p1-n1 amplitude increases with SCM tension (Ochi et al., 2001). Accordingly, variation in SCM tension was limited, to prevent it acting as a confounder. This was done by asking participants to maintain a constant biofeedback target whilst pushing against a padded head bar (Figure 3).

Additional measures were taken to ensure that SCM tension did not act as a confounder. Pre-stimulus SCM tension was measured so that it could, if necessary, be included as a covariate during analysis. To ensure that fatigue could not be a factor, duration of testing was also assessed as a covariate.



Age

Participants were paired on age to control for a decrease in VEMP p1-n1 amplitude with age (Nguyen et al., 2010; Colebatch et al., 2013).



Crossed Response

Cervical VEMPs are predominantly ipsilateral, but may sometimes have a contralateral component (Colebatch and Rothwell, 2004; Ashford et al., 2016). Use of binaural stimuli limited variation due to any between participant difference in the extent of contralateral activity, because ipsilateral and contralateral components of the VEMP from each ear were present at both SCM muscles. The arrangement is imperfect, because the mastoid placement for the bone conductor introduces an asymmetry, with approximately 3–5 dB intracranial attenuation for the 500 Hz tone burst used (Stenfelt, 2012). However, this asymmetry in body-conducted stimulation is consistent per participant.



Sternocleidomastoid Physiology

Sternocleidomastoid muscle size and subcutaneous fat are likely to influence VEMP amplitude (Chang et al., 2007; Bartuzi et al., 2010). The effect was not appraised, although it was minimised by the normalisation procedure, the pairing on age and sex, and the use of amplitude growth parameters for between group comparisons.



Blood Flow

Blood has electromagnetic properties (Beving et al., 1994; Abdalla, 2011) meaning electromagnetic field variations due to blood flow will add noise to EMG recordings. The active electrode placement for cervical VEMPs, directly above the carotid artery, suggests that measurement of cervical VEMPs will be affected by blood flow. This is mitigated by the large size of the cervical VEMP response. Stimuli were delivered at a rate of 5.1 per second, whilst resting state pulse rates are approximately one per second. As a result, variations in the EMG recording due to carotid artery blood flow will largely cancel out over the approximately 1 min recording time, such that noise due to blood flow is minimal.



Statistical Model

The initial statistical model for VEMP p1-n1 amplitude is shown in Figure 5. Preliminary analysis with data from 48 control participants (Gattie et al., in preparation) eliminated neck tension and duration of testing as confounders for amplitude or latency measures. It also showed that VEMP p1-n1 latency is independent of stimulus level. This simplifies the latency model, because the only remaining predictor is whether or not a participant stutters.
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FIGURE 5. Initial statistical model for VEMP p1-n1 response amplitude. Neck tension was a root mean square of the pre-stimulus VEMP p1-n1 amplitude based on each presentation sequence of 300 stimulus repetitions. Age was calculated in days at the time of testing. The dB RL units used for vestibular response are a log transformation of the VEMP p1-n1 amplitude, such that zero dB RL corresponds to vestibular threshold (although, see note in Figure 11). Possible disturbances include neck size, pulse rate and crossed response.


For VEMP p1-n1 amplitudes, linear mixed-effects regression modelling (Winter, 2019) follows the form:
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Where VEMP p1-n1 amplitude is conditioned on whether or not participants stutter, with ß0 as intercept (varies with participant, j) and ß1 as a fixed slope of increase in VEMP p1-n1 amplitude with stimulus level. Varying slope models were also appraised (see Supplementary Material). Statistical analysis was conducted with the lme4 package (Bates et al., 2015) in R (R Development Core Team, 2020). Effect size (Cohen’s d) was calculated from mixed model t statistics with the EMAtools package for R, version 0.1.3 (R Foundation). Conditional R2 was calculated according to Nakagawa et al. (2017) using the MuMIn package, version 1.43.17 (R Foundation).



RESULTS


VEMP p1-n1 Amplitude

The histogram in Figure 6 shows counts of VEMP p1-n1 amplitude measurements sorted into stutter or non-stutter groups. The histogram does not show detail of participant or stimulus level. Since the histogram contains repeated measurements, it is not appropriate for statistical comparisons. However, presentation count was approximately equal per participant, and over approximately the same stimulus range, meaning that the histogram gives an indication of distribution for each group. Both the stutter and non-stutter groups appear to have a normal distribution, and there is suggestion of a difference between the means of the distributions.
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FIGURE 6. Histogram of VEMP p1-n1 amplitudes for stutter and control groups. The histogram does not show detail of participant or stimulus level, and contains repeated measurements for the two groups of 15 participants per group. As such, it suggests shape of distribution and direction of group difference, but is not appropriate for statistical comparison (statistical comparison is by linear mixed-effects regression modelling).


The box plot in Figure 7 provides an alternative view of the data in Figure 6. It should be compared with Figure 8, which shows per participant distributions of VEMP p1-n1 amplitude, with participants who stutter and paired non-stutter controls arranged adjacently in order of age. Box plots do not show detail of stimulus level. Figure 8 shows that for 10 of the 15 pairs, VEMP p1-n1 amplitudes are overall markedly higher for the non-stutter than the stutter participant. In 3 of the 15 pairs, there is a partial overlap, which will be evaluated through linear mixed-effects regression modelling. In two cases, VEMP p1-n1 amplitudes are overall clearly higher for the stutter than the non-stutter participant. However, stuttering in these two participants differed from the others in the stutter group. One participant had both cluttering and stuttering, whilst stuttering in the other had a possible psychogenic rather than developmental origin (see Supplementary Material). Data from both participants and their pairs were retained in the statistical analysis.
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FIGURE 7. Boxplot showing VEMP p1-n1 amplitudes for stutter and non-stutter groups collapsed across stimulus level (i.e., identical data to Figure 6). Log transformation on the ordinate is such that a doubling of the VEMP p1-n1 amplitude in normalised microvolts (i.e., with unity RMS background) corresponds to a 6 dB increase. The two slightly larger circles near the medians denote means. The ratio of difference between medians to overall spread (i.e., to the difference between the lower quartile for the stutter group and the upper quartile for the non-stutter group) is approximately 30%. However, this data presentation is for illustration purposes only. The data contain repeat readings with asymmetries between groups. The actual statistical analysis is via linear mixed-effects regression modelling, and is described in the sections “Statistical Model” and “VEMP p1-n1 Amplitude”.
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FIGURE 8. Box plots showing distributions of VEMP p1-n1 amplitude, with participants who stutter and paired non-stutter control participants arranged adjacently in order of age. The box plot does not show detail of stimulus level (although, larger VEMP p1-n1 amplitude almost invariably corresponds to higher stimulus level). Log transformation on the ordinate is such that a 6 dB increase corresponds to a doubling of the VEMP p1-n1 amplitude in normalised microvolts (i.e., with unity RMS background). Arrows link the mean VEMP p1-n1 amplitudes of participants who stutter with those of their paired controls. The control participant without stuttering is always shown at the point of the arrow, whilst the participant with stuttering is where fletching would appear. In 10 cases (arrows with gradients) VEMP p1-n1 amplitudes are overall markedly higher for non-stutter than stutter participants. In three cases (blue outline arrows with horizontal stripes) there is a partial overlap, which will be evaluated in the statistical analysis. In two cases (red outline arrows with vertical stripes) VEMP p1-n1 amplitudes are overall clearly higher for the stutter than the non-stutter participants. These two participants who stutter differed from the remaining 13 in the stutter group (one had a possible psychogenic onset, the other had both cluttering and stuttering). All 15 participants in the stutter group, along with the 15 control participants in the non-stutter group, were included in the linear mixed-effects regression analysis.


Density plots in Figure 9 provide a view of the data without detail of participants, but with detail of stimulus level. As such, they are complementary to the box plots in Figure 8. Uncorrected t-tests show group differences at or near an alpha level of 0.05 for five of the nine stimulus levels shown. However, such t-tests do not accurately summarise the data. Repeated measures at the same stimulus level are excluded from Figure 9 and from t-tests, as are data at stimulus levels below 32 dB HL, and no account is made of trends in individual participants across stimulus levels.
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FIGURE 9. Density plots at stimulus levels between 40 dB HL and 32 dB HL. Histograms are shown in the background. Uncorrected t-tests show group differences at p ≤ 0.05 for 38, 36, and 32 dB HL, and p = 0.06 for 40 and 37 dB HL. Group sizes are unbalanced at 35 and 33 dB HL. This view of data with uncorrected t-tests is for illustration purposes only. Repeated measures at the same stimulus level are excluded, as are data at stimulus levels below 32 dB HL, and no account is made of trends in participants across stimulus levels. The actual statistical analysis is by linear mixed-effects regression modelling, and is described in the sections “Statistical Model” and “VEMP p1-n1 Amplitude.”


Pre-registration specified use of linear mixed-effects regression analysis. A random intercepts model gives the statistically significant result that the stutter group has a VEMP p1-n1 amplitude 8.5 dB smaller than the non-stutter group for the range of stimulus levels tested (p = 0.035, 95% CI [−0.9, −16.1], Chi-Squared (1) = 4.44, d = −0.8, conditional R2 = 0.88).

In linear mixed-effects regression modelling, there is a trade-off between greater possibility of type I error when data from all participants are assigned the same slope but can have different intercepts, versus lower statistical power when both slope and intercept can vary with data per participant (Barr et al., 2013; Matuschek et al., 2017). Analysis of a wider range of models, including random slopes, is detailed in the Supplementary Material, along with an analysis of pre-stimulus RMS background EMG tension. A convergence warning with varying slopes can be removed by removing outlying data. All fixed and varying slope models evaluated give the result that VEMP p1-n1 amplitude is between 7.9 and 8.7 dB RL smaller in the stutter group than the non-stutter group, with p-values between 0.021 and 0.049. Slopes per participant are shown in Figure 10. It was because the slopes in Figure 10 are approximately parallel that the fixed slope, random intercepts model was preferred. The final model for VEMP amplitude is shown in Figure 11.
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FIGURE 10. Per participant slopes of stimulus level (dB HL) versus VEMP p1-n1 amplitude (dB RL). Log transformation on the ordinate is such that a 6 dB increase corresponds to a doubling of the VEMP p1-n1 amplitude in normalised microvolts (i.e., with unity RMS background). A fixed slope, varying intercept model is supported if the least squares fit lines shown in this diagram are considered approximately parallel. Analyses of varying slope linear mixed models for these data are available in the Supplementary Material.
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FIGURE 11. Final model for VEMP amplitude. The disturbance represents influences other than those measured in the model, and is the square root of (1 – R2), where the conditional R2 is calculated according to Nakagawa et al. (2017) using the MuMIn package (version 1.43.17). For the control group, using the calibrations and data transformations in this report, the y-axis intercept is −24.9 dB RL (95% CI [−32.6, −17.2]). The suggestion is of VEMP thresholds at 20.3 dB HL for the stutter group and 11.8 dB HL for the non-stutter group. However, VEMP thresholds projected in this way (extrapolation to 0 dB RL) assume a linear relationship between stimulus level and VEMP amplitude over a wider range of stimulus levels than was tested in this study. Such projections are dissimilar to VEMP thresholds evaluated by clinical search procedures (e.g., as per British Society of Audiology, 2012). Clinical VEMP thresholds refer to the smallest VEMP p1-n1 amplitudes which can be recorded against electromyographic background in a particular laboratory, and are used for differential diagnosis as part of a test battery (Rosengren et al., 2019).


The study had a pilot, which was reanalyzed using the scripts developed for this main report. Comparison of 5 participants who stutter with matched controls gives a result similar to the main report, with VEMP p1-n1 amplitude 10.1 dB smaller in the stutter than the non-stutter group (p = 0.044, 95% CI [−1.3, −18.9]). The pilot study is described in more detail in the Supplementary Material.



VEMP p1-n1 Latency

No statistically significant group differences were found for VEMP p1-n1 latency. Figure 12 shows latencies collected across all participants and all stimulus levels, including repeat measurements. Data appear normally distributed, with no indication of a group difference. Variation across participants with stimulus level is shown in Figure 13. There is no statistically significant interaction. Pearson’s correlation coefficient between VEMP p1-n1 latency and stimulus level is r (165) = 0.13, p = 0.10, 95% CI [−0.03, 0.27] for the stutter group, and r(165) = 0.06, p = 0.46, 95% CI [−0.10, 0.21] for the non-stutter group.
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FIGURE 12. Histogram of VEMP p1-n1 latencies for stutter and control groups. The histogram does not show detail of participant or stimulus level, and contains repeated measurements for the two groups of 15 participants per group. As such, it suggests shape of distribution and direction of group difference, but is not appropriate for statistical comparison (statistical comparison is by linear mixed-effects regression modelling).



[image: image]

FIGURE 13. Variation of VEMP p1-n1 latency with stimulus level. There is no statistically significant interaction, and no indication of a group difference.


Group comparisons were evaluated through linear mixed-effects regression modelling, with p-values generated by likelihood ratio comparisons between the following models:

 model_null: latency ∼ 1 + (1| participant)

 model_diff: latency ∼ 1 + group + (1| participant)

There is no statistically significant difference between groups [chi squared (1) 0.07, p = 0.8].

This study had a pilot, described in more detail in the Supplementary Material. Similar analysis on pilot data shows no statistically significant difference between groups [chi squared (1) 2.6, p = 0.10].



DISCUSSION

Clinical presentation of stuttering is not accompanied by reports of difficulty with balance or dizziness (Bloodstein et al., 2021). As such, it is to be expected that clinical appraisal of the vestibular system in stutter and non-stutter groups should give broadly comparable results. This expectation is borne out in the box plots of Figures 7 and 8, and through the scaling of VEMP p1-n1 amplitude with stimulus level shown in Figure 10. On the basis of the current study, the vestibular clinician need make no particular allowance for stuttering when assessing clients who present with balance or dizziness complaints.

Nevertheless, there is a statistically significant finding that VEMP p1-n1 amplitude is 8.5 dB smaller in the stutter than the non-stutter group (p = 0.035, 95% CI [−0.9, −16.1], t = −2.1, d = −0.8). Whilst not of clinical importance for gravitoinertial function, the group difference will be interpreted in what follows according to its implications for speech-motor function in stuttering.

It will first be necessary to consider exactly what the group difference represents. The linear mixed-effects regression analysis compares two variables, both of which have been normalised relative to a background reference and transformed logarithmically (see “Data Processing”). It is the relationship between the transformed variables which is linear. Without the normalisation and transformation, the relationship between VEMP p1-n1 amplitude in volts and sound pressure in pascals would be described by a power law function. When viewed graphically, the logarithmic transformation will visually reduce differences between groups. The visual transformation can be difficult to interpret. This situation affects the box plots of Figures 7 and 8, and the linear plot of Figure 10. In all of these, a VEMP p1-n1 increase of 6 dB RL would correspond to a doubling of VEMP p1-n1 amplitude in microvolts (or more precisely, normalised microvolts – VEMPs are scaled per participant such that background is unity, as described in “Data processing,” so amplitudes are technically dimensionless ratios). When viewed without the logarithmic transformation, as in the VEMP wave form of Figure 4, the VEMP p1-n1 amplitude in the non-stutter group is twice as big as that in the stutter group.

As already remarked, a smaller VEMP p1-n1 amplitude in the stutter group than the non-stutter group need not be indicative of a difference in gravitoinertial function between stutter and non-stutter groups. Nevertheless, a smaller VEMP p1-n1 amplitude has implications for the way that own voice is perceived. With the logarithmic transformations in this report, an increment of 1 dB in stimulus level applied to the cochlea corresponds to a 2.1 dB increase in VEMP p1-n1 amplitude (see Figure 11 and the section “Electromyography”). Thus, the 8.5 dB group difference measured in VEMP p1-n1 amplitude means that stimulus levels for the stutter group need to be 4 dB higher than the non-stutter group (i.e., 8.5 ÷ 2.1) in order to produce an identically sized VEMP p1-n1 response. However, stimuli in this experiment were delivered through body conduction only. Stimuli during vocalisation contain an air conducted component of approximately equal magnitude to the body conducted component (Békésy, 1949; Reinfeldt et al., 2010). Thus, during vocalisation the stimulus level at the cochlea needs to be 8 dB higher in the stutter than the non-stutter group (i.e., 4 dB body conduction + 4 dB air conduction) in order to produce an identically sized VEMP p1-n1 response. When interpreting sound pressure level dB scales applied to the cochlea, a 10 dB increase corresponds to an approximate perceptual doubling (Stevens, 1972; Warren, 1973; Florentine et al., 2010). Given that spectral characteristics of the brief duration stimuli used in this investigation are within the human voice frequency range, the indication is that, for the stutter group, own voice perceived via the cochlea must be approximately twice as loud as for the non-stutter group in order to produce an identically sized VEMP p1-n1 response.

The remainder of this discussion will appraise three candidate explanations for the finding. The first two concern the possibility of the smaller VEMP p1-n1 response in the stutter group than the non-stutter group co-occuring with, or being a consequence of, differences between stutter and non-stutter groups in corticofugal activity or motor threshold subtentorially. The third possibility is that the smaller VEMP p1-n1 response in the stutter than the non-stutter group is indicative of a difference between stutter and non-stutter groups in an ascending neural stream corresponding to own voice, and that such a difference contributes to stuttering.


Explanation 1: VEMP Response Modified by Differences in Corticofugal Activity Between Stutter and Non-Stutter Groups

Cortical research has indicated a motor threshold difference between stutter and non-stutter groups (Alm et al., 2013; Neef et al., 2015b; Busan et al., 2020). If a motor threshold difference between stutter and non-stutter groups affects brainstem reflexes, it might be possible to develop an explanation of why VEMP p1-n1 amplitude is smaller in the stutter group than the non-stutter group.

In the section “Background,” literature was summarised indicating that the VEMP should be considered as a short latency fragment of the vestibulo-collic reflex. A feature of this type of brainstem reflex (i.e., a reflex with no cortical involvement) is the rapidity of motor response compared to that which could be expected if cortical involvement was necessary. Functions such as balance and stability of gaze depend on such rapidity. Given that presentation of stuttering is not accompanied by reports of difficulty with gravitoinertial function, and that cerebral activity is not considered part of vestibular reflexes, the proposal that corticofugal activity affects VEMP response in people who stutter does not appear promising.

Nevertheless, corticofugal activity or the absence thereof can influence vestibular reflexes. McCall et al. (2017) review studies in which decerebration in animals, or strokes interrupting corticobulbar projections in humans, alter the gain of vestibulospinal reflexes and the response of neurons in vestibular nuclei. However, even in cases of chronic supratentorial stroke with spastic hypertonia unilaterally, asymmetry ratio in VEMP p1-n1 amplitude is one half or less between unaffected and affected sides (Miller et al., 2014). This is comparable to or less than the VEMP p1-n1 amplitude difference found between stutter and non-stutter groups in the current study (Figure 4). It moreover has the opposite direction of fit to that which might be expected. Alteration of corticofugal activity following a variety of supratentorial insults was found to increase VEMP p1-n1 amplitude, with the size of the increase corresponding to the amount of spasticity. Whereas in the stutter group for the current study, VEMP p1-n1 amplitude was decreased relative to the non-stutter group.

If differences in supratentorial structure or function between stutter and non-stutter groups contribute to differences in VEMP p1-n1 amplitude then, on the model of chronic stroke with spastic hypertonia, an increase in VEMP p1-n1 amplitude in the stutter group relative to the non-stutter group would be expected. Yet the opposite is found: VEMP p1-n1 amplitude is smaller in the stutter group than the non-stutter group.

For this reason, along with the aforementioned understanding (see section “Background”) that the vestibulo-collic reflex corresponds to activity in the vestibular brainstem and periphery, a cortical motor threshold difference between stutter and non-stutter groups does not appear workable as the basis for an explanation of group difference in VEMP p1-n1 amplitude. Following these considerations, an account of current findings which involves corticofugal activity seems unlikely to be compelling.



Explanation 2: VEMP Response Modified by a Lower Subtentorial Motor Threshold in the Stutter Than the Non-stutter Group

An alternative explanation for the smaller VEMP response in the stutter group than the non-stutter group is that it is an artefact of a difference from the non-stutter group in motor threshold subtentorially. This would follow the suggestion of Zimmermann (1980) that a higher gain in brainstem reflexes contributes to stuttering.

Brainstem reflexes can be assessed through the startle response (Fetcho and McLean, 2009), a whole body flexor reaction to abrupt and intense stimulation. The startle response can be elicited by acoustic stimuli (e.g., bursts of white noise at 100 dBA) with measurement through the orbicularis oculi muscle which causes eye blink (Gómez-Nieto et al., 2020). When the startle stimulus is preceded by a smaller stimulus, referred to as a pre-pulse, the startle response is diminished. Experiments manipulating pre-pulse inhibition are used to appraise sensory gating (Cromwell and Atchley, 2015), a process in which stimuli are proposed to be filtered through ascending neural pathways such that cognitive processes will operate over a limited range of environmentally relevant percepts. Reduction in sensory gating would affect dopaminergic pathways and the striatum (Kaji et al., 2005), and may be accompanied by excessive attribution of salience to environmental stimuli. Such alterations to sensory gating may be present in neuropsychiatric diagnoses such as schizophrenia (Geyer, 2006). There may also be relevance to stuttering. Stuttering is thought to be accompanied by alterations in dopaminergic pathways (Alm, 2004; Alm and Risberg, 2007) and a difference between stutter and non-stutter groups in auditory sensory gating could potentially explain why altering audition during ongoing speech reduces the amount of stuttering (Cherry et al., 1956; Yates, 1963; Howell et al., 1987).

The startle response is modulated by the amygdala and stria terminalis (Davis et al., 1997) and can be altered by emotional context (Lang et al., 1990; Grillon and Baas, 2003). Alterations to the size of startle response can accompany post-traumatic stress disorder, mood and anxiety disorders, and traits related to anxiety and depression. However, the direction of change is not consistent (Vaidyanathan et al., 2009). Increased startle response is found in individuals having social anxiety (Pause et al., 2009). Several studies suggest increased anxiety in people who stutter (Craig, 1990; Craig et al., 2003; Ezrati-Vinacour and Levin, 2004) with overlap between the behavior of people who stutter and criteria for a diagnosis of social anxiety (Iverach et al., 2017). Although it is unclear whether anxiety in people who stutter is causative of stuttering, or is a result of the experience of stuttering, there is incentive to investigate acoustic startle response in participants who stutter.

