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Abstract 

Stuttering is a neurodevelopmental disorder of speech fluency. Various experimental paradigms 

have demonstrated that affected individuals show limitations in sensorimotor control and 

learning. However, controversy exists regarding two core aspects of this perspective. First, it has 

been claimed that sensorimotor learning limitations are detectable only in adults who stutter 

(after years of coping with the disorder) but not during childhood close to the onset of stuttering. 

Second, it remains unclear whether stuttering individuals’ sensorimotor learning limitations 

affect only speech movements or also unrelated effector systems involved in nonspeech 

movements. We report data from separate experiments investigating speech auditory-motor 

learning (N = 60) and limb visuomotor learning (N = 84) in both children and adults who stutter 

versus matched nonstuttering individuals. Both children and adults who stutter showed 

statistically significant limitations in speech auditory-motor adaptation with formant-shifted 

feedback. This limitation was more profound in children than in adults and in younger children 

versus older children. Between-group differences in the adaptation of reach movements 

performed with rotated visual feedback were subtle but statistically significant for adults. In 

children, even the nonstuttering groups showed limited visuomotor adaptation just like their 

stuttering peers. We conclude that sensorimotor learning is impaired in individuals who stutter, 

and that the ability for speech auditory-motor learning—which was already adult-like in 3-6 

year-old typically developing children—is severely compromised in young children near the 

onset of stuttering. Thus, motor learning limitations may play an important role in the 

fundamental mechanisms contributing to the onset of this speech disorder. 

Keywords: stuttering, sensorimotor learning, feedback, adaptation, internal model 
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Introduction 

Reaching a thorough understanding of the biological foundations of stuttering requires 

parallel investigations of the “distal” cause(s) (What causes an individual to have the disorder?) 

as well as the “proximal” cause(s) (What are the mechanisms that cause instances of stuttering 

moments in the individual's speech?) (Packman & Attanasio, 2004). Several research groups' 

recent accomplishments in the areas of neuroimaging (e.g., Beal et al., 2013; Cai et al., 2014; 

Chang et al., 2011; Choo et al., 2012; Sitek et al., 2016; Wymbs et al., 2013) and gene discovery 

(e.g., Benito-Aragón et al., 2020; Frigerio-Domingues & Drayna, 2017; Frigerio-Domingues et 

al., 2019; Kang et al., 2010; Raza et al., 2012) indicate substantial progress regarding the former 

of these two causality questions. Progress in addressing the latter question continues to lag as 

very few specific hypotheses have been formulated to suggest biologically plausible mechanisms 

that may explain the individual occurrences of sound/syllable repetitions and sound 

prolongations.  

In previous theoretical work, we have suggested one potential proximal cause that may 

occur within the sensorimotor system itself as the direct result of a dysfunction in well-

documented sensorimotor mechanisms (Max, 2004; Max et al., 2004; Neilson & Neilson, 1987). 

In particular, the proposed framework was based on psychophysical data and computational 

modeling suggesting that for voluntary movements the central nervous system (CNS) relies on 

both (a) a controller that determines which motor commands will achieve a desired movement 

outcome (sometimes referred to as a control policy, feedback control policy, or internal inverse 

model), and (b) a feedback system that uses efference copy and an internal forward model in 

combination with afferent information and prior knowledge to best estimate the system state 

(e.g., Desmurget & Grafton, 2000; Kawato, 1999; Krakauer & Mazzoni, 2011; Shadmehr et al., 
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2010; Wolpert & Miall, 1996; Wolpert & Flanagan, 2009). Internal models are stored neural 

representations of effector- and environment-dependent mappings between motor commands and 

their sensory consequences. An individual’s ability for sensorimotor learning can be tested with 

adaptation paradigms in which the system’s input-output mapping is experimentally manipulated 

through perturbations of either the movement or the feedback signals. The adaptive learning and 

after-effects that are observed in neurologically healthy subjects minimize performance errors 

and/or sensory prediction errors, and are typically considered to reflect an updating of the 

internal forward model, the internal inverse model (control policy), or both (e.g., Flanagan et al., 

2003; Mazzoni & Krakauer, 2006; Taylor et al., 2014). 

Within this framework, our model of stuttering proposed that individuals who stutter may 

have difficulty learning accurate internal models of the complex transformations from 

neuromuscular activation to vocal tract configurations and from those articulatory movements 

and postures to acoustic speech output (Max, 2004; Max et al., 2004; Neilson & Neilson, 1987). 

Developmental stuttering has its onset during early childhood when substantial anatomical 

changes take place in the CNS as well as in the peripheral structures of the vocal tract and, 

consequently, also in the resulting speech kinematics and acoustics (Callan et al., 2000; Kent, 

1976; Kent, 1997; Vorperian et al., 1999; Vorperian et al., 2005; Vorperian & Kent, 2007; 

Vorperian et al., 2009). If individuals who stutter are impaired in their ability to update internal 

models of these intricate relationships, it would be problematic for the inverse model to derive 

accurate motor commands for achieving the desired sensory outcomes and for the forward model 

to precisely predict the sensory consequences of the planned motor commands. Hypothetically, 

the resulting sensory prediction errors could trigger maladaptive system corrections that interfere 

with fluent speech production. 
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 Consistent with this theoretical perspective, recent studies have found that adults who 

stutter (AWS) exhibit reduced auditory-motor adaptation as compared with adults who do not 

stutter (AWNS) (Daliri et al., 2018; Daliri & Max, 2018; Sengupta et al., 2016). However, it 

remains controversial whether such poor sensorimotor learning can be directly related to the 

mechanisms that are responsible for stuttering given that Daliri et al. (2018) reported that 

adaptation limitations are not present in children who stutter (CWS). Hence, those authors 

argued that the learning limitations found in AWS reflect a compensatory effect that arises as a 

result of years of experiencing stuttering.  

A second controversy relates to the question whether sensorimotor learning problems in 

individuals who stutter are specific to the speech system. Differences in movement control 

between stuttering and nonstuttering individuals certainly are not limited to speech tasks, and 

have been found in behavioral measures of finger movement sequencing accuracy, initiation and 

execution time (Webster, 1997), manual reaction time (Bishop et al., 1991; Webster & Ryan, 

1991), bimanual coordination (Forster & Webster, 2001; Zelaznik et al., 1997), manual 

responses to visual feedback (Jones et al., 2002), and directional and target accuracy of reaching 

movements (Daliri et al., 2014). With regard to motor learning, several studies have found 

finger-tapping sequence learning difficulties in AWS (Smits-Bandstra, De Nil et al., 2006a; 

Smits-Bandstra, De Nil et al., 2006b; Smits-Bandstra & De Nil, 2007; Smits-Bandstra & De Nil