For the reasons already described, acoustic startle has been compared several times between stutter and non-stutter groups. Guitar (2003) found a larger eye blink response in a stutter group than a non-stutter group, along with a higher score on the “nervous” subscale of the Taylor–Johnson Temperament Analysis (Taylor and Morrison, 1996). Pre-pulse inhibition was not tested. Alm (2006) and Alm and Risberg (2007) did not find a difference in eye blink response between stutter and non-stutter groups, including in tests of pre-pulse inhibition. Ellis et al. (2008) and Selman and Gregg (2020) also did not find a difference in acoustic startle between stutter and non-stutter groups. Alm and Risberg (2007) and Selman and Gregg (2020) also assessed temperament of participants using standardised instruments, and did not find group differences. On balance, the indication is that acoustic startle response does not differ between stutter and non-stutter groups.

A difficulty in assessing acoustic startle response in participants who stutter is that uncomfortable loudness levels have been found as lower in stutter groups than in non-stutter groups (MacCulloch and Eaton, 1971; Brown et al., 1975). In a study of non-stutter groups with and without tinnitus, acoustic startle response was found to increase as uncomfortable loudness level decreased (Knudson and Melcher, 2016). This was found in both tinnitus and non-tinnitus groups. The study also included anxiety and depression test batteries, finding no difference between groups and no correlation with either acoustic startle response or uncomfortable loudness level. Tests of acoustic startle response in participants who stutter have not evaluated uncomfortable loudness level, which will act as a confounder. Based on uncomfortable loudness level alone, an increase in acoustic startle response might be expected in stutter groups. However, such a finding would not necessarily inform understanding of anxiety, dopaminergic pathways or sensory gating in stuttering; it may simply be a side effect of a lower uncomfortable loudness level. In any event, increased acoustic startle response has only been found in one study involving a stutter group (Guitar, 2003), with four studies finding no group difference from a non-stutter group (Alm, 2006; Alm and Risberg, 2007; Ellis et al., 2008; Selman and Gregg, 2020).

In addition to the considerations already described, the vestibulo-collic reflex evaluated in the current study is not thought to have substantial overlap with the acoustic startle response. Firstly, the VEMP p1 latency of 10–15 ms is shorter than the 50 ms latency typical of the acoustic startle response (Bickford et al., 1964). Secondly, VEMPs can be driven at high rates of repetition (5.1 per second in the current study), unlike startle responses which, by definition, habituate rapidly (Landis and Hunt, 1939). A final point is that the 500 Hz body-conducted tone burst stimulus used in the current study had a maximum level of 40 dB HL. It thus contained energy well below the 100 dBA broadband stimuli used in acoustic startle studies, and would not be expected to generate a startle response.

In summary, there is not a compelling argument that the vestibulo-collic reflex evaluated in the current study is a component of the acoustic startle response, nor is there a convincing case that acoustic startle differs between stutter and non-stutter groups.



Explanation 3: Corticopetal Activity in the Stutter Group Modified by a Smaller Vestibular Sensory Input During Vocalisation Than in the Non-stutter Group

Rather than a generally higher gain in brainstem reflexes, as considered in explanation two, subtentorial differences between the stutter and non-stutter groups may centre around own voice identification. Gattie et al. (in preparation) proposes that own voice is identified through coincidence detection between ascending neural streams of cochlear and vestibular origin. The proposal overlaps with explanation two, providing a basis for higher brainstem gain and reduced sensory gating. However, the proposal is restricted to own voice stimuli, and does not require involvement of the acoustic startle response.

From this perspective, subtle differences between stutter and non-stutter groups in auditory function would be side effects or neurodevelopmental consequences of a difference in own voice identification. At the brainstem or periphery these include auditory brainstem response (described later in this section), sound source localisation (Rousey et al., 1959), interaural phase disparity (Stromsta, 1972) and uncomfortable loudness levels (Brown et al., 1975). See Rosenfield and Jerger (1984) for further review. Literature describing how the amount of stuttering can be reduced with alterations to audition during ongoing speech is also germane (see Lincoln et al., 2006 or Foundas et al., 2013 for appraisal of clinical application, as well as citations in the introduction to this article). Differences between stutter and non-stutter groups are also found in auditory functions having cortical involvement. These include masking level (Liebetrau and Daly, 1981), backward masking (Howell et al., 2000; Lotfi et al., 2020) and dichotic listening tests (Sommers et al., 1975; Cimorell-Strong et al., 1983; Blood, 1985; Blood et al., 1987; Dmitrieva et al., 2000; Foundas et al., 2004). Blood oxygen level dependent tests of auditory function show differences in functional lateralisation between stutter and non-stutter groups (Sato et al., 2011; Halag-Milo et al., 2016). Electroencephalography and magnetoencephalography show differences between stutter and non-stutter groups in auditory oddball (P300; Morgan et al., 1997; Kaganovich et al., 2010; Jerônimo et al., 2020); auditory sensory gating (P1/P50m; Kikuchi et al., 2011); mismatch negativity (Corbera et al., 2005; Jansson-Verkasalo et al., 2014; Jerônimo et al., 2020); and alterations to timing and/or amplitude of the N1/M100 during listening tasks (Ismail et al., 2017; Kikuchi et al., 2017) and speech tasks (Salmelin et al., 1998; Beal et al., 2010, 2011; Liotti et al., 2010). Conflicting results are sometimes reported (e.g., Blood and Blood, 1984; Anderson et al., 1988; Khedr et al., 2000; Hampton and Weber-Fox, 2008; Özcan et al., 2009).

Other than the current study, there is only one investigation of the vestibular system in participants who stutter. Rotary chair testing showed no difference between stutter and non-stutter groups in a non-speech condition. However, during a speaking task, evoked horizontal nystagmus was found to be significantly more pronounced in a stutter group than a non-stutter group (Langová et al., 1975) exhibiting a pattern consistent with stellar nystagmus (Langová et al., 1983). Contemporary accounts in neuro-ophthalmology localise stellar nystagmus to the midbrain (Liu et al., 2018). Together with the current study, the suggestion is that during vocalisation there is a difference in the nature of subtentorial ascending activity, and/or conduction along the VIII cranial nerve, between stutter and non-stutter groups.

Figure 14 shows neural pathways connecting with the VIII cranial nerve in the brainstem and cerebellum. Vestibular fibres in the VIII cranial nerve predominantly terminate in vestibular nuclei. However, vestibular fibres also innervate cerebellar vermis, and sometimes flocculus (see review of amniotes in Newlands and Perachio, 2003). Govender et al. (2020) describe vestibular cerebellar evoked potentials in a non-stutter group using air- and body-conducted tone bursts (a stutter group was not tested). The evoked potentials have latencies between 10 and 20 ms and are likely to reflect climbing fibre responses via crossed otolith-cerebellar pathways. Climbing fibres enter the cerebellum through the inferior cerebellar peduncle, forming synapses with Purkinje cells. Vestibular nuclei are bidirectionally connected to the cerebellum, with investigation of pathways ongoing (Grüsser-Cornehls and Bäurle, 2001; Büttner-Ennever and Gerrits, 2004). Cerebellar vermis has repeatedly been identified as having differing activations in between participant comparisons of stutter and non-stutter groups during fluent speech, and in within participant comparisons of stutter groups during fluent and dysfluent episodes (Budde et al., 2014; Belyk et al., 2015).
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FIGURE 14. Sagittal view of subcortical pathways to and from the VIII cranial nerve. Whilst the auditory pathway ascending from the cochlear nucleus is relatively well established (Irvine, 1992), pathways to and from vestibular nuclei remain under investigation (Pierrot-Deseilligny and Tilikete, 2008; Zwergal et al., 2009). Projections to vestibular cortex via the thalamus have been investigated in humans through clinical observation and lesion studies (Conrad et al., 2014; Hitier et al., 2014; Wijesinghe et al., 2015). Vestibular nuclei also project down the spine (not shown). © Portions of this figure were adapted from illustrations by Patrick J. Lynch, http://patricklynch.net/. Creative Commons 2.5 license.


Vestibular fibres also innervate the cochlear nucleus, either directly (Newlands and Perachio, 2003; Newlands et al., 2003) or via vestibular nuclei (Smith, 2012). The cochlear nucleus is the initial relay in a subcortical chain referred to as the ascending auditory pathway (Irvine, 1992). Electroencephalographic (EEG) activity in the ascending auditory pathway, following sound and vibration stimuli, is typically assessed through the auditory brainstem response (ABR). Stutter groups show greater differences in ABR from non-stutter groups when stimuli resemble speech (Tahaei et al., 2014; Crivellaro Goncalves et al., 2015; Mozaffarilegha et al., 2019) than when stimuli are clicks (Stager, 1990; Suchodoletz and Wolfram, 1996). However, all testing to date has been below clinical vestibular threshold, whereas clinical vestibular threshold will be exceeded during vocalisation (Todd et al., 2008; Curthoys et al., 2019). When sound stimuli are above vestibular threshold an additional component, N3, is present in the ABR (Mason et al., 1996; Nong et al., 2000, 2002; Papathanasiou et al., 2003, 2004, 2006; Murofushi et al., 2005). The nature of N3 has not been appraised in ABR tests of stutter groups.

Change in EEG morphology when stimuli exceed clinical vestibular threshold is seen cortically as well as in the auditory brainstem. When sound stimuli exceed clinical vestibular threshold, cortical EEG recordings show an additional component, the N42/P52, immediately prior to N1 (Todd et al., 2014b). The likely origin of N42/P52 is temporal or cingulate cortex (Todd et al., 2014a). As with the N3 in ABR, the nature of N42/P52 has not been investigated in stutter groups. However, the N1 has been important in investigations of stutter groups. The N1 (or its M100 equivalent in magnetoencephalography) is frequently used to evaluate speech-induced suppression (Houde and Nagarajan, 2016), in which temporal cortex activity during vocalisation is hypothesised to be moderated by speech-motor activity. Several authors have proposed that a difference in such moderation, or in auditory-motor mapping, between stutter and non-stutter groups underlies stuttering behavior (Max et al., 2004; Brown et al., 2005; Hickok et al., 2011; Cai et al., 2012). Such proposals have not been supported in direct tests evaluating N1/M100 amplitude (Beal et al., 2010, 2011; Liotti et al., 2010). However, all tests to date have used stimuli below clinical vestibular threshold. EEG morphology comparisons with stimuli above clinical vestibular threshold have not been made between stutter and non-stutter groups using either brainstem or cortical tests.

Figure 15 overlays cortical areas identified through study of the vestibular system and cortical areas found to be important for speech and language. Overlap is apparent in several areas. Based on the literature reviewed in this section, there is substantial motivation for a more detailed appraisal of the vestibular system in participants who stutter.


[image: image]

FIGURE 15. Cortical areas important for speech and language (adapted from the dual-stream model of Hickok and Poeppel, 2007) shown with vestibular cortical areas identified in cats, monkeys and humans (adapted from Ventre-Dominey, 2014; see also Frank and Greenlee, 2018). Cortical activity following vestibular input has wide interpretation (e.g., see reviews of cognition in Hitier et al., 2014, and audition/rhythm/timing in Todd and Lee, 2015). Some of the vestibular areas identified will be predominantly related to gravitoinertial function (see discussion in Ferrè and Haggard, 2020). Numbers are Brodmann areas – see primary literature for more exact location detail. Spt is the Sylvian temporo-parietal region proposed by Hickok and Poeppel (2007) as a sensorimotor integration area. Vestibular sites in humans have been identified as such when direct electrical stimulation of the cortex gives rise to gravitoinertial illusion. When vestibular sites are identified within BA 21 (lateral temporal lobe) or BA 22 (Wernicke’s area), auditory illusion is found to accompany gravitoinertial illusion (Kahane et al., 2003; Fenoy et al., 2006). © Portions of this illustration were adapted from Servier Medical Art, https://smart.servier.com. Creative Commons 3.0 license.




Other Diagnoses in Which VEMP Tests Show a Difference From Control Participants

VEMPs are typically used as part of a diagnostic test battery following balance and dizziness complaints (Rosengren et al., 2019). A difference from controls in VEMP testing can additionally be used to support diagnoses which perhaps have no obvious relation to balance and dizziness, or to each other. These include brainstem lesions (Oh et al., 2013), multiple scleroris (Escorihuela García et al., 2013; Gabelić et al., 2013; Ivanković et al., 2013; Güven et al., 2014), dementia (Harun et al., 2016), Parkinson’s disease (Shalash et al., 2017) and attention deficit and hyperactivity disorder (Isaac et al., 2017). See Oh et al. (2016) or Deriu et al. (2019) for further review and discussion. Gattie et al. (in preparation) discusses how brain areas identified as having structural or functional importance in participants who stutter may be common with brain areas identified in diagnoses which have a higher than chance overlap with stuttering.



Limitations of the Current Study

This report would benefit from replication with a higher participant count. However, the statistical analysis is more compelling than might typically be the case for a pre-registered case control study of this size (15 stutter, 15 non-stutter). For example, if two participants with a stuttering presentation and/or history differing from others in the stutter group had not been included in the analysis, a larger group difference of 11.2 dB (p = 0.007, 95% CI [−3.6, −18.9]) would have been reported. Furthermore, 7 of the 15 controls were representative of a normative sample of 48; and the pilot study (five participants who stutter, five non-stutter controls) had near-identical results to the main study (10.1 dB group difference, p = 0.044, 95% CI [−1.3, −18.9]). The finding of a difference in vestibular function between stutter and non-stutter groups is in agreement with the only prior research on the vestibular system with participants who stutter (Langová et al., 1975).



CONCLUSION

Vestibular-evoked myogenic potential was found to have a significantly smaller p1-n1 amplitude in a stutter group than a non-stutter group. Although not of clinical importance with regard to gravitoinertial function, the group difference may have importance for understanding of speech-motor function in participants who stutter. The finding of a difference in vestibular function between a stutter and a non-stutter group is consistent with prior research on the vestibular system in stuttering (Langová et al., 1975). Review of vestibular pathways, and in particular the response of the vestibular system to sound and vibration, motivates further investigation of the vestibular system in participants who stutter. There is overlap between brain areas receiving vestibular innervation, and brain areas identified as important in studies of stuttering. These include the auditory brainstem, the cerebellum and the temporo-parietal junction.

This study was pre-registered as predicting a difference in VEMP between stutter and non-stutter groups. The pre-registration gives the disruptive rhythm hypothesis (Howell et al., 1983; Howell, 2004) as a rationale. The disruptive rhythm hypothesis proposes that sensory inputs additional to own speech audition will be maximally fluency-enhancing when they coordinate with ongoing speech. The disruptive rhythm hypothesis is supported by this study. Vestibular input which coordinates with ongoing speech is fluency enhancing in ordinarily fluent controls, whereas the smaller vestibular input in people who stutter results in less fluency enhancement, accounting for the observed stuttering behavior.

The study was motivated by a hypothesis which is compatible with, and adds detail to, the disruptive rhythm hypothesis (Gattie et al., in preparation). The basis of the hypothesis is that coincidence detection between deflection of cochlear and vestibular mechanoreceptors during vocalisation is fundamental to own voice identification, and that own voice identification differs between stutter and non-stutter groups.
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Stuttering is a neurodevelopmental speech disorder characterized by the symptoms of speech repetition, prolongation, and blocking. Stuttering-related dysfluency can be transiently alleviated by providing an external timing signal such as a metronome or the voice of another person. Therefore, the existence of a core motor timing deficit in stuttering has been speculated. If this is the case, then motoric behaviors other than speech should be disrupted in stuttering. This study examined motoric performance on four complex bimanual tasks in 37 adults who stutter and 31 fluent controls. Two tasks utilized bimanual rotation to examine motor dexterity, and two tasks used the bimanual mirror and parallel tapping movements to examine timing control ability. Video-based analyses were conducted to determine performance accuracy and speed. The results showed that individuals who stutter performed worse than fluent speakers on tapping tasks but not on bimanual rotation tasks. These results suggest stuttering is associated with timing control for general motor behavior.

Keywords: stuttering, finger movement, mirror and parallel tapping, motor dexterity, timing control, basal ganglia, cerebellum, supplementary motor area


INTRODUCTION

Stuttering is a speech fluency disorder. Most developmental stuttering cases have their onset between 2 and 5 years of age, and the population incidence ranges from 1 to 11% (Craig et al., 2002; McLeod and Harrison, 2009; Boyle et al., 2011; Reilly et al., 2013). Sixty to eighty percent of developmental stuttering cases recover without intervention (Kefalianos et al., 2017; Shimada et al., 2018); the remainder will often continue to experience lifelong speech disfluency. It is estimated that more than 10 million people across the world stutter; however, neither definite causes for stuttering nor foolproof treatments are known. Recent biological studies on stuttering postulate a complex neurodevelopmental disorder resulting from interactions between the genes and the environment (Ooki, 2005; Rautakoski et al., 2012; Frigerio-Domingues and Drayna, 2017), which neurological studies suggest manifest as altered function and structure of the brain.

One promising theory posits that stuttering results from a deficit in speech timing control (Van Riper, 1982; Etchell et al., 2014a). This notion accounts for the well-known phenomenon that, in stuttering, dysfluency can be temporarily suppressed by providing external timing cues; for example, speech synchronized to the beat of a metronome is generally devoid of dysfluencies. Furthermore, choral reading, where other cooperating speakers in the chorus provide timing cues for speech rhythm, enhances fluency in people who stutter.

Fluency-induction, via the provision of external timing stimuli, has led to speculation that causative brain regions in stuttering are likely related to timing functions. Specifically, the basal ganglia degeneration that occurs in Parkinson's disease (PD) leads to movement quality deficits that are ameliorated when external timing stimuli are provided, which has led to speculation that stuttering might also be associated with basal ganglia dysfunction (Alm, 2004; Etchell et al., 2014a). Several studies have reported altered structure or function of the basal ganglia in stuttering participants compared with fluent controls. Such alterations include less metabolic activity (e.g., Wu et al., 1995; Toyomura et al., 2011, 2015; Connally et al., 2018), altered connectivity (Lu et al., 2010b; Chang and Zhu, 2013; Qiao et al., 2017), and reduced (Beal et al., 2013; Foundas et al., 2013; Sowman et al., 2017) or increased gray matter volume (Lu et al., 2010b) of the basal ganglia.

If impaired timing control due to malfunction in large-scale brain networks causes stuttering, behavioral manifestations of this outside the domain of speech might also be expected. There are studies reporting specific motor performance decrements in finger movement tasks in individuals who stutter (Webster, 1986, 1988, 1990; Zelaznik et al., 1997; Smits-Bandstra et al., 2006a,b; Choo et al., 2016). For example, Webster (1990) showed that tapping rates of a bimanual-asymmetrical tapping task were significantly slower in adults who stutter than in fluent controls. Webster (1988) showed that adults who stuttered were slower on a bimanual handwriting task, made more mistakes, and produced a poorer quality output than the fluent controls they were compared with. Smits-Bandstra et al. (2006a,b) investigated the speech and non-speech sequence skill learning in adults who stutter and fluent speakers and reported that the finger-tapping task induced significantly poorer performance in the stuttering group than the control group. Falk et al. (2015) investigated timing control in finger tapping to periodic tone sequences and a musical beat and showed that children and adolescents who stutter showed poorer synchronization to both metronome and musical stimuli than fluent controls. Conversely, some recent studies have reported no differences in finger sequence learning (Korzeczek et al., 2020) or manual tasks using the Purdue Pegboard Test (Werle et al., 2019).

Recently, novel bimanual coordination tasks, e.g., in-phase and antiphase finger movement paradigms (Wu et al., 2010; Aramaki et al., 2011; Buchanan et al., 2017; Vaz et al., 2017), have been widely adopted in neuroimaging and behavioral studies of motor control. Because such paradigms require precise synchronization of both hands, they tap into “timing control” aspects of motor production. Using such tasks, Wu et al. (2010) showed that patients with PD performed comparatively poorly in the antiphase task and at the same time exhibited less activity in the basal ganglia and supplementary motor areas (Wu et al., 2010). Bimanual coordination tasks have also been used to investigate “motor dexterity” in various neurological diseases (Midorikawa et al., 2008). In their study, Midorikawa et al. (2008) used a finger movement task where participants were required to rotate a finger pair while keeping the remaining fingers connected and fixed at the ball. They showed that this task could distinguish between controls and patients with schizophrenia. The task used in Midorikawa et al. (2008) is similar to one of the constituent tasks of the Dow-Moruzzi motor battery, which has been used to estimate cerebellar dysfunction (Dow and Moruzzi, 1958; Fawcett et al., 1996; Ramus et al., 2003). This battery consists of several tests, including bimanual coordination, bead threading, postural stability, and time estimation. Although these tasks are potent experimental paradigms for investigating motor function in patients and controls, such methods have not yet been applied to a cohort of people who stutter.

In this study, we tested the finger movement tasks described above on adults who stutter to investigate their motor dexterity and timing control ability. Our goal was to extend the understanding of motor control in stuttering. The two bimanual tasks, namely, the “motor dexterity task” and the “timing control task,” referred to above were adopted for this experiment. In the motor dexterity task, participants connected the fingers of both hands and were required to perform complex finger movements as instructed. Precise coordination of both hands is required; hence, this task is most associated with “motor dexterity.” The timing control task requires in-phase (Mirror) and antiphase (Parallel) tapping (e.g., Aramaki et al., 2011). Participants move the fingers of both hands independently and separately, and hence, timing control is of primary importance in order that the required phase relationship between hands is maintained. If a deficit in timing control is the cause of stuttering, these experiments could separate that from a general motor control deficit, which would also be evident in other domains of motor control, e.g., dexterity.



METHODS


Participants

Sixty-eight adults participated in this study. Thirty-seven of these were adults who stutter (seven women, aged 19–52 years with a mean age of 33.4 years, SD = 10.0, 35 right-handed and two left-handed), and 31 were fluent controls (nine women, aged 20–56 years with a mean age of 28.8 years, SD = 9.7, 29 right-handed, one left-handed, and one ambidextrous). The age of the two groups was not significantly different [t(66) = 1.87, p = 0.07]. However, because of a trend toward a significant difference, age was entered as a covariate in the analysis of covariance (ANCOVA) (as shown in section Analysis). All participants were native speakers of Japanese. Adults who stutter were recruited from stuttering self-help communities. Participants in the control group did not stutter. Before or after the experimental tasks, participants engaged in a conversation task with the experimenters in front of a video camera. Stuttering severity was evaluated as percent syllables stuttered (% SS) based on the video-recorded speech samples. The % SS ranged from 0 to 24.6% (mean = 3.4, SD = 4.6, <1% SS = 11 participants, 1% SS or more and <5% SS = 18 participants, 5% SS or more and <10% SS = 6 participants, 10% SS or more and <30% SS = 2 participants). Among the participants who stutter, one did not stutter (0% SS) in front of the video camera. However, that participant disclosed that they generally stuttered in difficult situations and so was included in further analyses. The ethics committees of Tokyo Denki University and Gunma University approved this study. Written informed consent was obtained from all participants according to the Declaration of Helsinki.



Experimental Paradigms

Participants performed the following finger movement tasks:


Rotation Task 1

Both hands were connected at the ball of each finger. Participants were then instructed to disconnect one pair of fingers and rotate them five times without separating the other finger pairs. Subsequently, in a similar manner, they rotated the pair five times in the opposite direction. Therefore, there were 10 rotations in total. Participants were instructed to perform these rotations as fast as possible, without disconnecting the other finger pairs. They were instructed to make 10 rotations for each pair of thumbs, index, middle, annular, and fifth fingers. The picture example (Figure 1A) shows a pair of index fingers.
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FIGURE 1. Snapshots of each finger movement task. (A) Rotation task 1. Both hands were connected at the ball of each finger. Participants were then instructed to disconnect one pair of fingers and rotate them five times without separating the other finger pairs. Subsequently, in a similar manner, they rotated the pair five times in the opposite direction (for a total of 10 rotations). They were instructed to perform this movement as fast as possible, without disconnecting the other pairs of fingers. The picture example shows a pair of index fingers. They were instructed to make 10 rotations for each pair of thumbs, index, middle, annular, and fifth fingers. (B) Rotation task 2. The right index finger and left thumb were connected at the ball, and similarly, the left index finger and right thumb were connected at the ball. The other fingers were closed. First, one lower index finger/thumb pair was disconnected, and rotated upward, and was then connected again. Subsequently, the other index finger/thumb pair located below was disconnected, and was rotated upward, and connected again. Participants were instructed to perform this movement for 15 s as fast as possible. The same procedure was applied to all of the four pairs (index finger and thumb, middle finger and thumb, annular finger and thumb, and fifth finger and thumb). (C) Tapping task. In the Mirror task, the two index fingers of both hands were raised, and subsequently, the index fingers were lowered whilst simultaneously raising the middle fingers. In the Parallel task, the same movement was performed with the pair of the right index and left middle fingers, and the pair of the left index and right middle fingers. Participants were instructed to perform these movements for 30 s as fast as possible.




Rotation Task 2

The right index finger and left thumb were connected at the ball, and similarly, the left index finger and the right thumb were connected at the ball. The other fingers were closed. First, one lower pair of index finger and thumb was disconnected, rotated upward, and connected again. Subsequently, the other index finger and thumb pair located below was disconnected, rotated upward, and connected again. Participants were instructed to perform this movement for 15 s as fast as possible. The same procedure was applied to all four pairs (1. index finger and thumb; 2. middle finger and thumb; 3. annular finger and thumb; 4. fifth finger and thumb). The picture example (Figure 1B) shows a pair of index fingers and thumb. In the pilot experiment, we found that this movement was difficult for some participants, and they could not perform it for a long time. Therefore, we set this task length as 15 s and counted the number of times the task was correctly performed.



Tapping Task

Two kinds of finger tapping tasks, bimanual Mirror and Parallel tasks, were used. The Mirror task corresponds to the in-phase task, and the Parallel task corresponds to the antiphase task, the terms used in previous studies (Wu et al., 2010). Index and middle fingers of both hands were extended on the table, and the other fingers were flexed (Figure 1C). In the Mirror task, the two index fingers were raised, and subsequently, the index fingers were lowered down while simultaneously raising the middle fingers. In the Parallel task, the same movement was performed with the pair of right-index and left-middle fingers and a pair of left-index and right-middle fingers. Therefore, the participants were required to control bimanual movement timing and match the phase difference of the two hands (0 degrees in the Mirror task and 180 degrees in the Parallel task). Participants were instructed to perform these movements for 30 s as fast as possible.

All participants performed all tasks. We compared the performance between groups rather than between tasks. Participants performed the tasks in the following order: rotation 1, rotation 2, and tapping. Before the experiment, participants were presented with examples of each task by the experimenters and practiced each task in advance. Their behavior was video recorded for analysis.




Analysis

The performance of participants was analyzed based on video recording. An independent person analyzed each video based on the criteria described in the following paragraphs. This rater was blind to whether the individual video data was from a person who stutters or not. During the analysis, the videos were played in slow motion when required. Sessions, where participants did not correctly follow the instructions, were excluded from the analysis. In addition, if the video was difficult to analyze because of the shooting angle, the corresponding sessions were also excluded. The performance in each task was measured as per the following procedures.


Rotation Task 1

The time that each participant took to complete the 10 rotations was measured for each pair of fingers. If the video image showed that the participant did not rotate the required number of times, the time was corrected based on the times of actual rotation. For example, a certain participant rotated only four times in each direction (eight times in sum), and it took 5 s; in this case, the time of 5 s was multiplied by 10/8 and the corrected time was 6.25 s. Similarly, if the participant rotated more than five times, the time was corrected in a similar manner.



Rotation Task 2

The number of times the participant correctly performed the required rotation in 15 s was measured. One performance was defined as a series of actions consisting of the participant disconnecting, rotating, and then reconnected the finger pair. If the participant disconnected other pairs of fingers, the rotation during that time was not counted.



Tapping Task

The number of times the participant correctly performed a tap in 30 s was counted. One complete tap was defined as the raising of the fingers of both hands simultaneously. If the video image showed that the periodic movement was broken, such as a nonparallel movement during the Parallel task, taps during the broken period were not counted.



Statistics

Two-way repeated measures ANCOVAs with the group as a between-participant factor and condition as a within-participant factor were conducted for the three tasks. Participant age was treated as a covariate. The factor of the group had two levels (adults who stutter and control) in all tasks. The factor of condition had five levels in Rotation task 1 (pairs of thumbs, index fingers, middle fingers, annular fingers, and fifth fingers), four levels in Rotation task 2 (pairs of index finger and thumb, middle finger and thumb, annular finger and thumb, and fifth finger and thumb), and two levels in the Tapping task (Mirror and Parallel). When the main effect of groups was significant, post-hoc comparisons were performed using one-way ANCOVA with a factor of group (adults who stutter and controls) and Bonferroni correction. This post-hoc was performed to investigate performance differences between groups within each finger combination. Correlation analyses were conducted to investigate the relation between stuttering frequency and behavioral performance in all conditions (Rotation task 1, Rotation task 2, and Tapping task).

To determine the measurement reliability of the analysis, a second independent evaluator analyzed the data for 20 participants (a random selection of 10 individuals who stutter and 10 fluent controls; 30% of the data). This rater was also blind to whether the individual video data was from a person who stutters or not, and to the scores of the first rater. Interrater reliability was calculated as follows: First, we calculated the congruent values (in the amount of time, number of times, etc.) and the incongruent values (difference between the two). The congruent value was divided by the congruent value plus the incongruent value. For example, in the Tapping task, if an evaluator extracts 50 successful taps and another evaluator extracts 48 successful taps from a video data, the agreement rate is calculated as 48/(48 + 2) × 100 = 96%. Measurements were pooled for 20 participants in each task. Interrater correlation between measurements was calculated. Differences between raters were analyzed with ANOVA.





RESULTS


Exclusion of the Data

In the stuttering group, seven videos or 6.3% of the data (five for Rotation 1 and two for Rotation 2 tasks) were excluded from the analysis because of the participant not following instructions and/or the video angles. In the control group, two or 2.2% of the data (one for Rotation 1 and one for Rotation 2 tasks) were excluded for the same reasons.



Interrater Reliability

For Rotation task 1, interrater reliability between the two independent evaluators was 99.1% for the pair of thumbs, 94.9% for the index fingers, 96.9% for the middle fingers, 96.9% for the annular fingers, and 94.6% for the fifth fingers. Interrater correlations between the successful repetitions counts extracted by the two evaluators were 0.990, 0.961, 0.966, 0.997, and 0.974, respectively, and a two-way repeated measures ANOVA with factors of raters and pairs showed no significant main effect of raters [F(1,38) = 0.020, p = 0.889, partial η2 = 0.001].

For Rotation task 2, the reliability was 98.9% for the pair of index finger and thumb, 99.6% for the pair of middle finger and thumb, 98.3% for the pair of annular finger and thumb, and 98.3% for the pair of fifth finger and thumb. Interrater correlation between the successful repetitions counts for the two evaluators were 0.999, 1.000, 0.997, and 0.996, respectively, and a two-way repeated measures ANOVA with factors of raters and pairs showed no significant main effect of raters [F(1,38) = 0.001, p = 0.970, partial η2 = 0.000].

Similarly, in the Tapping task, the reliability was 98.9% for the Mirror task and 98.1% for the Parallel task. The interrater correlation between the successful repetitions counts extracted by the two evaluators was 0.998 for both tasks, and a two-way repeated measures ANOVA showed no significant main effect of raters [F(1,38) = 0.000, p = 0.987, partial η2 = 0.000].



Rotation Task 1

Table 1 and Figure 2 show the time (in s) for the 10 rotations in each finger pair. A two-way repeated measures ANCOVA with factors of groups (adults who stutter and controls) and conditions (pairs of thumbs, index fingers, middle fingers, annular fingers, and fifth fingers) did not show any significant difference between groups [F(1,59) = 0.627, p = 0.432, partial η2 = 0.011] or conditions [F(1.1,67.7) = 0.239, p = 0.660, partial η2 = 0.004, Greenhouse-Geisser corrected]. There was no significant interaction between groups and conditions [F(1.1,67.7) = 0.244, p = 0.656, partial η2 = 0.004, Greenhouse-Geisser corrected]. Adults who stutter did not show significant correlations between percent stuttered syllables and performance in any condition (Thumb: r = −0.064, p = 0.737; Index: r = −0.005, p = 0.981; Middle: r = −0.216, p = 0.252; Annular: r = −0.220, p = 0.242; Fifth: r = 0.015, p = 0.939).


Table 1. Rotation task 1.
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FIGURE 2. Rotation task 1. The y-axis represents the amount of time (s) for the 10 rotations in each finger pair in s. Error bars represent 95% confidence intervals.




Rotation Task 2

Table 2 and Figure 3 show the number of times successful rotations were performed in 15 s for each finger pair. A two-way repeated measures ANCOVA with factors of groups (adults who stutter and controls) and conditions (pairs of index finger and thumb, middle finger and thumb, annular finger and thumb, and fifth finger and thumb) did not show a significant difference between groups [F(1,62) = 0.619, p = 0.434, partial η2 = 0.010] or conditions [F(2.0,122.5) = 2.568, p = 0.081, partial η2 = 0.040, Greenhouse-Geisser corrected]. There was no significant interaction between groups and conditions [F(2.0,122.5) = 1.751, p = 0.178, partial η2 = 0.027, Greenhouse-Geisser corrected]. Adults who stutter did not show significant correlations between percent stuttered syllables and performance in any condition (Index finger and thumb: r = −0.191, p = 0.287; Middle finger and thumb: r = −0.207, p = 0.248; Annular finger and thumb: r = −0.202, p = 0.260; Fifth finger and thumb: r = −0.224, p = 0.210).


Table 2. Rotation task 2.
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FIGURE 3. Rotation task 2. The y-axis represents the number of times performed in 15 s for each finger pair. Error bars represent 95% confidence intervals.




Tapping Task

Table 3 and Figure 4 show the number of successful taps performed in 30 s for each task. A two-way repeated measures ANCOVA with factors of groups (adults who stutter and controls) and conditions (Mirror and Parallel) showed a significant difference between groups [F(1,65) = 5.286, p = 0.025, partial η2 = 0.075] and conditions [F(1,65) = 9.591, p = 0.003, partial η2 = 0.129]. There was no significant interaction between groups and conditions [F(1,65) = 1.399, p = 0.241, partial η2 = 0.021]. A post-hoc, pairwise, one-way ANCOVA with a factor of groups (adults who stutter and controls) was conducted for Mirror and Parallel conditions. The stuttering group performed a significantly fewer taps than the fluent controls in the Mirror task [F(1,65) = 4.875, p = 0.031, partial η2 = 0.070] under an uncorrected statistical threshold (p = 0.05). The Parallel task showed a trend toward a significant difference [F(1,65) = 3.883, p = 0.053, partial η2 = 0.056]. These p-values did not survive the adjusted statistical threshold after Bonferroni correction (p = 0.025). There were no significant correlations between percent stuttered syllables and performance in any condition (Mirror: r = −0.243, p = 0.159; Parallel: r = −0.245, p = 0.156).


Table 3. Tapping task.
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FIGURE 4. Tapping task. The y-axis represents the number of times performed in 30 s for each task. Error bars represent 95% confidence intervals.





DISCUSSIONS

This study investigated bimanual coordination performance in adults who stutter and fluent controls. We found that the stuttering group performed worse than controls on tapping tasks only. In contrast, statistically significant differences in performance between groups were not evident for rotation tasks. Of the tasks used, tapping required control of bimanual movement timing and phase difference matching between hands. Conversely, in the rotation tasks, since both hands were connected during the performance and were not required to move independently, bimanual coordination control was required. Hence, these results support the theoretical framework, which states that stuttering is associated with a deficit in timing control. However, since the rotation tasks themselves were relatively difficult for both groups, we cannot conclude from this result alone, that motor dexterity is not different between adults who stutter and fluent speakers.

The two kinds of tasks used in this study differ in terms of speed of movement and their associated motor control demands. The rotational task requires careful movement of both hands and explicit, online monitoring of the motor state. Tapping, on the other hand, is a ballistic movement that requires precise timing control. In this sense, the rotation task may rely more on feedback control, while the tapping task may rely more on feed-forward control. Analogously, in speech production, the rapidity with which the respiratory, pharyngeal, laryngeal, and articulatory organs interact means that precise timing control of preprogrammed movements sequences is required to produce complex speech movements. With specific regard to stuttering, when the timing control is less demanding, such as is the case for slow, deliberate speech, where feedback can be employed to control accuracy, disfluencies are less evident (Andrews et al., 1982; Max et al., 2004). Depending on the rate, speech may rely more on feed-forward control, which is speed-oriented, or it may rely more on feedback control, which is accuracy-oriented (Anderson, 1975; Lammert et al., 2018). Thus, in a motor control sense, normal speech may be closer to the tapping task, while slow, deliberate speech may be closer to the rotation task.

Another possible explanation for our results is that the sensitivity to detect group differences may have been different between tasks. Although none of the group differences in the rotation tasks reached statistical significance, the averages of all conditions suggest an effect in the direction of worse performance for adults who stutter compared to controls (Figures 2, 3). Therefore, the difference in the presence/absence of statistical significance may be due to differences in the threshold for detecting significance, i.e., in the tapping task, the complexity or demands of the task exceeded the threshold for revealing a group difference, but that of rotation tasks did not. Therefore, experiments, where the number of rotation tasks, or complexity of hand movements is increased, should be considered in future research.

Similar speculation could apply to differences seen within the tapping task; in the post-hoc multiple comparisons, the Mirror task showed a significant difference (p = 0.031), while the Parallel task was marginally above the threshold for statistical significance (p = 0.053). In both groups, participants achieved approximately two times the number of performances in the Mirror compared with the Parallel task. This suggests the result is influenced by the statistical power to extract significant differences, since the mean of the stuttering group is skewed toward worse performance than that of the control group, even in the Parallel task. An increase in the duration of the task or the number of participants may reveal that a significant difference exists between groups in both conditions.

In previous studies, several bimanual tasks that required timing control have been used to investigate motor control characteristics in individuals who stutter. For example, Zelaznik et al. (1997) required participants to produce bimanual finger flexion and extension movements in time to a metronome. Their results showed that adults who stutter produced slower (lower peak velocity) and smaller amplitude finger movements compared with fluent controls. In addition, Zelaznik et al. (1997) reported that the stuttering group was more variable in maintaining a constant phase difference between the two effector fingers. This result is like the trend reported in the current study where we showed that individuals who stutter had relatively high variability (high SD) in the number of successful performances relative to fluent controls (Tables 1–3). Although there were no significant correlations between stuttering severity and task performance in any condition, this high variability may reflect the existence of heterogeneity among people who stutter. Similarly, when Webster (1990) required participants to produce a bimanual-asymmetrical tapping (tapping a key two times with one hand for each single tap of a key by the other hand), he showed that the tapping rates of the stuttering group were significantly slower than those of fluent group. When adults who stutter were required to write letters as quickly as possible bimanually, they were slower, made more mistakes, and formed poorer quality letters than fluent speakers (Webster, 1988). The studies by Webster used relatively complex bimanual tapping tasks and the results tend to show slower movement and poorer performance in people who stutter compared to fluent controls. On the other hand, the tapping tasks in our experiment were also not simple (Mirror and Parallel tapping), thus, they may have induced a significant difference in tapping rate between groups.

As previous studies and the present study have shown, people who stutter perform worse than fluent speakers in motoric behaviors other than speech (at least for upper limb movements). This is especially true for tasks that require timing control. It is possible that stuttering is the result of an inability to control complex movements that cross a threshold of motor control ability (Figure 5). Since speech is the most complex motor act, stuttering speakers exhibit motor deficits explicitly only in speech production. However, when they are required to perform complex motor control tasks other than speech, their performance may be impaired. In addition, people who stutter are known to stutter more when they are in a state of tension. This may be because the threshold varies depending on the state of tension and relaxation (Figure 5, up and down arrows). In general, when we are tense, our movements are awkward, and when we are relaxed, we can perform more complex movements. If this hypothesis is true, then stuttering therapy may open the possibility of a new method for fluency enhancement training by improving overall motor control and emotion. Furthermore, the impairment of motor modalities other than speech suggests that the causative brain region in stuttering is not speech-specific but related to domain-general motor control structures, such as the basal ganglia, cerebellum, and supplementary motor area.
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FIGURE 5. Relationship between stuttering and threshold of motor control ability (hypothesis).


The basal ganglia play a key role in timing control in motor production and as discussed above, individuals who stutter have poorer behavioral performance on tasks where timing control is particularly important. Consistent with this, numerous studies have observed altered function and structure of the basal ganglia in stuttering participants compared with fluent controls (Wu et al., 1995; Lu et al., 2010b; Toyomura et al., 2011, 2015; Beal et al., 2013; Chang and Zhu, 2013; Foundas et al., 2013; Qiao et al., 2017; Sowman et al., 2017; Connally et al., 2018). However, there is no still consensus regarding the mechanism by which malfunction of the basal ganglia might cause stuttering; the difficulty in interpreting how particular basal ganglia dysfunction might manifest behaviorally relates to its complex structure and connections. An influential model of basal ganglia circuitry consists of three main loops referred to as the direct, indirect, and hyper-direct pathways (Alexander and Crutcher, 1990). Recently, in a sample of people who stutter, Metzger et al. (2018) reported that activity of the substantia nigra, one of the core basal ganglia substrates containing dopaminergic neurons that modulate striatal activity, correlated positively with stuttering severity. Furthermore, their study showed that adults who stutter exhibited altered network dynamics in the indirect pathway that passes through the external segment of the globus pallidus. This result implies that stuttering is associated with dopamine dysregulation and an imbalance between the direct and indirect pathways. Moreover, perturbations to a mathematical model of the basal ganglia that incorporates the direct and indirect pathways, have been shown to be able to simulate stuttering like disfluency (Civier et al., 2013).

Previous studies have shown the involvement of the cerebellum in stuttering, which is also involved in timing control, though the results are not necessarily consistent (e.g., De Nil et al., 2001, 2008; Watkins et al., 2008; Lu et al., 2010a; Ingham et al., 2012; Jiang et al., 2012; Toyomura et al., 2015; Sitek et al., 2016; Yang et al., 2016). There are four meta-analyses of neuroimaging on people who stutter, and of the four, three show significant involvement of the cerebellum (Brown et al., 2005; Budde et al., 2014; Belyk et al., 2015), though the most recent does not (Belyk et al., 2017). Howell et al. (2008) used the Dow-Moruzzi motor battery that includes bimanual tasks, which is like our experiment (Rotation 1 task), to investigate the cerebellar function of children who stutter. Speakers whose stuttering persisted beyond 12 years of age showed poorer performance compared with recovered speakers. On the contrary, our data of adults who stutter did not show a significant difference in the Rotation 1 task, which is most likely to tax cerebellar function. Differences in task complexity might explain these seemingly conflicting findings as there is a strong likelihood that localized brain dysfunctions can be compensated for up to a point; e.g., right inferior frontal gyrus overactivation in stuttering has been proposed to be compensatory in nature (Etchell et al., 2014a).

The supplementary motor area is also known to play an important role in complex movements, and hence, some authors have suggested that the supplementary motor area is associated with stuttering (e.g., Packman et al., 2007; Etchell et al., 2014b; Busan, 2020). Mirror and Parallel tapping have been heavily utilized in past human brain imaging to investigate the role of cortical and subcortical motor control, and many of these studies demonstrated significant involvement of the supplementary motor area. Since Parallel movement requires more complex and carefully coordinated movements than Mirror movement, the contrast between the two is suitable for extracting higher-order motor cortical representations of complex control. Many previous imaging studies, including those using positron emission tomography (PET; Sadato et al., 1997), functional magnetic resonance imaging (fMRI; Haslinger et al., 2004; Wu et al., 2010; Lin et al., 2017), and functional near-infrared spectroscopy (fNIRS; Wilson et al., 2014), have shown that the supplementary motor area is more activated during Parallel than during Mirror movement tasks. In an fMRI study by Wu et al. (2010) on PD, often highlighted in stuttering studies because of its shared features with stuttering (Alm, 2004), the control group showed higher activity in the supplementary motor area during Parallel movements compared with Mirror. The PD group had difficulty performing bimanual tasks and showed lower activity in the basal ganglia and supplementary motor area. Therefore, Parallel movements may be more associated with the supplementary motor area function than Mirror movements. Given that the supplementary motor area forms part of a basal ganglia-thalamocortical circuit, low performance in Parallel movements in adults who stutter may be linked to dysfunction of the supplementary motor area (Busan, 2020) and/or a basal ganglia-thalamocortical circuit (Metzger et al., 2018) that includes the supplementary motor area.

Non-invasive brain stimulation during bimanual movement, has also been used to investigate the role of the supplementary motor area. Stimulation of the area has been shown to modulate the performance of bimanual tasks in experiments using a transcranial magnetic stimulation (TMS; Serrien et al., 2002; Steyvers et al., 2003), transcranial direct current stimulation (tDCS; Carter et al., 2015), and transcranial alternating current stimulation (tACS; Miyaguchi et al., 2020). For example, repetitive TMS of the supplementary motor area at 5 Hz (Serrien et al., 2002) as well as at 20 Hz (Steyvers et al., 2003) reduced bimanual coupling during Parallel, but not during Mirror movements. Furthermore, when tDCS was applied to the supplementary motor area to increase its excitability, participants showed improved performance selectively for Parallel movements (Carter et al., 2015). On the whole, both brain imaging and stimulation studies suggest that the involvement of supplementary motor area is more significant for Parallel movements than Mirror movements. Therefore, our results showing that performance differs between people who stutter and fluent controls especially in Parallel conditions, suggest the involvement of the supplementary motor area (or a basal ganglia-thalamocortical circuit) in stuttering.

The brain regions reviewed in this study, the basal ganglia, cerebellum, and supplementary motor area, are all involved in general motor control and are not modality-specific. Although we cannot conclude whether the basal ganglia, cerebellum, supplementary motor area, or right inferior frontal gyrus (Wiener et al., 2010) is specifically involved in perturbed timing control in stuttering, based on our finding of significant difference only in the task requiring timing control (tapping tasks), we can at least claim that neural systems related to timing control are likely to be involved in the pathology of adulthood stuttering.

Timing control in motor implementation has also been examined from another perspective. Wing and Kristofferson (1973) propose an influential model that accounts for timing behavior in motor implementation. It has been used to infer the neural substrate of timing control in healthy participants as well as in patients with neurological disorders (e.g., Ivry et al., 1988; Franz et al., 1996; Bolbecker et al., 2011; Joundi et al., 2012). In their model, timing variance (interresponse interval variability) is assumed to be composed of the combined variance that arises from the internal clock (central time-keeping process) and that from motor implementation components (peripheral instability). Howell et al. (1997) showed that children who stutter have problems in the motor implementation component of timing. However, other studies on adults who stutter fail to corroborate this finding (Hulstijn et al., 1992; Max and Yudman, 2003). Observations of anomalous timing behavior in PD patients have been key to the inference that the substrate of timing is the basal ganglia (Meck et al., 2008; Joundi et al., 2012). The PD patients show timing deficits in simple rhythmic timing (O'Boyle et al., 1996; Harrington et al., 1998) and even in non-motor timing tasks such as interval estimation (Wild-Wall et al., 2008) and rhythm discrimination (Grahn and Brett, 2009), findings that implicate increased variance within internal clock as the deficits are not contingent on motor implementation. Similar impairments in simple rhythm production behavior are seen in stuttering (Olander et al., 2010; Falk et al., 2015). Furthermore, as is the case in PD, there is evidence to suggest this is not contingent on motor implementation per se, as passive neural entrainment to isochronous rhythms is altered in children who stutter compared with controls (Etchell et al., 2016).

Contrary views emerge from experiments on patients with cerebellar damage. For example, Ivry (1997) showed that, based on the Wing and Kristofferson model, lesions of the lateral cerebellum affect timing control whereas lesions of the medial cerebellum increase variance of motor implementation. Ivry (1997) and Ivry et al. (2002) posit models of timing in which the cerebellum has a central role in the regulation of temporal aspects of the movement. The implications of these models for stuttering are evident in the earliest neuroimaging studies of stuttering that, while somewhat inconsistent in their findings, strongly implicated cerebellar dysfunction as a core feature of stuttering (Wu et al., 1995; Fox et al., 1996, 2000; Ingham et al., 2000; De Nil et al., 2001, 2003; Toyomura et al., 2015).

There are some limitations to this study. We counted the number of times the participant correctly performed each task and did not take account of other elements of the movement. Previous studies using comparable methodologies have investigated kinematic movement elements such as peak velocity, movement duration, or peak velocity latency of the finger flexion/extension movements (Max et al., 2003), response initiation time, sequence execution time, or error rate of the sequence (Fox et al., 1996, 2000), and production finger tapping task (Forster and Webster, 2001). Significant group differences on such measures between stuttering and fluent groups have been reported. Including such measures as the number of discarded taps or analyzing synchronization timing error (Max and Yudman, 2003) in addition to the basic number of correct movements would possibly give a more nuanced view of the underlying mechanisms, which give rise to gross behavioral differences. We could not quantify kinematic features of the finger movements because of the video-based analysis. Furthermore, we did not collect information regarding musical expertise or gaming experience from participants. Given the effects on dexterity, such experiences might have, more careful characterization of manual skills should be considered in future studies.

In summary, this study found that adults who stutter perform worse in bimanual tapping tasks where both hands move independently and need timing control. However, in bimanual rotation tasks used to test motor dexterity, where both hands are connected, the performance of adults who stutter was not different from that of controls. These results support the theory that stuttering is associated with an abnormality of timing control.
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The last decades of research have gradually elucidated the complex functions of the dopamine system in the vertebrate brain. The multiple roles of dopamine in motor function, learning, attention, motivation, and the emotions have been difficult to reconcile. A broad and detailed understanding of the physiology of cerebral dopamine is of importance in understanding a range of human disorders. One of the core functions of dopamine involves the basal ganglia and the learning and execution of automatized sequences of movements. Speech is one of the most complex and highly automatized sequential motor behaviors, though the exact roles that the basal ganglia and dopamine play in speech have been difficult to determine. Stuttering is a speech disorder that has been hypothesized to be related to the functions of the basal ganglia and dopamine. The aim of this review was to provide an overview of the current understanding of the cerebral dopamine system, in particular the mechanisms related to motor learning and the execution of movement sequences. The primary aim was not to review research on speech and stuttering, but to provide a platform of neurophysiological mechanisms, which may be utilized for further research and theoretical development on speech, speech disorders, and other behavioral disorders. Stuttering and speech are discussed here only briefly. The review indicates that a primary mechanism for the automatization of movement sequences is the merging of isolated movements into chunks that can be executed as units. In turn, chunks can be utilized hierarchically, as building blocks of longer chunks. It is likely that these mechanisms apply also to speech, so that frequent syllables and words are produced as motor chunks. It is further indicated that the main learning principle for sequence learning is reinforcement learning, with the phasic release of dopamine as the primary teaching signal indicating successful sequences. It is proposed that the dynamics of the dopamine system constitute the main neural basis underlying the situational variability of stuttering.
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1 INTRODUCTION


1.1 Background and Aim

Stuttering is a speech disorder, which core symptoms manifest as an intermittent loss of volitional control of the speech movements, resulting in various forms of speech disruptions and speech motor abnormalities (Perkins, 1990; Bloodstein and Bernstein-Ratner, 2008). This means that stuttering is displayed as a disorder of motor execution. Research on stuttering has made great progress in recent decades, but our understanding of the fundamental nature of stuttering is still fragmentary, at best. The dopamine system has been suggested to be implicated in stuttering, in particular because of pharmacological effects and because of theoretical links between stuttering and the basal ganglia (Wu et al., 1997; Maguire et al., 2002; Alm, 2004; Chang and Guenther, 2020; Jenson et al., 2020).

The present review on dopamine and motor automatization was written as part of a research program on stuttering and speech, within a series of theoretical articles. The motivation came from indications that the dopamine system and the neural mechanisms for automatization are likely to be fundamental for the childhood acquisition of speech, and are likely to also be involved in the mechanisms of stuttering in some ways. The research on the cerebral dopamine system has progressed rapidly, and novel methods such as optogenetics provide new information about the differing roles of individual dopamine neurons. A central problem in the research on dopamine has been to reconcile its many different functions, related to reward, motor control, learning, etc. The aim of this article was to provide a brief general overview of the current understanding of the cerebral dopamine system, and more specifically to focus on mechanisms related to the automatization of motor sequences, which may be of importance for the understanding of speech and stuttering. It should be emphasized that this article was not primarily intended to be a review of the existing research on speech or stuttering in relation to dopamine or automatization, but rather to present a physiological framework for further research on these topics. However, speech and stuttering are discussed briefly in appropriate contexts, and some possible implications of the reviewed research are included.

The functions of the cerebral dopamine system are to a large extent linked to the basal ganglia, and it is assumed that the reader has some familiarity with the anatomy and functions of these structures. For a summary of “classical” models of the basal ganglia I refer the reader to section 2 in Alm (2004), which provides a review and discussion of possible links between stuttering and the basal ganglia system.



1.2 Automatization of Motor Sequences and Speech

Automatization of motor behaviors implies that a sequence of separate movements becomes well learned, and may be executed with little or no attention. In our everyday life automatization is of great importance, allowing us to, for example, shift gears in a car while remaining attentive to traffic. Despite motor automatization being a fundamental function of the motor system, it has been difficult to pinpoint how it is learned in the brain, or how automatized sequences are executed.

Speech is one of the most complex motor behaviors in humans, as well as one of the most automatized. This automatization usually makes it possible to produce well-articulated rapid movement sequences, without conscious attention to the actual movements. This ability is typically learned and automatized during childhood. Our understanding of the neural underpinnings of speech has increased over the last decades (for a comprehensive overview, see Guenther, 2016). However, our understanding of the mechanisms underlying the automatization of speech motor production remains limited.

In relation to stuttering a few studies focusing automatization of motor sequences exists, with mixed results. The possible links between stuttering and automatization were reviewed by Smits-Bandstra and De Nil (2007). They concluded that adults who stutter tend to show deficits in the learning of finger tapping and nonsense syllable sequencing. This was supported by a later study of the learning of non-words in adults (Namasivayam and van Lieshout, 2008). However, these results were contradicted by two recent studies of finger sequence learning, in adults (Korzeczek et al., 2020) and children (Tendera et al., 2020), reporting no group difference in sequence learning. Instead, the latter study found indications of more general fine motor difficulties. Further, “implicit sequence learning” refers to learning of sequences without the ability to verbally describe the sequence. In two studies of implicit syllable sequence learning, the learning pattern of the stuttering group was more similar to a group of patients with Parkinson’s disease than to the typical control group (Smits-Bandstra and Gracco, 2013, 2015). This was interpreted as indicating possible dysfunction of the basal ganglia loops.

It should be emphasized that the basal ganglia are parts of an extensive network that includes the cerebral cortex, the thalamus, and not least, the white matter connections. Symptoms of basal ganglia dysfunction may appear as a result of impairments in other parts of the network. For example, it might be conceived that impaired input to the basal ganglia can make the system unstable and therefore more vulnerable to normal variations in dopamine release.



1.3 Organization of the Article

This review consists of two main parts: an overview of the cerebral dopamine system and an overview of the automatization of movement sequences. These two topics are intended to be general, not specifically related to stuttering or speech. The two sections are further addressed in the “Discussion” Section, which is followed by a brief discussion of the symptoms of stuttering in relation to the reviewed information.



2 THE CEREBRAL DOPAMINE SYSTEM: AN OVERVIEW


2.1 An Evolutionary Perspective on Dopamine and the Basal Ganglia


2.1.1 Conserved Architecture in Vertebrates

In principle, all motile animals actively move to approach resources they need, and move to avoid harmful situations. In animal behavior research, these fundamental behaviors are often used as indicators of rewarding versus punishing properties of stimuli. Rewards can also be described as reinforcers, because they stimulate the learning of the actions that led to the reward (Barron et al., 2010). In vertebrates, the basal ganglia and the neurotransmitter dopamine play central roles in these mechanisms of reinforcement learning of movements (Grillner et al., 2013). The lamprey is a jawless fish, which diverged from other vertebrates about 560 million years ago. Strikingly, in the last decade, Grillner et al. (2013) and Grillner and Robertson (2016) found that the structure and function of the basal ganglia are surprisingly similar in lampreys and other vertebrates. This indicates that the basic principles of the basal ganglia circuits and neurotransmitter systems evolved in early vertebrates, and have been conserved for more than half a billion years. As one example, the distinction between a direct and an indirect pathway, expressing dopamine D1 and D2 receptors respectively, is shown in lampreys as well as humans. This suggests that the fundamental architecture of the basal ganglia is central for the functioning of the vertebrate brain.



2.1.2 The Basal Ganglia Originally Controlled the Brain Stem

In early vertebrates, the behavioral repertoire was dominated by movement patterns organized by the brainstem and spinal cord, such as locomotion, eye movements, posture, sexual behavior, and defense behaviors. The original function of the basal ganglia appears to have been to control the activation of these behavioral programs, through output to the brainstem: (1) by providing a basic tonic inhibition of motor activity at rest, via the indirect pathway, and (2) by activating specific motor patterns, via the direct pathway (Grillner and Robertson, 2016). In addition to this system mammals developed the neocortex, with a motor system that allows more detailed control of movements (Karten, 2015; Kawai et al., 2015; Kaas, 2019). In the literature on the basal ganglia, in particular in primates, most interest has focused on the loops connecting the cortex and the basal ganglia, as described by Alexander et al. (1986). However, it has been suggested that the importance of downstream output from the basal ganglia to brainstem motor centers has been underestimated in humans and other primates (Grillner and Robertson, 2016). In particular, it has been suggested that some motor symptoms of basal ganglia dysfunction can be related to dysfunctional downstream output to the brainstem (Takakusaki et al., 2004).



2.1.3 The FOXP2 Gene: Effects on Dopamine and the Basal Ganglia

The FOXP2 gene became renowned as the first gene discovered to be associated with speech and language and has been called “the language gene,” though “the speech gene” seems more appropriate. Humans with only one functional FOXP2 gene show impairments of speech motor performance, particularly the ability to produce or imitate multisyllabic sequences. The deficit appears to be related to a reduced ability to produce rapid movement sequences (Vargha-Khadem et al., 2005). The evolution of the human FOXP2 gene is of great interest, because it shows only one difference (mutation) between mice and chimpanzees but two differences between chimpanzees and humans (Enard et al., 2002). This suggests that the FOXP2 gene has been of importance for the evolution of specific human skills.

It has later been reported that the humanized FOXP2 in particular affects the basal ganglia (Enard et al., 2009; Enard, 2011; Reimers-Kipping et al., 2011). Studies have found that the human version of the FOXP2 gene affects the concentration of dopamine but not that of serotonin, GABA, or glutamate, and that it results in increased dendrite length and increased synaptic plasticity in the striatum. In song-learning birds, periods of vocal learning appear to be associated with elevated expression of FoxP2 in Area X, in the anterior striatum (Haesler, 2004). In relation to stuttering this is of interest, as specific damage to Area X in adult zebra finches has been shown to result in stuttering-like syllable repetitions in their song (Kubikova et al., 2015). The possible relevance of these findings for human speech disorders is strikingly increased by the finding of convergent genetic evolution of brain regions involved in vocal learning, in song-learning birds and humans (Pfenning et al., 2014).

In conclusion, the results suggest that the mutations resulting in the human version of FOXP2 were important to allow the development of rapid articulated speech. Further, the results suggest that a crucial factor was the ability to learn and execute rapid movement sequences, and that this involved changes within the basal ganglia and the dopamine system.



2.2 Basic Anatomy and Physiology


2.2.1 Dopamine Sources in the Brain

The brain stem and adjacent regions contain a network of interconnected nuclei, sometimes termed the reticular formation (Ferrucci et al., 2019), which produce the neuromodulators dopamine, serotonin, norepinephrine, acetylcholine, and histamine (van den Brink et al., 2019). These nuclei project to most parts of the cerebrum, including the cerebral cortex and the basal ganglia. Dopamine is primarily produced by two of these nuclei, in the midbrain: the substantia nigra pars compacta (SNc) and the ventral tegmental area (VTA), see Figure 1. In addition to these midbrain sources, dopamine is also produced by neurons in the hypothalamus, projecting to the pituitary gland via the tuberoinfundibular pathway. Dopamine in the pituitary gland inhibits the secretion of prolactin, which is involved in the hormonal system (Fitzgerald and Dinan, 2008).
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FIGURE 1. Schematic outline showing the midbrain dopaminergic sources and main pathways to the striatum and the cerebral cortex. In particular the cortical pathways are incompletely characterized, and motoric cortical regions may be innervated by both the VTA and the SNc (Gaspar et al., 1989; Björklund and Dunnett, 2007; Hosp et al., 2019). VTA, ventral tegmental area; SNc, substantia nigra pars compacta; NAcc, nucleus accumbens (The background sagittal brain view is from Patrick J. Lynch, medical illustrator, CC BY 2.5 <https://creativecommons.org/licenses/by/2.5>, via Wikimedia Commons, https://commons.wikimedia.org/wiki/File:Brain_human_sagittal_section.svg. Illustration of the basal ganglia and the dopamine pathways by Per A. Alm).




2.2.2 The Striatum: A Major Target for Dopamine

The basal ganglia consist of a set of gray matter structures, the largest of which is the striatum. The striatum receives inputs from most parts of the cerebral cortex, and projects, indirectly, to the frontal lobe and to brain stem nuclei (Coddington and Dudman, 2019; Klaus et al., 2019). These basal ganglia loops can modulate frontal cortical activity and play a fundamental role in motivation, attention, the automatization of behaviors, and the initiation of movements.

The striatum can be divided into a dorsal part and a smaller ventral part. The dorsal striatum can be subdivided based on its inputs, into the associative striatum (the caudate nucleus + the anterior putamen) and the sensorimotor striatum (the rest of the putamen). The associative part of the striatum receives non-dopaminergic input from the prefrontal cortex and association areas in the temporal lobes, whereas the sensorimotor part receives inputs from the parietal lobes and the motor cortices (Ashby et al., 2010). The ventral striatum primarily consists of the nucleus accumbens (NAcc, for localization and shape, see Lucas-Neto et al., 2013). The NAcc projects strongly to the orbitofrontal cortex and plays a central role in emotional evaluation, reward, and motivation.



2.2.3 Dopamine Projections

The functions of the striatum are strictly dependent on a well-regulated input of dopamine from the midbrain. The dorsal striatum receives the highest density of dopamine fibers in the human brain, from the SNc via the nigrostriatal pathway (Yin et al., 2008). In parallel, the NAcc receives dopamine from the VTA, via the mesolimbic pathway. The VTA also provides dopamine to the cortex, via the mesocortical pathway. According to the “traditional” model there is a clear division of the targets for these pathways. However, further studies have shown this to be an oversimplification (Björklund and Dunnett, 2007). For example, the SNc also has neurons innervating the cortex and limbic regions, and the VTA has neurons projecting to the caudate nucleus (Björklund and Dunnett, 2007). The limbic areas receiving dopamine projections include the amygdala and the hippocampus. Dopamine release in these structures is assumed to facilitate memory formation (Hosp et al., 2019).

There seems to be a widespread misconception, that the prefrontal cortex is the primary cortical target of dopamine projections in humans. On the contrary, the highest density of cortical dopaminergic fibers in humans has been reported in the primary and secondary motor regions and in the anterior cingulate cortex (ACC), with lower fiber density in prefrontal regions (Gaspar et al., 1989). Using tractography, Hosp et al. (2019) reported a pathway from the VTA reaching the sensorimotor cortex, the supplementary motor area (SMA), and the dorsal premotor cortex. It has been shown that the presence of dopamine in the motor cortex is necessary for synaptic plasticity and motor learning (Molina-Luna et al., 2009; Hosp and Luft, 2013). In conclusion, both the VTA and the SNc project to subcortical and cortical targets, with substantial overlap.



2.2.4 Dopamine Receptors

Essentially all physiological effects of dopamine are mediated by five subtypes of dopamine receptors: D1, D2, D3, D4, and D5 (Beaulieu et al., 2015)1. The two dominant subtypes of dopamine receptors are the D1 and D2 receptors, at a level of 10–100 times the number of the other receptors (Hurley and Jenner, 2006). The subtypes are classified as D1-class (D1 and D5) or D2-class (D2, D3, D4) (Beaulieu et al., 2015). Basically, the D1 and D2 receptors have opposite effects on the striatal projection neurons, with the D1 receptor being excitatory, increasing the likelihood of firing, whereas the D2 receptor has an inhibitory effect, decreasing the likelihood of firing (Keeler et al., 2014). The highest expression of the D1 and D2 receptors, have been reported in the dorsal striatum, consisting of the caudate nucleus and the putamen (Yin et al., 2008). The striatum contain an order of magnitude more dopamine receptors than any other part of the brain (Keeler et al., 2014). Type D2 receptors are expressed at very low levels in the cerebral cortex, whereas the type D1 receptors can be found at moderate levels throughout the cortex, with the highest density in the medial frontal parts (Hurd et al., 2001). Both the D1 and D2 receptors are expressed as postsynaptic receptors, however, the D2 receptor also acts as a presynaptic autoreceptor in the striatum, thereby regulating the release of dopamine. This feedback loop implies that drugs targeting the D2 receptor may have complex effects, acting both pre- and postsynaptically. There is a small difference in the amino acid sequence of the post- and presynaptic D2 receptors, which can result in somewhat different pre- versus postsynaptic affinity for different drugs (Usiello et al., 2000).



2.2.5 Dopamine Release

The midbrain dopamine neurons at rest fire at a low stable rate, of approximately five spikes per second (Dodson et al., 2016) but sometimes show brief bursts of firing for approximately 100 ms (Howe and Dombeck, 2016). More specifically, VTA dopamine neurons can switch between three different states: inactive, active tonic firing 2–4 Hz, and phasic burst firing >15 Hz (Douma and de Kloet, 2020). The stable firing results in a baseline “tonic” level of dopamine in the synaptic cleft, whereas the variations in firing encode various events, for example, the learning of behaviors associated with rewards (Coddington and Dudman, 2019). Normally, high levels of synaptic dopamine in the striatum are quickly removed from the synaptic cleft by the dopamine active transporter (DAT), thereby maintaining the tonic level of extracellular dopamine in the striatum (Ferris et al., 2014). The cortex differs from the striatum due to low levels of DAT, resulting in slow removal of dopamine that has been released into the cortical synaptic clefts (Helie et al., 2015). In rats, the delivery of a food pellet or the introduction of a new environment has been shown to increase frontal cortex dopamine by about 50%, for about 30–40 min (Feenstra and Botterblom, 1996). These authors proposed that the level of extracellular dopamine in the frontal cortex may reflect increased arousal, which can be positive or negative (reward or stress). Knockout mice lacking DAT get an elevated tonic extracellular level of dopamine in the striatum, and show spontaneous hyperlocomotion (Giros et al., 1996).



2.3 Functions of Dopamine


2.3.1 Dopamine Encoding of Subjective Value and Goals

The critical importance of the dopamine system for a range of brain functions has long been recognized. However, clarifying the exact functions of dopamine has been difficult. A reason for this difficulty is probably that dopamine fulfills several purposes in parallel. The details of dopamine functioning continue to be explored, resulting in continuous development of theoretical implications. Berke (2018) attempted to reconcile the multiple experimental findings, proposing that, on the one hand, rapid, phasic dopamine signaling can serve as a “teaching signal” for learning, and, on the other hand, dopamine can represent motivational value and promote movements. His proposal was that (1) the effects of dopamine vary depending on the target region, and (2) target neurons have the ability to switch between learning and performance modes, allowing them to “interpret” the signal in its context. The basic function in common for these two aspects was proposed to be that dopamine signaling “provides a dynamic estimate of whether it is worth expending a limited internal resource, such as energy, attention, or time” (Berke, 2018, p. 787). The motivational value of an event is primarily encoded by the dopamine signaling from the VTA to the NAcc, whereas movements are mainly controlled by the dopamine signaling from the SNc to the putamen and the caudate nucleus.



2.3.2 Dopamine and Initiation of Movement

It has been shown that the dopamine signal from the VTA is closely related to the force (or vigor) of motivated movements (Hughes et al., 2020). The dopamine signals of the SNc primarily encode if and when a planned movement should be initiated (Howe and Dombeck, 2016; Klaus et al., 2019). However, the dopamine release from the SNc dopamine also influences the vigor of the movement (da Silva et al., 2018). Different subpopulations of dopamine neurons show different patterns of variation in relation to initiation of movement (Klaus et al., 2019). Whereas some neurons show a rapid burst before the onset of a movement (Howe and Dombeck, 2016; da Silva et al., 2018), others show a brief pause immediately after the onset of the movement (Dodson et al., 2016).



2.3.3 Specificity of Dopamine Neurons

The dopamine signal from the SNc has been assumed to be non-specific and to generally promote actions that have been planned elsewhere. However, more recent data from optogenetics (Jin and Costa, 2015) indicate that individual dopamine neurons in the SNc may be associated with specific movement sequences.



2.3.4 Movement Preparation

Before a self-initiated movement occurs, a gradual increase in firing can be observed in the dorsal striatum and the motor cortices, which can be detected hundreds of milliseconds to seconds prior to the movement (Romo and Schultz, 1992; Schultz and Romo, 1992). Klaus et al. (2019) proposed that this firing indicates that premovement neural activity can reverberate in the cortico-basal ganglia thalamocortical loops until the movement is activated.



2.3.5 Input Regulating Dopamine Release

An important question is, what inputs cause the SNc to generate a burst of firing to promote movement? Beeler and Dreyer (2019) argued that the midbrain dopamine system and the basal ganglia are core parts of an “axis of agency” that initiate motivated behaviors. They proposed that phasic dopamine signaling occurs when the convergent inputs from diverse regions of the brain show sufficient synchrony and “consensus.” Relatively recently the input from the habenula have become emphasized as a particularly important regulator of dopamine release (Namboodiri et al., 2016).



2.3.6 Dopamine Release During Stress and Aversive Stimuli

As discussed in Section 2.3.1, the release of dopamine has typically been associated with an estimation of subjective value and goal-directed behavior. However, a complicating factor is that stress and aversive stimuli, such as pain, also result in release of dopamine from the VTA to the NAcc and the cortex. How can these observations be reconciled?2

First, an important distinction can be made between active and passive stress coping strategies. Active coping strategies involve some type of action, such as fight or flight. Passive coping strategies involve the inhibition of action; for example, in situations of social defeat. Research has shown that active coping strategies are associated with an increased release of dopamine in the NAcc, while passive strategies are associated with a decreased release (Douma and de Kloet, 2020). In general, aversive stimuli that can be escaped tend to result in an increased level of dopamine in the NAcc, while inescapable aversive stimuli tend to result in a decrease in dopamine, and passivity. These mechanisms are implicated in stress-induced depression, and chronic severe stress may result in degeneration of VTA dopamine neurons (Fox and Lobo, 2019; Douma and de Kloet, 2020). Overall, exposure to chronic stress tends to result in decreased levels of dopamine in the NAcc.

Actions that result in escaping from aversive stimuli are highly rewarding, so in this way both aversive and appetitive stimuli stimulate action, as long as the goals are perceived as attainable. This means that phasic dopamine release can serve as a teaching signal for learning actions in both positive and negative contexts (Stelly et al., 2019).

Another complicating factor is that there are two subpopulations of VTA dopamine neurons, which involve opposite responses to acute stress. Most neurons in the dorsolateral VTA show reactions that are consistent with dopamine as an estimate of value, with inhibition by acute stress and phasic release of dopamine upon termination of the stressor. However, dopamine neurons in the ventromedial VTA show strong phasic firing at the onset of stressor exposure (Douma and de Kloet, 2020). These two subpopulations appear to have different targets, as de Jong et al. (2019) found that dopamine terminals in the medial shell were excited by aversive events, whereas dopamine terminals in other regions of the NAcc were inhibited by these events.



2.4 Dopamine Neurons Have High Energy Demands

Bolam and Pissadaki argued that the dopamine neurons of the SNc are unique in terms of their number of synapses and energy demands (Bolam and Pissadaki, 2012; Pissadaki and Bolam, 2013). They estimated that a single SNc dopamine neuron gives rise to between 1 million and 2.4 million synapses, and has a total axonal length of about 4.5 m (Bolam and Pissadaki, 2012). In addition, the axons are unmyelinated, which further increases the energy demands. In humans, the number of synapses per SNc dopamine neuron is estimated to be about 10-fold higher compared with rats (Bolam and Pissadaki, 2012).

The VTA dopamine neurons appear to have a lower number of synapses compared with SNc neurons. For rats, it was estimated that the VTA neurons provide approximately one-tenth of the number of striatal synapses compared with the SNc neurons, though this estimate did not include the VTA projection to the cortex and other structures outside the striatum (Bolam and Pissadaki, 2012). Another difference between SNc and VTA dopamine neurons is that the DAT is expressed at lower levels by the VTA neurons. The DAT can be a pathway for toxins to enter dopamine neurons, which makes SNc neurons more susceptible compared with VTA neurons.

Bolam and Pissadaki (2012) emphasized that the unique structure of SNc dopamine neurons results in an energy demand that is orders of magnitude larger than that for other types of neurons. In addition, they proposed that most biological functions of the dopamine neurons are under higher demands because of this architecture, such as protein synthesis, cytoskeleton maintenance, and axonal transport. Under normal circumstances these high demands would have no negative effects on the neurons; though, Bolam and Pissadaki argued that these neurons are operating with small margins, so they may be particularly vulnerable to metabolic disturbances, such as mitochondrial dysfunction or oxidative stress. There are, however, indications that the number of synapses per neuron might not directly affect the vulnerability of the neurons: it has been proposed that energy is supplied in the direct vicinity of the synapses, by astrocytes (Calì et al., 2019).



3 MOVEMENT AND AUTOMATIZATION


3.1 What Is Automaticity?

Novel motor tasks that are performed with conscious attention activate a large cortical network (Schneider, 2009). Training normally makes the task more automatic, and at a later stage, trained tasks may be performed with little or no attention. An automatized behavior can be produced with greater skill and speed, while requiring substantially reduced neuronal signaling and energy compared with consciously attended behaviors (Schneider, 2009).



3.2 Merging Movements Into Action Sequences: Chunking

To optimize performance and reduce neural load, the brain has the ability to combine isolated movements into automatized action sequences or “chunks” (Sakai et al., 2004; Graybiel and Grafton, 2015). These basic chunks can then be organized hierarchically, as shown in Figure 2 (Jin et al., 2014; Jin and Costa, 2015). This means that short motor sequences, or gestures, may be used as building blocks for the automatization of longer sequences.
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FIGURE 2. Schematic showing the hierarchical organization model of action sequences, with sub-sequences as sub-chunks. For speech the lowest levels (a) may be the movements of individual speech muscles, the next level (C) may be phonemes, and the higher level (S) may be syllables. Syllables may, in turn, be chunked into automatized multisyllable words. Reprinted from Jin and Costa (2015) with permission.




3.3 Learning Principles


3.3.1 Learning of Sequences Based on Feedback of Outcomes

Learning generally occurs through modifications of the synaptic network, such as strengthening or weakening of synapses, or pruning (Pennartz, 1997), which also can be described as neuroplasticity. Which learning principles control this plasticity? First, behaviors that are automatized need to be useful. Instrumental actions have a goal, an intended result. The result of an action should be evaluated in terms of the reward value of the outcome and the cost of the action (Graybiel and Grafton, 2015). “Cost” can be defined broadly, as the amount of energy, time, attention, pain, or risk associated with a given action. To learn and automatize actions, the process must be guided by some type of feedback, allowing only those actions that approach the goal to be reinforced and learned, while actions not approaching the goal are not learned. This principle has been termed reinforcement learning (Dezfouli and Balleine, 2012; Robbins and Costa, 2017; Boraud et al., 2018). It has been argued that a core function of the dopamine system and the basal ganglia is to support reinforcement learning in the brain, by providing evaluation feedback (Ashby et al., 2010; Graybiel and Grafton, 2015; Helie et al., 2015; Caligiore et al., 2017). The dopaminergic nuclei in the midbrain receive input from diverse regions of the brain, which can provide the necessary feedback for the appropriate learning of actions.



3.3.2 Differing Learning Principles

It has been proposed that the basal ganglia, the cerebellum, and the cerebral cortex are specialized for three different principles of learning, respectively (Doya, 2000; Caligiore et al., 2017), as illustrated in Figure 3: (1) As discussed in the preceding paragraph, the basal ganglia appears to be specialized for reinforcement learning, based on the dopamine teaching signals from the VTA and SNc. (2) In contrast, the cerebellum appears to be associated with error-based learning, also known as supervised learning, which occur independently from reward, based on mechanistic minimization of movement errors relative to the intended target. (3) Lastly, the cortex has been proposed to be specialized in unsupervised or Hebbian learning, based on the principle that “neurons wire together if they fire together” (Lowel and Singer, 1992, p. 211). This principle can be described as “blind learning,” because any behavior that is repeated will be strengthened. Though, it has also been suggested that the subcortical input originating from the basal ganglia can act as teaching-signals for this Hebbian learning (Ashby et al., 2010; Caligiore et al., 2017).
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FIGURE 3. Schematic illustration showing the three different types of learning: According to this model, the basal ganglia are specialized for reinforcement learning, based on rewards in the form of dopamine signaling. The cerebellum is specialized for “supervised learning,” which adjusts the output based on movement error, independent of reward. Finally, the cerebral cortex is specialized for unsupervised “Hebbian” learning, which, might be modulated by inputs from the basal ganglia. Reprinted from Doya (2000) with permission.




3.4 Brain Structures and Motor Automatization


3.4.1 The Sensorimotor Striatum (the Putamen) and Dopamine Receptors

Despite the central importance of motor automatization, the exact underlying neural processes remain matters of debate. The primary neural components appear to involve the basal ganglia (including dopamine signaling), the cerebellum, the preSMA, and the primary motor cortex. Overall, one can expect a transition of activity from executive and associative regions of the brain to sensorimotor regions during automatization of movements. In the striatum, this is reflected as a stronger involvement of the caudate nucleus in early learning, and a transition to the putamen in later phases of motor learning (Ashby et al., 2010; Durieux et al., 2012).

As discussed in Section 3.2, above, an important process in automatization of movements is chunking, to allow the sequence to be initiated as a single unit. In the striatum, prominent firing of striatal projection neurons can be observed at the beginning and the end of an automatized chunk, with reduced activity in between. For some striatal neurons, the firing that occurs during a chunk is even lower than that during baseline rest. This firing pattern can be exemplified by observations made with animals running in mazes. During the initial training period, the striatal projection neurons fires during the entire run. However, as learning increases, the activity becomes more prominent at the beginning and the end of the run and declines during the period in between (Graybiel and Grafton, 2015).

Jin and Costa (2015) summarized animal studies of basal ganglia activity associated with action sequences. Figure 4 illustrates different patterns of basal ganglia firing during the execution of a learned action sequence. The basal ganglia neurons show diverse patterns, indicating specific functions, with emphasis on the beginning and the end of the sequence. In the SNc there are individual neurons firing either for every action (e.g., lever pressing), for the start of the sequence or for the stop. Similar patterns can also be observed in the striatum. In addition, individual dopamine neurons in the SNc appear to be specifically associated with certain sequences. These findings clearly indicate that dopamine signaling in the SNc is not simply a collective on/off process but is much more subtle, possibly related to the somatotopic organization of the putamen.


[image: image]

FIGURE 4. Different patterns of signaling were observed in neurons in the basal ganglia during the execution of a learned action sequence with eight units. Based on recordings from the SNc, striatal projection neurons, and from basal ganglia output neurons, in mice. The red dots at the top represents a timeline of eight actions in an action sequence. The black surfaces represent the variations in firing in different populations of basal ganglia neurons. For example, one population signals for every action, while other neurons only signal at the start and the end of the sequence. Reprinted from Jin and Costa (2015) with permission.


The results of optogenetic studies reported by Tecuapetla et al. (2016) suggest that the direct and indirect pathways from the striatum play complementary roles in the initiation and execution of action sequences. The established model is that activation of the direct pathway disinhibits motor behaviors, while the indirect pathway suppresses motor activity (Grillner and Robertson, 2016). The neurons in the direct pathway express excitatory D1 receptors, whereas those in the indirect pathway express inhibitory D2 receptors, implying that dopamine release in the putamen would facilitate motor activity through its effects on both pathways. The results from Tecuapetla et al. (2016) support the view that the activation of neurons in the direct pathway is important for the initiation of a sequence, in line with the established model. However, regarding the indirect pathway, a different dynamic was shown: The proper level of activation of neurons in the indirect pathway neurons was required for the learned sequence to continue; both excessive and insufficient firing of the neurons in the indirect pathway resulted in abortion of the ongoing sequence. In consequence, it appears that either too low or too high levels of synaptic dopamine could result in disruption of the execution of learned sequences.

It has been modeled that phasic versus tonic dopamine stimulation has differential effects on the D1 and D2 receptors, with bursts primarily increasing D1 occupancy whereas pauses in firing reduce the occupancy of both D1 and D2 receptors (Dreyer et al., 2010). This may imply that phasic dopamine release primarily activates D1 receptors and the direct pathway, while tonic dopamine release would result in relatively stronger D2 activation, in turn inhibiting indirect pathway firing.



3.4.2 Cortical Regions: The Presupplementary Motor Area

The chunking of movements into sequences has also been demonstrated at the level of the preSMA (Sakai et al., 2004). Nakamura et al. (1998) investigated the learning of button press sequences in monkeys. At the beginning of learning, neurons in the preSMA signaled before each action in the sequence. However, as learning progressed, a chunking pattern emerged, starting as very short chunks and gradually developing into longer chunks until the whole sequence was executed as one chunk. The majority of the neurons in the preSMA primarily signaled at the initiation of a chunk. In contrast, the neurons of the SMA proper primarily signaled during the execution of the learned sequences, and are likely involved in the initiation of individual muscle contractions.

The observation that the preSMA works at the chunk level is supported by a study that used transcranial magnetic stimulation (TMS) in humans learning a 12-movement finger sequence. After extensive training, an individual pattern of chunking occurred, which was manifested as variations in the temporal patterns of the movements. TMS applied to the preSMA affected the execution only when applied between chunks, with no effect when applied during a chunk (Kennerley et al., 2004). In contrast, TMS applied to the lateral premotor cortex did not affect the movement execution, regardless of when it was applied (Interestingly, TMS over the preSMA before the start of the sequence only affected the initiation of the sequence if no sensory cue was provided for the first movement of the sequence).



3.4.3 The Cerebellum

During movements, the cerebellum has a real-time modulatory effect on the primary motor cortex neurons (Purves et al., 2001, p. 403). According to Stoodley and Schmahmann (2010), the cerebellum can be divided into sensorimotor parts (lobules I–V and lobule VIII), cognitive/associative part (lobules VI–VII), and limbic parts (the posterior vermis). The distinction between novel and automatized movement sequences also appears to be reflected in the cerebellum, with a shift that reflects a transition from cognitive/associative processing to sensorimotor processing (Sakai et al., 2004).



3.4.4 Execution of Learned Motor Sequences Without the Motor Cortex?

In Section 2.1.2, it was suggested that the role of the downstream motor output of the basal ganglia generally is underestimated in humans and other primates (Grillner and Robertson, 2016). It was argued that when the basal ganglia originally developed, they controlled the motor programs of the brainstem and the spinal cord. Recent studies by the Ölveczky Lab have shown that rats trained to perform a sequential task with spatiotemporal precise movements, without demands for dexterity, could perform this task even after removal of the motor cortex, without discernible impairment of performance (Kawai et al., 2015; Dhawale et al., 2019). The task required the rat to press a lever twice with the prescribed timing to get a reward. However, the motor cortex was necessary for the learning of the sequence, as rats with lesioned motor cortex before training were unable to learn the required timing. In cats, complete neonatal removal of the cerebral cortex has been reported to result in surprisingly limited deficits, as the cats learned to walk, eat, drink, and groome themselves adequately, guided by both vision and tactile senses (Bjursten et al., 1976). Rhesus monkeys have been shown to recover remarkably after unilateral removal of the sensorimotor cortex, even when the lesion occurs at adult age (Passingham et al., 1983). They are reported to walk, climb, and jump with ease, but are not able to grip food using only the thumb and forefinger. Based on these findings, Kawai et al. (2015) argued that it is clear that the motor cortex is not the only structure that is capable of commandeering motor circuits within the brainstem and spinal cord, and that the subcortical motor infrastructure is quite sophisticated.

In humans it is less clear to which extent the basal ganglia can drive actions independently of the motor cortex. In summary, it seems important that motor research on humans, in particular, research on basal ganglia motor disorders, also consider the possible contributions of downstream motor output from the basal ganglia. It seems likely that dysregulated downstream output from the basal ganglia can interfere with normal motor control in some conditions.



3.5 Automatization of Speech Movements

According to the GODIVA model, a computational model of speech sound sequencing, chunking is the basis for automatization of frequent sequences of speech movements, such as syllables (Bohland et al., 2010; Guenther, 2016, p. 237). This is in line with Hickok’s (2014) proposition that frequent syllables and words can be efficiently coded as motor chunks, corresponding to “the mental syllabary” outlined by Levelt and Wheeldon (1994). In a study of training of novel phoneme sequences, by Segawa et al. (2019), it was shown that consonant clusters tend to be learned as units, which generalize to new syllables containing these clusters.

Functional magnetic resonance imaging (fMRI) has also been used to study the automatization of speech. Using fMRI, Alario et al. (2006) found indications that the sequencing of syllables is controlled by the posterior part of the preSMA. This is in line with increasing involvement of the preSMA in more complex syllable sequences (Bohland and Guenther, 2006). Peeva et al. (2010) reported that processes related to phonological chunking are linked to activation of the right superior lateral cerebellum. Further, using fMRI, Segawa et al. (2015) showed that novel sequences of phonemes resulted in higher activation of a network of cortical regions such as the preSMA, the lateral premotor cortex, the ventral primary motor cortex, and auditory regions, together with the basal ganglia.

In conclusion, the findings and theoretical constructs regarding automatization of speech indicates that it follows the general principles of motor automatization, as reviewed in previous sections.



3.6 Freezing of Gait: An Example of Basal Ganglia Dysfunction

Freezing of gait (FoG) is a symptom of Parkinson’s disease, with unclear pathophysiology (Chen et al., 2019). FoG is of particular interest in the context of the present article, as it affects the execution of a highly automatized behavior, walking, and it shares several characteristics with stuttering. The following description of clinical features of FoG is based on the review by Nutt et al. (2011): (1) FoG appears as brief periods of inability to move the feet forward, despite the intention to walk (or marked reduction of the amplitude of the movements). (2) FoG typically occurs when starting to walk, or when the person needs to change the walking pattern (e.g., when turning). In the latter case, it leads to the arrest of the ongoing movement. (3) Commonly such episodes of FoG last a couple of seconds, but may exceed 30 s. In rare cases the symptoms are continuous. (4) Leg tremor at a frequency of 3—8 Hz often occurs during FoG. (5) Episodes of FoG are accompanied by a subjective feeling of the feet being glued to the floor. (6) FoG is commonly relieved by various sensory cues, for example a rhythm to follow. (7) The emotional and cognitive situation, with environmental influences, can have striking effects on FoG.

Regarding the level of muscular tension, electromyographic investigation has shown that the tension of the leg muscles is not elevated, or characterized by co-contraction (Nieuwboer et al., 2004). Nutt et al. (2011) described FoG as a mysterious phenomenon. A recent clue to the pathophysiology comes from a study by Chen et al. (2019), associating elevation of certain oscillatory frequencies in the basal ganglia with risk for FoG.



4 DISCUSSION

The anatomy and physiology of the dopamine system have been reviewed above, together with a review of mechanisms for automatization of motor sequences. These two topics will be summarized and discussed below, to be followed by a discussion of the symptoms of stuttering in relation to the reviewed topics.


4.1 The Dopamine System

In most instances, and in most regions of the brain, the release of dopamine tends to signal subjective value, motivation, and action, in the context of both approaching an appetitive stimulus and avoiding an aversive stimulus (Berke, 2018). It appears that the perceived attainability is of key importance for the release of dopamine and the behavioral response, with an inhibition of dopamine and action if the aversive stimulus is perceived to be unavoidable (Douma and de Kloet, 2020), or if the appetitive stimulus is perceived to be unattainable. In this sense, the motivation for action would be based on a combination of subjective value and the perceived attainability.

A minority of dopamine neurons show “atypical” responses, with burst firing at the onset of aversive events. They are located in the ventromedial VTA and appear to project to the medial shell of the NAcc (de Jong et al., 2019; Douma and de Kloet, 2020). It is possible that the function of these neurons is to increase the level of attention and arousal in moments of perceived danger, whereas dopamine neurons with typical pattern of signaling are more related to approaching and evaluating the possible outcomes of actions.

The review indicates that the dopamine system can be viewed as a core component in basically all human behavior, conveying a compound estimate of subjective evaluations, as well playing a central role in both the learning and execution of automatized action sequences. It is clear from the present review that this system may show functional problems in a multitude of ways, with differences apparent in symptomatology and pharmacological responses.

A key aspect that may be of relevance for various pathologies affecting the dopamine system is the extreme architecture and high energy demands of dopamine neurons, in particular the SNc neurons. This has been proposed to make these neurons vulnerable to relatively minor disturbances of the metabolism (Bolam and Pissadaki, 2012).



4.2 Movements and Automatization


4.2.1 Automatization of Sequences

In summary, a primary mechanism for automatization of movements is the merging of isolated movement into “chunks” that can be executed as a unit (Jin and Costa, 2015), with little attention. In turn, chunks can be utilized hierarchically, as building blocks in longer chunks, as illustrated in Figure 2. The results from animals indicate that some neurons in the SNc and in the striatum signals for each submovement in a chunk (Jin and Costa, 2015). The principle of chunking appears to also be involved in the automatization of speech (Bohland et al., 2010; Guenther, 2016, p. 237). The normal learning of sequences tends to be based on reinforcement learning, with phasic release of dopamine as the primary teaching signal indicating successful sequences.

The review suggests the existence of two parallel networks for the execution of learned sequences: (1) one network for the start of sequences, involving the basal ganglia and the preSMA and relying on the activation of the D1 receptors of striatal neurons forming the direct pathway, (2) one network for the continued execution of learned sequences, involving the sensorimotor parts of the basal ganglia, the cerebellum, and the SMA proper. The continued execution relies on a balanced activation of the D2 receptors of striatal neurons forming the indirect pathway.



4.2.2 Dopamine Signaling for Initiation of Movement

The volitional initiation of movements is dependent on the signaling both from the SNc and the VTA. The data suggest that the SNc provides a fine-grained signal, in which individual dopamine neurons can be linked to specific actions (Jin and Costa, 2015). The signal from the VTA affects the force and vigor of the movement (Hughes et al., 2020). Reverberation of firing in the cortico-basal ganglia thalamocortical loops is likely to be important for the preparation before voluntary movements (Klaus et al., 2019), and will be sensitive to variations in the release of dopamine.



4.2.3 Cues for Initiation of Movement

It is known that auditory and visual cues can facilitate walking in Parkinson’s disease and the fluency of speech in stuttering (Brady, 1969; Suteerawattananon et al., 2004; Bloodstein and Bernstein-Ratner, 2008). The “classical” explanation of this phenomenon is that externally cued movements are initiated by the lateral premotor cortex together with the cerebellum, thereby bypassing the basal ganglia and the SMA (Cunnington et al., 1996; Hanakawa et al., 1999; Haslinger et al., 2001; Wu and Hallett, 2005). As discussed in Section 2.3.5, it has been proposed that the SNc initiates movements when the inputs from diverse regions show sufficient synchrony and “consensus” (Beeler and Dreyer, 2019). This model suggests a somewhat modified mechanism underlying externally cued movements in Parkinson’s disease and stuttering: that sensory cues together with focused attention results in increased synchrony of firing in the sensorimotor system, which can be sufficient to result in dopaminergic firing from the SNc and, in turn, initiation of movement. This model is supported by results showing that auditory signals, in particular rhythms, provide a synchronizing effect for neural activity (Mathias et al., 2020), and that focused attention implies increased synchronization of the neural activity in the involved networks (Womelsdorf and Fries, 2007). The lateral premotor cortex and the cerebellum could still be essential for the effect of external cues, by extracting the relevant information from the stimuli (Penhune et al., 1998; Hanakawa et al., 1999).

It should be emphasized, however, that such similarity between stuttering and Parkinson’s disease would not in itself implicate that stuttering is related to a similar dopaminergic pathology as Parkinson’s disease. For example, it is likely that other forms of dysregulation of this system also can result in insufficient initiation of speech movements but improved function with the support of external cues.



4.2.4 Paradoxical Movements in Emotional States

Another phenomenon in Parkinson’s disease is the occurrence of “paradoxical movements” in relation to emotional states, signifying an unexpected ability to move during situations involving strong emotions, such as fear or anger (Glickstein and Stein, 1991). Similarly, it has been reported that people who stutter tend to speak well under conditions of strong emotions, including fear, excitement, and motivation (Bloodstein and Bernstein-Ratner, 2008, p. 270). Based on experiments it has been claimed that this effect in Parkinson’s disease reflects a general property of the motor system, of greater vigor during urgency (Ballanger et al., 2006; Thobois et al., 2007). A possible underlying mechanism is that emotional urgency results in increased synchrony of the inputs to the VTA and SNc, with stronger dopamine release increasing the force and vigor of the movement, as described by da Silva et al. (2018) and Hughes et al. (2020).



4.2.5 Execution of Sequences Without the Motor Cortex

Recent studies by the Ölveczky Lab show that rats can perform learned motor sequences with high temporal demands without the motor cortex. This finding carries the important implication that different types of motor sequences are learned and executed in different ways. Sequences involving “dexterity” required the motor cortex both for learning and execution, while sequences of simple movements only required the motor cortex for learning. The implications for human motor control, and for speech, remain to be determined.

In this context it is of interest that human brain lesions with aphasia sometimes result in “speech automatisms,” in particular after lesions including the frontal lobe (Code, 2021). Such automatisms typically take the form of a frequent word or series of words, such as “so and so” or “oh boy” (Code, 1994), or specific consonant-vowel syllables, such as/ba, ba/or/da, da/(Code, 2021). According to the study by Brunner et al. (1982), automatisms only occurred in patients with combined lesions of the left striatum and cortex. It has been hypothesized that the right hemisphere plays a special role in the production of automatisms (Code, 1994). An interesting case was reported by Speedie et al. (1993). After a right hemisphere basal ganglia lesion, the propositional speech of the patient was preserved, but he had lost the ability to recite familiar verses. There was an impairment of the production of serial automatic speech, singing, recitation of rhymes, and swearing. His propositional speech no longer included overlearned phrases. One interpretation of these phenomena is that the right basal ganglia normally has the capability to drive the production of frequently used utterances and songs without the cortex. This function may become disinhibited as a result of lesions of the left hemisphere basal ganglia and cortex, and produced as automatisms.

Parallels between automatisms in aphasia and verbal tics in Tourette syndrome have been discussed by Code (1994, 2021). Similar to the automatisms in aphasia, such verbal tics tend to be uttered in a stereotyped manner. It has been proposed that the verbal tics are produced involuntarily by an interaction between the limbic system and the basal ganglia, uninhibited by the cortical system (Code, 1994, 2021). In conclusion, it might be possible that automatisms in aphasia, and verbal tics in Tourette syndrome, are expressions of the (right) basal ganglia driving motor actions via downstream output to the brain stem.



4.3 The Symptoms of Stuttering


4.3.1 Stuttering in Relation to the Degree of Automatization of Speech

Anderson (2007) found that stuttering in preschool children tended to occur more often for words with lower frequency of occurrence in the language, or on words with unusual phonological sequences (after controlling for word length and grammatical class). This implies that words with a lower degree of motor automatization were stuttered more frequently. The difference in the frequency of occurrence for multisyllabic words was quite large between fluent and stuttered words, with an effect size of 1.3 standard deviations for part-word repetitions and 1.65 for prolongations. The result suggests that poor automatization of speech motor sequences contribute to stuttering.

However, Bloodstein and Bernstein-Ratner (2008) stated: “Virtually any change that can be made in the way a person normally talks is apt to result in much improved or essentially fluent speech for the majority of stutterers, provided the change does not lose its novelty” (p. 268). For example, to imitate a foreign accent. This suggests that stuttering in particular interferes with speech produced in a habitual mode, i.e., with an attempt to utilize an automatized mode of speech production. In other words, the deautomatization of speech tend to reduce the symptoms of stuttering. How can this observation be reconciled with the finding discussed in the preceding paragraph, of more stuttering on words with lower degree of automatization?

One interpretation of this contradiction is that the risk for stuttering is high when the speaker is attempting to talk in an “automatic mode” but the movement sequences are poorly automatized. When talking in a novel way a higher level of conscious control is applied, partly bypassing the mechanisms for execution of chunks. To summarize, the results would be compatible with a model in which speech can be produced in two contrasting modes: “automatic” and “non-automatic.” Stuttering would primarily be linked to the automatic mode of speech production. In this mode the risk for stuttering is higher on words with poorly automatized motor sequences. This is in line with observations that persons who stutter tend to say overlearned words or phrases fluently, for example when swearing (Bloodstein, 1950; Bloodstein and Bernstein-Ratner, 2008).

In a recent study combining speech motor training of novel phoneme sequences and brain imaging (fMRI), Masapollo et al. (2021) found indications that people who stutter do not differ from typically fluent persons in terms of the ability to learn new speech motor sequences, but show impairments in the execution of the learned sequences. In addition, they observed an association between high level of in-scanner speech disfluencies and low activation of left basal ganglia sites. Moreover, the result of Ingham et al. (2013) suggested that people who stutter may consist of two subgroups with regard to the ability to utilize automatization of speech motor sequences from fluency training. Successful final results of the training were predicted by decrease of the activation of the left putamen, the sensorimotor part of the striatum, as measured from the beginning of the training to the end of the initial phase. Such a decrease might by indicative of successful automatization of the novel speech pattern.



4.3.2 The Situational Variability of Stuttering

Stuttering is characterized by its typical variability of the symptoms within individuals, from situation to situation and from day to day (Bloodstein, 1950; Constantino et al., 2016; Tichenor and Yaruss, 2020). At least, two observations from the review may be of relevance for this variability: First, the review by Jin and Costa (2015) suggests that the initiation of each and every submovement in a motor sequence may be associated with the firing of specific dopamine neurons in the SNc. Second, according to the reasoning of Beeler and Dreyer (2019), dopamine signaling occurs when the convergent input to the SNc, from different parts of the brain, show sufficient synchrony and “consensus.” Thus, the dopamine signaling may be described as intrinsically dynamic and varying, depending on the specific situation and the internal state of the person. It is here suggested that the dynamics of the dopamine signaling from the SNc and the VTA during speech is the main neural basis for the situational variability of stuttering.



4.3.3 Stuttering as a Possible Effect of Basal Ganglia Dysregulation


4.3.3.1 Heterogeneity of Symptoms: Both Hyper and Hypo?

We need to consider the possibility that the symptoms of speech labeled as stuttering in reality represent several different neurological mechanisms. Considering the complexity of the underlying neural system it would not be surprising if the output can be interrupted in several different ways, but with partly similar overt symptoms. This was also the result of a simulation study by Civier et al. (2013), of stuttering as an effect of impairments in the basal ganglia thalamo-cortical circuit, either because of dopaminergic abnormalities or because of white-matter abnormalities.

While it is clear that many instances of stuttering involve elevated levels of muscular tension (e.g., Freeman and Ushijima, 1978; Freeman, 1979), it has also been reported that moments of stuttering can show reduced or normal levels of muscular activity (Smith et al., 1996; Smith, 2015). In addition, stuttering sometimes involves tremor in speech muscles, in the 5 to 15 Hz range (Fibiger, 1971; Denny and Smith, 1992; Smith et al., 1993). As discussed in Section 1.1, one of the main lines of research on stuttering links the symptoms of stuttering to the functions of the basal ganglia (Wu et al., 1997; Maguire et al., 2002; Alm, 2004; Chang and Guenther, 2020; Jenson et al., 2020). It is of interest that basal ganglia motor disorders can be associated with excessive tension, as in dystonia (e.g., Kaji et al., 2018), tremor (Hallett, 2014), as well as the absence of elevated tension or co-contraction, as in freezing of gait (Nieuwboer et al., 2004). In the two sections below, two hypothetical basal ganglia mechanisms are discussed in relation to stuttering. Both of these mechanisms would be expected to primarily result in stuttering without excessive muscular tension (though this might develop as a secondary effect).



4.3.3.2 Neural Oscillations and Freezing of Gait

Relatively recent models have linked symptoms of some movement disorders to disturbances of the oscillatory properties of the basal ganglia circuits, for example freezing of gait (as reviewed in Section 3.6) and tremor (see, e.g., Brittain and Brown, 2014; Chen et al., 2019; Halje et al., 2019). The disturbances of the oscillatory properties can be secondary to dopaminergic dysregulation, as in Parkinson’s disease, but can also have other causes. Oscillatory disturbances of the basal ganglia have been discussed in relation to stuttering (e.g., Etchell et al., 2014; Mersov et al., 2016; Saltuklaroglu et al., 2017; Chang and Guenther, 2020; Jenson et al., 2020). Considering the symptomatology of freezing of gait it may be stated that the seven characteristics summarized in the review in Section 3.6 are also characteristics of stuttering (e.g., see Bloodstein and Bernstein-Ratner, 2008):

1) Brief periods of inability to move forward in a movement sequence.

2) Often occurs at the beginning of the sequence: often before the first sound (a “block”) or within the initial part of the first word (Wingate, 1969; Bloodstein and Bernstein-Ratner, 2008).

3) Episodes commonly last a couple of seconds, but may exceed 30 s.

4) Tremor may be shown (at 5–15 Hz, Smith et al., 1993).

5) Episodes of stuttering are often accompanied by a subjective feeling of being “stuck.” As Charles Van Riper (1992, p. 83) stated: “Not disfluency but gluency is the essence of our disorder, we get stuck when we stutter,” with the novel word “gluency” referring to the feeling of speech effectuators being stuck in glue.

6) Stuttering is commonly relieved by sensory cues, for example speaking to the pace of a metronome.

7) The emotional and cognitive situation, with environmental influences, can have striking effects on stuttering.

In summary, the parallels between stuttering and the characteristics of freezing of gait in Parkinson’s disease appears promising for further studies.



4.3.3.3 Stuttering as Failure to Initiate or to Sustain the Execution of an Automatized Chunk

The results from Tecuapetla et al. (2016), as reviewed in Section 3.4.1, illustrate how the execution of a movement sequence might fail to be initiated, or how it might be terminated after initiation. According to the results of Tecuapetla et al. (2016), activation of the direct pathway, including the D1 receptors, is necessary in order to initiate an action sequence. In addition, a continuous balanced firing of the indirect pathway is required for the execution of the sequence to continue. Too low or too high a firing of the indirect pathway resulted in termination of the sequence. The firing of the indirect pathway is regulated by the inhibitory D2 receptors. Applied to stuttering, a part-word repetition without muscular tension might occur when a sequence is correctly initiated by the direct pathway, but the indirect pathway is either hypo- or hyperactive, resulting in a termination of the sequence and the motor output. When a sequence is terminated prematurely, there will be no end-signal for the sequence, which might result in a restart of the failed sequence. The overt symptom of this could be a part-word repetition. This scenario is speculative, but may serve as an example of possible neural mechanisms, guided by general research on the physiology of the basal ganglia.



4.3.4 Further Research on the Motor Characteristics of Stuttering

For an understanding of the neuromechanics of motor disorders it is important to analyze the characteristics of the motor abnormality in detail. Among others, Courtney Stromsta initiated this type of study of stuttering, using spectrography and lip electromyography (Stromsta, 1965, 1987; Stromsta and Fibiger, 1980). This has been followed by some later attempts with various methods (e.g., Conture et al., 1977, 1985, 1986; Freeman, 1979; Throneburg and Yairi, 2001). It is here proposed that it will be of importance for the understanding of stuttering to continue this work with modern techniques and within an updated theoretical framework, of course, in parallel with work to understand the underlying neurobiological mechanisms of stuttering.



5 CONCLUSION

The review clearly indicates that the basal ganglia and the dopamine system play central roles for the learning and automatization of motor sequences, and there are no indications that this is not the case also for speech. On the contrary, the specific effects of the humanized version of the FOXP2 gene on the basal ganglia and dopamine levels point toward key roles for the evolution of speech and language (Enard et al., 2009; Enard, 2011). Recent research on dopamine suggests a more complex organization than previously shown. For example, individual dopamine neurons in the SNc can be associated with the initiation of specific movement sequences (Jin and Costa, 2015). Another result of interest is the indication that a balanced level of activation of the indirect pathway is required for the execution of a chunk to continue (Tecuapetla et al., 2016). As the neurons of the indirect pathway express inhibitory D2 receptors, the model supports the importance of balanced activation of these receptors.

The central mechanism for automatization of movement sequences is the merging of isolated movements into “chunks,” which can be executed as a unit. In turn, these chunks can be used as building blocks in longer chunks. The primary learning principle for this automatization is reinforcement learning, with phasic release of dopamine as a teaching signal.

A remaining question concerns the role of downstream output from the basal ganglia to the brainstem and spinal cord in humans. For example, can the basal ganglia drive the production of overlearned speech, such as habitual phrases, without the motor cortex?

In relation to stuttering, it was here proposed that the dynamics of dopamine signaling constitutes the main basis for the situational variability of stuttering.
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ABBREVIATIONS

 DAT, dopamine active transporter; FoG, freezing of gait; NAcc, nucleus accumbens; SMA, supplementary motor area; SNc, substantia nigra pars compacta; VTA, ventral tegmental area.

FOOTNOTES

1 This review focuses the effects of dopamine within the brain. However, it is important to emphasize that dopamine also serves in a range of essential physiological functions in the body outside the brain.

2 For excellent reviews on stress and dopamine, the readers are referred to Holly and Miczek (2016) and Douma and de Kloet (2020).
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Number of
participants (female)
Age (years)

Education, S-2C/
HS-2C/HS-4C (n)

Musicality —plays
instrument regularly/
occasionally/never (n)
Pretests

DSF, mean score (SD)

DSB, mean score (SD)

2-BV, median
percentage correct
answers

2-B A, median
percentage correct
answers

SRT, mean ms (SD)

CRT, mean ms (SD)

33 (12.6)

3/4/9

3/1/12

9.94 (1.98)
8.75 (2.27)

58.57

83.33

298.51 (20.46)

471.78 (58.52)

ANS

16 (2)

31 (10.7)

3/4/9

1/2/13

10.06 (2.24)

9.19 (1.87)

85.00

83.33

309.26 (26.93)

466.99 (40.48)

Test statistics

429.2) = —0.37,
p=0.715

No test necessary,
as groups were
pairwise matched
based on education
x%(2) =137,
p=05

1(29.6) = 0.17,
p =0.868
(28.9) = 0.59,
p =0.556

W =162.5,
p=0.189

W =119.5,
p=0.745

127.9) = 1.27,
p=0.214
t(26.6) = —0.27,
p=0.79

Total counts, medians or means, and standard deviations are given for each group
(AWS, adults who stutter; ANS, adults who do not stutter). Education is categorized
by school and college graduation (S-2C, school and 2 years of college; HS-2C, high
school and 2 years of college; HS-4C, high school and 4 years of college). Tests
of working memory (DSF, digit span forward; DSB, digit span backward; 2-BV, 2-
Back Visual; and 2-BA, 2-Back Auditory) and reaction time (SRT, single reaction
time; CRT, choice reaction time). The test statistics are from two-sided unpaired
t tests for age, DSF, DSB, SRT, and CRT, Pearson chi-square for education and
musicality, and unpaired Wilcox rank-sum test tests for 2-BV and 2-BA.
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Group Pre Training (all) Post Training (all) 24-h post Training (all) Pre Training (subset) Transfer (subset)

ANS

Median 14.5 19.0 20.0 14.0 18.0
Mean 16.5 19.9 20.7 156.6 18.5
SD 5.2 4.6 5.7 5.4 6.4
Sum of NCS 993.0 1271.0 1325.0 933.0 1112.0
AWS

Median 14.0 19.0 21.0 14.0 19.0
Mean 141 19.9 21.9 14.7 19.8
SD 6.0 5.5 6.3 6.1 5.8
Sum of NCS 900.0 1274.0 1404.0 822.0 1107.0

Medians, means, standard deviations, and total sum of correct sequences (NCS) by Group (AWS, adults who stutter; ANS, adults who do not stutter) and Testing session.
All: n = 16 per group. Subset: AWS n = 14, ANS n = 15.
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Group Block 1 Block 2 Block 3 Block 4

ANS

Median 1.0 14.5 16.0 17.0
Mean 12.6 15.6 16.6 17.3
SD 5.0 5.4 ] 4.6
Sum of NCS 201.0 250.0 265.0 277.0
AWS

Median 9.5 12.0 155 15.5
Mean 10.6 13.1 15.9 16.7
sD 4.4 6.6 6.0 5.4
Sum of correct sequences 169.0 210.0 254.0 267.0

Medians, means, standard deviations, and total sums of correct sequences (NCS)
by group (AWS, adults who stutter; ANS, adults who do not stutter) for every block
during Pre Training. n = 16 per group.
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Pre Training Post Training 24-h Post Training Pre Training Transfer

Group Estimate Within Betw. Within Betw. Within Betw. Within Betw. Within Betw.

ANS Median TE 75 3.0 6.5 3.0 8.0 3.0 8.0 3.0 14.0 9.0
NTE 129 67 223 76 129 69 122 64 227 146
Mean TE.log 1.8 1.2 2.1 1.2 1.5 1.0 1.8 1.2 2.3 1.8
SD TE.log 1.0 0.9 11 1.0 1.4 1.2 1.0 1.0 1.2 1.3

AWS Median TE 25 2.0 35 3.0 258 15 2.0 1.5 3.5 2.0
NTE 89 52 162 118 78 50 70 36 108 69
Mean TE.log 1.0 0.8 1.5 1.4 0.8 0.7 0.8 0.7 1.5 1.2
SD TE.log 1.4 14 1.5 1.3 1.4 1.2 1.4 1.1 1.2 1.1

Medians and number (N) of TE and mean and standard deviations (SD) of the log-transformed triplet errors (TE.log) by Group (AWS, adults who stutter; ANS, adults who
do not stutter) for Testing Session. All: n = 16 per group. Subset: AWS n = 14, ANS n = 15, betw., between.
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Syllables MeanAAF (Hz/s)
Italian

/ba/ 3,497
/bi/ 4,881
/bu/ —3,859
/da/ —-3,174
/ai/ 5,403
/du/ —8,664
/ga/ —8,529
/qi/ —1,810
/qu/ —4,963
French

/ba/ —455
/bi/ —2,855
/bu/ —8,850
/da/ —3,844
/ai/ 550
/du/ —13,253
/9a/ —9,049
/qi/ 1,305

/qu/ —5,413

Mean NAF (Hz/s)

1,820
987
—6,271
2,717
-522
—9,255
—4,305
1,334
—2,376

—962
1,314
—1,458
—2,993
1,127
—8,449
—3,438
—1,966
443

Mean differ.(Hz/s)

1,678
3,894
2,411
—457
5,925
590
—4,223
—3,144
—2,5687

507
—4,169
—7,391

—850
—576
—4,803
—5,611
3,272
—5,857

95% C.1I.

677 to 2,678
1,184 to 6,604
—2,682 10 7,504
—2,5620to 1,606
2,089 t0 9,812
—4,845 to0 6,026
—6,333t0—2,115
—5,686 to—702
—6,156 to 982

—1,230 10 2,245
—10,633t0 2,195
—17,262 t0 2,479
—2,176t0 475
—6,861 10 5,709
—8,819 to—788
—9,038 to—2,183
—5,27310 11,816
—11,285 to —429

SD of Differ.

1,490
4,034
7,581
3,071
5,785
8,091
3,139
3,635
5,312

2,429
8,896
12,841
1,853
8,786
5,024
4,791
11,944
7,588

t(It = 10) t(Fr =9)

3.736
3.202
1.065
—0.494
3.397
0.242
—4.462
—2.869
—1.615

0.661
—1.482
—1.727
—1.452
—0.207
—2.758
—3.703

0.866
—2.441

P

0.004
0.009
0.316
0.632
0.007
0.814
0.001
0.024
0.107

0.525
0.173
0.122
0.180
0.840
0.025
0.005
0.409
0.037
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Between subjects Within subjects

Duration
(ms)
AF2 (Hz)

AF2/At
(Hz/s)
AF2peqg
(Hz)
AF2peg/ A
t (Hz/s)
k-slope

Stuttering severity
1 2 3
64 77 69
106 108 90
174 200 188
223 229 209
5,331 5,275 5,632
4,348 4,377 4,873
26 37 41
59 62 49
3,474 4,485 5,158
5,163 5,619 5,322
0.738 0.731 0.755
0.692 0.697 0.661

F(2,17) = 0.983

F(2,17) = 0.281

F(2,17) = 0.672

F(2,17)=0.222

F(2,17) = 0.364

F(2,17) = 0.122

0.395

0.758

0.524

0.803

0.700

0.886

NAF

73

192

5,371

36

4,453

0.738

103

223

4,489

59

5,461

0.687

F

F(1,18) = 51.669

F(1.18) = 12.000

F(1,18) = 9.894

F(1.18) =28.910

F(1,18) =5.290

F(1,18) = 9.344

P

<0.001

0.003

0.006

<0.001

0.034

0.007

Signif. Interact.

NO

NO

NO

NO

NO

NO

Between subjects variable: PWS degrees of severity (1, Very Mild and Mild; 2, Moderate; and 3, Severe) Within subjects variable: Auditory Condition (NAF and AAF).
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Stuttering Controls
Disease/symptom n  nonset % n % RatioSUC ~ Excess % stutt.  Fisher's p

Total: 430 462

Respiratory/neck infections with a strong link to
neurological sequelae of GAS:

Frequent severe tonsilts: 70 2 163% 27 58% 258 10.4% 0.00001+*
Scarlet fever (a complication of tonsilits): 36 10 84% 20 48% 1.9 4.0% 0018+
Scarlet fever, severe: 18 4.2% 4 09% 48 3.3% 0.0018*
Cervical adenitis with abscess: 19 4.4% 2 04% 102 4.0% 0.0001%+
Frequent bronchitis: 67 6 15.6% 39 84% 1.8 74% 0.0012%
Respiratory infection with fever >=40.0G/104F: 27 3 63% 15 32% 1.9 2.0% 0.039*
Other infections:
Chickenpox: 89 207% 68 147% 1.4 6.0% 0.022¢
Measles: 152 1 353% 144 31.2% 1.4 4.2% 020
Measles, severe: 9 24% 3 06% 32 1.5% 0.08
Pertussis/Whooping cough: 6 1.4%
Diphtheria: 4
Oitis media: a1 72% 64 18.9% 05 —6.6% Rev: 00015+
Autoimmune response to GAS infection:
Rheumatic fever: 7 3 1.6% 3 06% 25 1.0% 0.21
Conditions related to inflammation and immune
response:
Dermatits/eczema: 24 56% 16 35% 1.6 24% 0.041*
Neurological condtions, possibly autoimmune response
to infections:
Encephaliis: 17 4.0% 2 04% a1 35% 0.0002%
Epllepsy: 12 6 2.8% 1 02% 12.9 2.6% 0.0012%
Convulsions: 24 6 56% 11 2.4% 23 3.2% 0.016*

Other conditions, not more prevalent in the stuttering
group before onset:

Indigestion, intestinal: 14 3.3% 22 4.8% 07 —1.6% Rev: 0.31
Malnutrition: 97 22.6% 151 32.7% 07 —10.1% Rev: 0.0008**
Rickets (vitamin D deficiency): 9% 22.3% 126 27.3% 0.8 —4.9% Rev: 0.089

“p < 0.05, **p < 0.01, **p < 0.001. “n onset” refers to the number of cases with onset of stuttering immedately upon the ilness. “Retio St/C” s the ratio of the incidences from both
groups. “Excess % stutt” is the number of percents that the inciclence in the stuttering group exceeded the incidence of the control group. Fisher’s p is the p-value from Fisher Exact
Test. Some conditions showed a lower incidence in the stuttering group compared with the controls. In these cases, the p-value is marked “Rev”. Rev, Reversed.
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Stuttering Controls

Disease/symptom n % n % Ratio SUC Diff. % stutt. Fisher’s p
Total: 430 462
Respiratory/neck infections with a strong link to neurological
sequelae of GAS:
Frequent severe tonsilts: 20 5% 14 3.0% 15 1.6% 022
Scarlet fever: 19 4.4% 20 4.3% 1.0 0.1% 1.00
Cervical adenitis with abscess: 5 1.2% 5 1.1% 1.4 0.1% 1.00
Frequent bronchitis: 2 0% 3 0.6% 07 —0.2% 1.00
Respiratory infection with fever >=40.0G/104F: 15 3.5% 11 2.4% 15 1.1% 043
Autoimmune response to GAS infection
Rheumatic fever: 6 1.4% 0 0.0% - 1.4% 0.012¢
Neurological condtions, possibly autoimmune response to
infections:
Encephaliis: 0 00% 3 0.6% 00 —0.6% 025
Epllepsy: 1 02% 2 0.4% 05 —0.2% 1.00
Convulsions: 1 02% 4 0.9% 03 —0.6% 047

*p<0.05
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SD of Differ. (Hz)

Syllables

Italian
/ba/
/bi/
/bu/
/da/
/ai/
/du/
/9a/
/9i/
/qu/
French
/ba/
/bi/
/bu/
/da/
/ai/
/du/
/9a/
/9i/
/qu/

Mean AAF (Hz)

146
102

-15
58

Mean NAF (Hz)

—15

42
33

73
34

23

14
71
32
16
-3

Mean differ.(Hz)

26
48

65
—20
—63

—31

95% C.I. (Hz)

9to 43
15 to 81
—42t0 55
—22t0 17
23to 107
—7810 38
—93 to—32
—28to 15
—68to7

—141018
—851t0 15
—143t09
—30 to—8
—56 1o 42
—108 to—42
—98 to—43
—41 10 104

25
49
72
29
62
86
46
32
55

23
70
107
16
68
46
38
101
66

t(lt = 10) t(Fr=9)

3.344
3.211
0.293
—0.259
3.467
-0.772
—4.567
—0.696
—1.835

0.272
—1.598
1.990
—3.802
—0.338
—5.136
—5.833
0.980
—2.941

P

0.007
0.009
0.776
0.801
0.006
0.458
0.001
0.503
0.096

0.792
0.144
0.078
0.004
0.743
0.001
0.000
0.352
0.016

—108 to—14
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Bilabials /b/ Alveolars /d/ Velars /g/

k SD k SD k SD
French ~ PWNS  0.85 0.15 0.53 0.12 0.90 0.07
PWS 0.75 0.11 0.46 0.12 0.83 0.17
Italian PWNS  0.87 0.04 0.61 0.07 0.95 0.07
PWS 0.88 0.05 0.59 0.05 0.87 0.07
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Participant number Language Severity = Percentages of stuttered syllables (NAF condition)  Percentages of stuttered syllables (AAF condition)

SO1 French M 0.00 4.51
S02 French M 0.00 0.00
S03 French Mo 0.00 0.00
S04 French Mo 1.52 1.48
S05 French Mo 2.22 0.00
S06 French Mo 8.08 1.49
S07 French Mo 8.96 0.00
S08 French Mo 21.64 0.00
S09 French S 1.48 0.75
S10 French S 5.19 0.00
S11 Italian VM 0.00 0.00
S12 Italian M 0.00 0.00
S13 Italian Mo 0.00 0.00
S14 Italian M 0.00 0.00
S15 Italian Mo 13.64 0.00
S16 Italian Mo 0.75 0.00
S17 Italian Mo 0.00 0.00
S18 Italian Mo 12.88 0.75
S19 Italian s 0.77 0.00
S20 Italian s 11.72 1.57

S21 Italian S 33.85 0.00
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Bilabials /b/ Alveolars /d/ Velars /g/

k SD k SD k SD
French NAF 0.75 0.11 0.46 0.12 0.83 0.17
AAF 0.68 0.07 0.32 0.12 0.78 0.20
Italian NAF  0.88 0.05 0.59 0.05 0.87 0.07
AAF 0.86 0.03 0.54 012 0.89 0.03
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Syllables Mean AAF (Hz) Mean NAF (Hz) Mean differ 95% C.I. SD of Differ. t(It = 10) t(Fr = 9) p

Italian

/ba/ 73 41 32 2to 62 45 2.374 0.039
/bi/ 131 101 30 —1t062 47 2.144 0.058
/bu/ —108 —155 47 —3to 124 115 1.350 0.207
/da/ —269 —278 g —321t0 49 61 0.470 0.648
/ai/ 191 115 76 —26t0 179 153 1.655 0.129
/du/ —455 —433 —22 —119t0 75 145 —0504 0.625
/ga/ —361 —311 —-50 —1321t032 122 —1.345 0.208
/9i/ —4 29 —-32 —88t0 23 83 —1.291 0.226
/qu/ —129 —125 —4 —59t0 50 81 —0.179 0.861
French

/ba/ 77 —78 1 —410 33 46 0.068 0.947
/bi/ 0 —38 38 —39to 114 107 1.115 0.294
/bu/ —339 —-157 —182 —322 to—42 196 —2.989 0.017
/da/ —294 —264 —-30 —63 to 4 47 —2.003 0.076
/ai/ 31 -8 39 —5510 133 132 0.934 0376
/du/ —607 —475 —132 —-251 to—12 167 —2.493 0.034
/9a/ —504 —442 —62 —107 to—17 63 —-3.116 0.012
/9i/ 22 6 16 —951t0 127 155 0.328 0.750

/qu/ —183 —-132 —51 —127 1025 106 -1.510 0.165
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PWNS PWS

Male Female Male Female

French 8(33) 2 (30) 9 (30) 1(36)
Italian 4(33) 6 (46) 5(33) 6 (28)
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Participant number Language Gender Age (years) Severity

SO1 French Male 28 M
S02 French Female 36 M
S03 French Male 25 Mo
S04 French Male 40 Mo
S05 French Male 27 Mo
S06 French Male 45 Mo
S07 French Male 28 Mo
S08 French Male 32 Mo
S09 French Male 24 S
S10 French Male 17 S
S11 [talian Male 34 VM
S12 [talian Female 36 M
S13 [talian Female 24 Mo
S14 [talian Male 24 M
S15 [talian Male 46 Mo
S16 ltalian Male 30 Mo
S17 [talian Female 17 Mo
S18 ltalian Female 22 Mo
S19 ltalian Male 33 S
S20 [talian Female 25 S

S21 [talian Female 44 S
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Dependent
variable

Baseline 1 SCL.

Baseline 2 SCL.

Baseline 1 heart
rate

Baseline 2 heart
rate

Baseline 1 RSA

Baseline 2 RSA

Neutral condition
SCL

Negative condition
SsoL

Neutral condition
heart rate

Negative condition
heart rate

Neutral condition
RSA

Negative condition
RSA

Std, standard deviation.

Trial 1

Trial 2

Trial 1

Trial 2

Trial 1

Trial 2

Trial 1

Trial 2

Trial 1

Trial 2

Trial 1

Trial 2

Group

CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS

cws
CWNS
cws

Mean

9.31

12.54
14.21

16.66
93.46

95.66
94.05

96.48
6.81
6.57
6.63
6.41
14.91

17.75
15.63

18.42
14.72

17.80
15.24
18.50
93.06

98.46
95.18
100.25
93.64

97.34

94.81

99.96
6.65

6.22
6.59
5.93
6.61

6.43
6.45
6.22

Std

5.57

6.34
4.60

6.81
9.39

9.38
8.88

9.63
0.74
1.08
0.75
1.00
5.80

6.21
5.30

6.17
6.29

6.55
5.54
6.27
8.65

8.70
7.86
8.07
8.54

9.30
8.75
9.10
0.76

0.91
0.83
0.94
0.84

1.04
0.72
0.92

Effect Size
Cohen's d
(interpretation)

d=-054
(medium)

d=-042
(medium)

d'=-0.23 (smal)

=-026
(medium)

d'=0.27 (medium)

d = 0.25 (medium)

=-0.47
(medium)

d=-049
(medium)

d=-048
(medium)

d =055 (large)

d =062 (large)

d =-0.64 (large)

=-0.41
(medium)

058 (large)

d = 0.51 (medium)

d'=0.74 (large)

d'=0.19 (smal)

d =028 (medium)
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Characteristic ~ Group Mean Std N Difference

significant
Shyness CWNS 333 12 18 p=0047
scale ows 422 1.38 18

Executive CWNS 5.06 076 18 ns.
function cws 4.71 1.00 18

composite

score

Std, standard deviation; executive function composite score is the average of attention
focusing and inhibitory control scale scores.
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Picture ID Set Valence Arousal Mean valence Mean arousal Difference

Significant
Towel 7002 1 497 3.16 492 2.43 ns
Spoon 7004 1 504 2

Bowl 7006 1 483 233

Shoes 7031 1 452 2.03

Book 7090 1 5.19(5.97) 2561@3.11)

Fire hydrant 7100 2 6.06 (6.06) 2.94(2.94) 523 279 ns.
Umbrella 7150 2 4.72(6.89) 261(2.75)

Lamp 7175 2 487 1.72

Watch 7190 2 555 384

Chair 7235 2 496 283

Ratings of valence and arousal taken from IAPS technical report (Lang et al., 2008). Rating are based on aduilt respondents (females and males). For selected pictures ratings by
7-9-year-old children were available, those are included in brackets.
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Picture ID Set Valence Arousal Mean valence Mean arousal Difference

significant
Shark 1930 1 3.793.91) 6.42(7.71) 347 6.01 ns.
Angry man 2120 1 3.34(4.14) 5.18(5.89)

Snake 1120 1 3.79(3.92) 6.93(6.58)

Soldier 9421 1 2.21(4.19) 5.04 (5.56)

Fire 8485 1 273 6.46

Snake 1050 2 3.46 6.87 37 6.05 ns.
Crying boy 2900 2 2.45 5.00

Face painted man 2780 2 4.77 6.00) 4.86(5.69)

Dog 1300 2 356 (4.11) 6.79(7.11)

Bear 1321 2 432 664

Ratings of valence and arousal taken from IAPS technical report (Lang et al., 2008). Rating are based on aduit respondents (females and males). For selected pictures ratings by
7-9-year-old children were available, those are included in brackets.
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Age groups Number of Number of % of males with % of females with Mean number of speech Mean number of speech

males females speech therapy speech therapy therapy sessions in males therapy sessions in females
2y 98 93 2.0 141 6.0 7.0
3y 654 365 8.1 9.3 10.7 10.9
4y 995 454 18.4 17.8 17.4 162
5y 1,121 483 36.8 831 21.8 20.7
6y 919 367 46.5 46.3 21.8 21.9
7y 870 280 421 40.0 20.2 21.4
8y 799 256 36.5 371 18.7 19.3
9y 786 214 34.7 322 20.5 20.3
10y 755 222 32.6 33.8 19.5 19.0
My 650 175 31.8 34.9 191 17.3
12y 549 155 28.4 265 19.2 20.2
13y 531 162 27.7 27.8 21.4 16.2
14y 504 155 25.6 20.6 19.2 226
15y 427 127 26.0 26.8 20.9 19.7
16y 433 110 19.9 17.3 17.4 5.1
17y 426 1138 225 221 18.6 17.4
18y 377 93 19.4 16.1 18.4 185
19y 297 91 17.2 22.0 17.9 19.3
Total population Total Total 3,915 Mean 29.6 Mean 27.7 Mean 19.9 Mean 19.5

aged 2-19y 11,191
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Insurance Male patients Female patients Total number of Crude annual prevalence Crude annual prevalence

year n (%) n (%) patients among males among females
2015 315,959 (61.2) 200,265 (38.8) 516,224 2.51% 1.51%
2016 334,047 (61.2) 212,175 (38.8) 546,222 2.53% 1.56%
2017 358,294 (61.2) 227,257 (38.8) 585,551 2.63% 1.63%
2018 383,924 (61.1) 244,072 (38.9) 627,996 2.76% 1.73%
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Measures AWS Controls Significance

Participants, n 10 (7M, 3F) 10 (7M, 3F) -

Age (years), mean 27.27 (SD = 4.82) 26.35(6D=2.13) p=.663(ns.)
Handedness, mean 60.00 (SD = 79.44) 31.45(SD=80.43) p=.112(ns)
Height (cm) 177.40(SD =7.71) 182.00(SD=13.93) p=.540(n:s.)
Percentage of 18.20(SD=16.11)  0.04 (SD=0.10) P =.021 (sig.)
syllables stuttered,

mean

SSI-3 Mean Overall  32.80 (SD = 7.97) 3.60 (SD=3.06) P < .0001 (sig.)
Score

Age of onset (years) 5.15 (SD = 3.47)

UPDRS Ill score .70 (SD =1.16) 1.50 (SD =1.43) P <.162(n.s)
(points)

We used an unpaired, two-tailed t-test for age and Mann-Whitney U-Tests for
all other measures.
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Measures Stuttering Control Significance

Participants, n 15(12M,3F) 14(11 M, 3F) E
Age in years, mean 28.07 (SD =12.17) 30.50
Handedness, mean 69.84 (SD =60.19) 75.26
Body height, cm 177.40 (SD =8.84) 183.79
(

Percentage of syllables stuttered, mean 9.55 (SD = 6.06) 061

Comparison of age, gender, body height, handechess and percent of stuttered syllables of all participants. Groups were compared using unpaired two-tailed t-test, and with
Mann-Whitney U-test for handedhness and percentage of syllables stuttered.
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Children who

Children who

stutter do not stutter
Scores M SD M SD t p
Activation control 3.185 0.442 3.326 0.493 —1.183 0.242
Activity level 3.632 0.755 3.794 0.709 -0.087 0.386
Affiliation 4.042 0.361 4.033 0.488 0.086 0.932
Anger/frustration 8.251 0.742 3.137 0552 0.687 0.994
Assertiveness/ 3.122  0.646 3.300 0.597 —-1.124 0.265
dominance
Attention/focusing 2.840 0.993 3.5613 1.990 —-1.686 0.097
Discomfort 2819 0.669 2481 0.669 1.993 0.051
Fantasy/openness 3.766  0.660 3.857 0.552 0586 0.560
Fear 2.804 0.689 2.612 0.606 1.167 0.298
High intensity 3.058  0.651 2998 0.624 0.373 0.711
pleasure
Impulsivity 2983 0.544 2959 0523 0.184 0.854
Inhibitory control 2962 0575 3.110 0.587 —1.000 0.322
Low intensity 3.2566  0.655 3.477 0.629 —-1.359 0.179
pleasure
Perceptual 3.091 0.835 3.206 0.692 —0.591 0.557
sensitivity
Sadness 2.700 0.452 2713 0.586 —0.095 0.925
Shyness 2792 0.811 2.651 0.852 0.664 0.509
Soothability/falling 3.223 0.721 3.367 0.571 —-0.831 0.410
reaction
CCTT1 time (sec) 86.308 33.943 64.032 20.107 3.144  0.003**
CCTT1 number 0.193  0.543 0.069 0.359 1.068 0.290
sequencing Errors
CCTTH1 failures 0.548  0.961 0.065 0.359 2.627 0.012*
CCTT1 warnings 1.677  1.558 0.677 1.045 2968 0.005**
CCTT2time (sec) 161.420 46.582 123.677 31.061 3.7563 <0.001***
CCTT2 color 1.365 1.279 0.709 0.772 2406 0.020*
sequencing errors
CCTT2 number 0.419  0.620 0.082 0.120 3.337  0.002**
sequencing Errors
CCTT2 failures 1.452  1.480 0.810 1.167 1.906  0.061
CCTT2 warnings 2710 2.036 1.032 1426 3.757 <0.001**
Physical symptoms ~ 6.258  4.885 7.267 5836 0.733 0.467
Social anxiety 10.710  8.038 9.833 5522 0.498 0.621
Separation anxiety 9.000 4.219 9.500 4.276 —0.460 0.647
Harm avoidance 19.774  4.566 19.700 4.276 0.065 0.948
Total score anxiety ~ 45.420 15.000 46.267 14.694 —-2.223 0.824

*p < 0.05, **p < 0.01, ***p < 0.001.
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Measures

Participants, n

Age in years, mean

Handedness, mean

Education, mean rank

Musical practice, mean

Percentage of syllables stuttered, mean
SSI-4 mean overall score

Age of onset

Stuttering

10 (8M, 2F)

28.40 (SD = 8.46)
78.28 (SD =21.72)
1.90 (SD = 1.52)
1.20 (SD =0.42)
156.17 (SD = 8.42; range, 3.1-30.3)
31.60 (SD = 7.00)
3.90 (SD = 1.10)

Control

13
26.46

10M, 3F)
SD = 4.14)
73.88 (SD = 18.00)
1.85 (SD = 0.38)
1.23 (SD = 0.44)
0.57 (SD = 0.38; range, 0.1-1.3)
5.08 (SD = 2.87)

Significance

F, female; M, male; SD, standard deviation.

For definition and testing of musical practice and education, see text.
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Study
(alphabetical
order)

Chesters et al
(2017)

Chesters et al
(2018)

Garnett et al.
(2019a)

Le Guilloux and
Compper (2018)

Mejias and Prieto

(2019)

Moein et al. (2020)"

Tezel-Bayraktaroglu
etal. (2020)

Yada et al. (2019)

Principal type of NIBS
applied (and
stimulation
parameters)

Anodal tDCS (1 mA,
20min.;
electrode/sponge size 5
x 7cm)

Anodal tDCS (1 mA,
20min;
electrode/sponge size 5
x 7cm)

Anodal HD-{DCS
(1.5mA, 20min.; ring
electrodes)

High-Freq, rTMS (10Hz;
30 trains of 5 sec.;
inter-train interval 30
sec.; intensity: 80%
RMT)

High-Freq. rTMS (10Hz;
60 trains of 5 sec.;
inter-train interval 25 s;
intensity: 120% RMT)
AnodaltDCS (1 mA,
20min.;
electrode/sponge size 5
x 7cm)

Low-Freq, rTMS (1Hz;
800 pulses, 90% RMT)

Anodal/Cathodal tDCS
(2mA, 210 sec.;
electrode/sponge size 5
x 7cm)

Characteristics of
experimental participants
and experimental tasks

16 right-handed adult males
who stutter; Single session
(sham controlled), plus behav.
training

30 adult males who stutter
(15 0nDCS, 15 on sham); 5
daily consecutive sessions
(sham controlled), plus behav.
Training

14 adults who stutter (3
females); Single session
(sham controlled), plus behay.
training

1 right handed adult male
wiho stutter; 10 daily
consecutive sessions every 3
months (X 3), plus behav.
training

1 right handed adult male
who stutter; 15 daily
consecutive sessions, plus
behav. training

50 right handed adlts who
stutter (two groups); 6 daily
consecutive sessions (sham
controlled), plus behav.
training and DAF

8 ight-handed adult males
who stutter; Single sessions.
(sham controlled)

13 right-handed adults who
stutter (4 females); Single
sessions (sham controlied),
plus behav. training

Principal cortical target

Left inferior frontal cortex
(anode on FCS; cathode on
the right supraorbital ridge)

Left inferior frontal cortex
(anode on FCS; cathode on
the right supraorbital ridge)

Left SMA (anode on FCz;
cathode on FC1)

Left inferior frontal cortex
(pars operculo-orbicularis)

Bilateral SMA (MNI -x,
6,66

Left superior temporal gyrus
(anode on T3; cathode on
Fp2)

Right nferior frontal
cortex—anterior pars.
triangularis

LeftRight inferior frontal
cortex (anode/cathode
between F7 and FCS, and
between F8 and FC6,
respectively; cathode/anode
on the right/left supra-orbital
region, respectively —returm
elestrodes)

Main finding

No significant difference
between conditions in
indexes of speech fluency
(qualitative effect of real
1DCS)

Improvement in indexes of
speech fluency at the end of
real tDCS, and in follow-up

Attenuation of correlations
between stuttering severity
and right thalamo-cortical
activity by real tDCS

Improvement in indlexes of
speech fluency at the end of
the first treatment, and in
follow-up

Improvement in indexes of
speech fluency after 5
sessions, maintained in
follow-up

Improvement in indexes of
speech fluency at the end of
real tDCS, and in follow-up
(prefiminary fincings)

Improvement in indexes of
speech fluency for reading
tasks; worsening in indexes
of speech fluency for
conversational tasks
Improvement in indexes of
speech fluency for the
reading task, after real tDCS

Parameters entered to perform the e-fields simulations

Reconstructed
electrode/coil features
and orientations used for
electrical fields
calculations (Figure 1)

Electrode/sponge (anode:
short side horizontal;
cathode: long side
horizontal); electrode
thickness 1 mm; sponge
thickness 5mm
Electrode/sponge (anode:
short side horizontal;
cathode: long side
horizontal); electrode
thickness 1 mm; sponge
thickness 5mm

Sintered Ag/AgCI ting
electrodes (outer radius

12 mm; inner radius 6 mm;
total height of the ring
13mm); electrode thickness
1mm

Figure-of-sight coil, Giameter
of every wing: 70mm; handle
oriented in an anterior-to
posterior, and
medial-to-lateral direction
Figure-of-eight coil, diameter
of every wing: 70mm; handle
pointing backwards, parallel
o the scalp midiine

Electrode/sponge (anode:
long side horizontal; cathode:
long sice horizonta;
electiode thickness 1 mm;
Sponge thickness 5mm

Figure-of-eight coil, diameter
of every wing: 75 mm; coi
tangentially oriented at 45
degrees, with the handle
pointing back
Electrode/sponge (anode:
long side horizontal; cathode:
long side horizontal);
electrode thickness 1mm;
‘sponge thickness 5 mm

Estimated electrode/coil positions on the
scalp (SImNIBS coordinates x,y,z)used for
electrical fields calculations (Figure 1)

Anode: pos ~73.53, 15.33, 54.01; dir —73.53,
25.33, 54.01; Cathode: pos 43.88, 77.36, 36.94;
dir 50.88, 87.72, 36.94

Anode: pos ~73.53, 16.33, 54.01; dir —73.53,
25.33, 54.01; Cathode: pos 43.88, 77.36, 36.94;
dir 50.88, 87.72, 36.94

Anode: pos ~0.64, 22.92, 110.10; dir —0.64,
32,92, 110.10; Cathode: pos —34.38, 21.98,
102.08; dir —34.38, 31.98, 102.08

Coil: pos ~79.88, 3.6, 40.63; dir —79.07, 3.58,
46.72

Coil: pos —1.98, 1.58, 89.44; dir 0.39, 25.65,
109.49

Anode: pos —80.96, —16.17, 20.47; dir ~75.12,
—16.75,6.13

Cathode: pos 29.18, 86.77, 34.05; dir 29.0,
85.17,415

Coil: pos 40.65, 23.79, 37.23; dir 66.5, 39.61,
50.46

Anode (F7 and FCS): pos ~73.16, 27.77, 41.35;
dir ~74.49, 30,68, 28.26

Cathode (F8 and FCB): pos 73.16, 27.77, 41.35;
dir 74.49, 30,68, 28.26

Anode (eft supraorbital ridge; return electrode):
pos —29.18, 86.77, 34.05; dir —29.0, 85.17, 41.5
Cathode (ight supraorbital ridge; return
electrode): pos 29.18, 86.77, 34.05; dir 29.0,
8517, 415
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ICD-10 Disorders/Comorbidities Male % Male % Odds Female % Female % Odds
code (Total 2,649,451) (F98.6 829) ratio (Total 2,492,211) (F98.6 319) ratio
L20 Atopic dermatitis 218,016 8.28 93 11.22 1.41 214,572 8.61 45 1411 1.74
FO0 Attention-deficit hyperactivity disorders 139,446 5.26 160 19.30 4.31 48,850 1.96 20 6.27 3.35
FI1 Conduct disorders 63,902 2.41 58 7.00 3.05 33,305 1.34 19 5.96 4.68
F81 Specific developmental disorders of scholastic skills 58,529 2.21 76 917 4.47 35,816 1.44 21 6.58 4.83
F41 Other anxiety disorders 20980 0.84 13 1.57 1.88 34,959 1.40 6 1.88 =
Fo2 Mixed disorders of conduct and emotions 21,818 0.82 21 2.58 3.13 12,882 0.52 9 2.82 =
G40 Epilepsy 20,285 0.77 10 1i.2q 1.68 16,958 0.68 2 0.63 =
F95 Tic disorders 15,672 0.59 17 2.05 3162 6,684 0.27 4 1.25 -
F40 Phobic anxiety disorders 12,463 0.47 9 * 2.32 16,671 0.67 6 1.88 =
G80 Cerebral palsy 8,455 0.32 4 - 1.51 6,196 0.25 2 0.63 -
F70 Mild intellectual disabilities 8,281 0.31 14 1.69 5.49 4,944 0.20 3 0.94 =
F60 Specific personality disorders 6,671 0.25 8 = 3.86 11,109 0.45 7 2.19 =

The numbers and percentages of diagnosed patients and odds ratios are provided for male and female AOK-insurants for insurance year 2017.

*Odds ratio not provided due to the limited number of affected individuals.
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ICD-10 Disorders/Comorbidities Male % Male % Odds Female % Female % Odds
code (Total 2,649,451) (F98.5 11,096) ratio (Total 2,492,211) (F98.5 3,896) ratio
L20 Atopic dermatitis 218,016 8.23 1,215 10.95 1.37 214,572 8.61 488 12.53 1.62
F90 Attention-deficit hyperactivity disorders 139,446 5.26 1,299 1.7 2.40 48,850 1.96 186 4.77 2.51

Fo1 Conduct disorders 63,902 2.41 683 6.16 2.67 33,305 1.34 152 3.90 3.00
F81 Specific developmental disorders of scholastic skills 58,529 2.21 673 6.07 2.88 35,816 1.44 176 4.52 3.24
F41 Other anxiety disorders 22,232 0.84 227 2.05 2.48 34,959 1.40 105 2,70 1.88
Fa2 Mixed disorders of conduct and emotions 21,818 0.82 213 182 2.37 12,882 0852 52 1.33 2.60
G40 Epilepsy 20,285 0.77 175 1.58 2.09 16,958 0.68 48 1.23 1.82
F95 Tic disorders 15,672 0.59 289 2.60 4.56 6,684 0.27 60 1.54 5.82
F40 Phobic anxiety disorders 12,463 0.47 105 0.95 2.03 16,671 0.67 55 1.41 213
G80 Cerebral palsy 8,455 0.32 51 0.46 1.44 6,196 0.25 26 0.67 2.70
F70 Mild intellectual disabilities 8,281 0.31 145 1.3 4.28 4,944 0.20 30 0.77 3.90
F60 Specific personality disorders 6,671 0.25 81 0.73 2.94 11,109 0.45 37 0.95 2.14
Q90 Down syndrome 3,172 0.12 18 0.17 1.43 2,669 0.10 12 0.31 2.99
G91 Hydrocephalus 3,080 0.12 18 0.16 1.40 2,076 0.08 2 0.05 —*

F71 Moderate intellectual disabilities 2,836 0.11 43 0.39 3.67 1,616 0.06 16 0.39 5.96
Q99 Other chromosome abnormalities not elsewhere classified 2,351 0.09 28 0.25 2.87 1,701 0.07 2 0.05 -

k72 Severe intellectual disabilities 1,486 0.06 10 0.09 1.61 971 0.04 2 0.08 i

The numbers and percentages of diagnosed patients and odds ratios are provided for male and female AOK-insurants in insurance year 2017.

*Odds ratio not provided due to the limited number of affected individuals.
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ICD-10 Disorders/Comorbidities Male % Male % Odds Female % Female % Odds
code (Total 2,649,451) (F80 323,077) ratio  (Total 2,492,211) (F80 207,086) ratio
L20 Atopic dermatitis 218,016 8.23 40,556 1255 1.74 214,572 8.61 26,348 1272 1.78
Fo0 Attention-deficit hyperactivity disorders 139,446 5.26 34,649 1072 258 48,850 1.96 11,190 5.40 3.71

Fo1 Conduct disorders 63,902 2.41 21,297 6.57 3.76 33,305 1.34 8,514 4.11 4.25
F81 Specific developmental disorders of scholastic skills 58,529 221 17,936 5.65 3.31 35,816 1.44 9,407 4.54 4.43

F41 Other anxiety disorders 22,232 0.84 3,622 1.09 1.36 34,959 1.40 2,711 1.31 1.01

Fo2 Mixed disorders of conduct and emotions 21,818 0.82 6,052 1.87 2.80 12,882 0.562 2,501 1.21 2.92
G40 Epilepsy 20,285 0.77 5,374 166  2.62 16,958 0.68 3,506 1.69  3.17
Fo5 Tic disorders 15,672 0.59 3,752 116 2.28 6,684 0.27 1,159 056  2.53
F40 Phobic anxiety disorders 12,463 0.47 2,489 0.77 1.80 16,671 0.67 1,787 0.85 1.42
G80 Cerebral palsy 8,455 0.32 2,696 0.83  3.39 6,196 0.25 1,715 0.83  4.63
F70 Mild intellectual disabilities 8,281 0.31 3,910 1.21 6.51 4,944 0.20 1,999 097 8.23
F60 Specific personality disorders 6,671 0.25 1,593 0.49 2.27 11,109 0.45 1,085 0.52 1.30
Q90 Down syndrome 3,172 0.12 1,569 0.49  7.08 2,569 0.10 1,254 0.61 1153
G91 Hydrocephalus 3,080 0.12 823 0256  2.63 2,076 0.08 457 022 340
F71 Moderate intellectual disabilities 2,836 0.11 1,333 0.41 6.41 1,616 0.06 715 0.356 9.58
Q99 Other chromosome abnormalities not elsewhere classified 2,351 0.09 1,234 0.38 7.98 1,701 0.07 726 0.35 8.96
Fr2 Severe intellectual disabilities 1,486 0.06 634 0.20 5.37 971 0.04 377 0.18 7.68
Q93 Monosomies and deletions from the autosomes. not elsewhere classified 714 0.03 356 0.11 7.7 724 0.038 319 0.15 9.49

The numbers and percentages of diagnosed patients and odds ratios are provided for male and female AOK-insurants for insurance year 2017.
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Adults who stutter Controls p-values

Mirror 1141 £ 442 1403 £37.8 =0.031 0.070
Parallel 612+ 344 80.8+245 p=0.053 0.056

Each shows the number of successful taps performed (mean + SD) in 30 s.
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Adults who stutter Controls

Index and thumb 222+17.0 276+152
Middle and thumb 24.4 £ 166 276+ 128
Annular and thumb 235+ 151 267114
Fifth and thumb 23.0+138 249+93

Each shows the number of successful rotations performed (mean  SD) in 15s for each
finger pair.
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The numbers shown are in seconds (mean + SD) for the 10 rotations of each finger pair.
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Typical response patterns observed over time with underlying processes

Task Frequency band Before During After
Motor
Mu-alpha ERD ERD ERS (expected)’
« Preparatory evaluation of sensory » Sensory feedback processing « Sensorimotor reset
feedback  Primary somatosensory
response
Mu-beta ERD ERD ERS (expected)
« Preparatory forward modeling « Forward modeling « Sensorimotor reset
 Primary motor response
Cognitive
Mu-alpha ERS ERD ERD
« Inhibitory response supporting » Sensory to motor « Inverse modeling supporting working
attentional allocation transformations memory retention of stimuli
» Consistent with mirror neuron
activity?
Mu-beta ERD ERD ERD
« Forward modsling supporting o Stimulus processing « Forward modsling supporting
attention through preciictive coding  Evaluation of prediction working memory retention of stimuii

"To date, our labs have not measured mu oscilltions in this time period. However, ERS is predicted based on extant literature showing rebound following movement. 2Though our
findings are not interpreted as evidence of mirror neuron activity, mu alpha ERD observed during stimulus presentation only might be considered evidence of a mirror neuron response.
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Subject ID Age Sex Subject ID Age Sex
AWSH 55 M TFSt 54 M
AWS2 46 M TFs2 47 M
AWS3 18 M TFS3 19 M
AWS4 24 F TFS4 26 F
AWS5 5 M TFS5 24 M
AWSE 24 F TFs6 22 F
AWS7 5 M TFS7 39 M
AWSS 24 M TFs8 23 M
AWS9 19 M TFs9 20 M
AWS10 a3 M TFS10 35 M
AWS11 26 F TFS11 22 F
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Participant SSl-4 score SLP classification Self-rated severity Self-rated anxiety

1 23 AWS 5 3
2 29 AWS 7 3
3 32 AWS 5 35
4 0 AC 2 4
5 13 AWS 35 5
5 0 AC 25 4
7 0 AG (but previously in therapy) 3 3
8 25 AWS 4 4
9 29 AWS 65 75
10 26 AWS 75 6
11 8 AC 3 1
12 14 AWS 4 45
13 22 AWS 45 45

SS1-4: Stuttering Severiy Instrument, 4th ecition. SLP Classification: speech-language pathologist's classification. Selfrated severity: from 1 to 9, 1 being “no stuttering” and 9 being
“very severe stuttering.” Self-rated anxiety: from 1 to 9, 1 being “no anxiety” and 9 being “ery severe anxiety.”
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X Y z Approximate region label Brodmann area T Voxels
Al trials: both groups together
—42 -30 12 L Auditory cortex 4 5.84 1,379
54 —12 8 R Auditory cortex 13/22 455 468
36 —38 42 L Intraparietal sticus 40 4.04 223
60 —24 36 L Inferior parietal lobe 40 417 a7
46 —66 6 R Middle occipital gyrus a7 493 25
80 3 24 R Premotor cortex 3 .85 23
42 —12 36 R Primary motor cortex 4 453 10
shifted > Unshifted: both groups together
58 —12 8 R Auditory cortex 4 6.95 776
60 —22 12 L Auditory cortex 4 6.67 817
Shifted > Unshifted: AC > AWS
86 -30 -6 R Middle temporal gyrus 21 3.44 57
34 62 6 R Superior frontal gyrus 10 422 10
20 54 -6 R Middle frontal gyrus 10 2.71 5

Top: activation over al rels (vocalization vs. silence) for al participants, corrected p < 0.05. Midcle: shitted > unshiftedtrials for allparticipants, corrected p < 0.05. Bottom: AC > AWS
for shifted > unshifted, uncorrected p < 0.001. X, ¥, and Z coordlinates are in mm, based on MNI 152 space. Clusters containing less than five voxels are not reported. L/R indicate
left-or right-sided laterality, respectively. AC, adult control participants; AWS, adults who stutter.
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476 (0.72)
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“Controlling for age; **significant at p < 0.01 level.
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SCR Amp SCR Frequency scL BPV Amp PR

b p-value ES cl b pwalue ES cl b pwalie ES ] b pwalue ES i b pwalue ES c
GROUP

CWSws. 012 38 016 (-0.14,088 019 .13 027 (-005044) 144 03* 024 (018,270) -025 .19 -025 (-062,042 021 92 002 (~8.66,409)
CWNS

TASK

Jawvs. Max ~0.67 <.008" ~090 (~087, ~0.48) ~0.57 <.008" ~081 (~0.71, -0.43) ~2.25 <008 -037 (-283,~166) 090 <008' 091 (073,108 4.10 < 038 (212,600
Sentvs. Max ~0.61 <008' ~083 (-080,-043) ~006 49 -009 (-025,0.12) —232 <.008' -0.38 (-297,-168) 097 <008' 098 (078,116 767 071 (6.06,928)
Picvs.Max -054 =<008' 073 (-072,-036)-010 .36 -0.14 (-031,0.11) —221 <008 -036 (-282,-159) 103 <008 104 (085120 7.79 072 (594,964
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COVARIATE
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Age(mos) 0009 32 (-0.03,0.008) 001 .09 000,008 008 .03 (-0.16, ~0.01) ~0.01 .56 (-0.03,001) —039 =.01* (~0.65, -0.18)
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b, beta value; Effect size (ES) are the standardized beta coeficients; Ci, confidence interval. Asterisks denote statistically significant results.
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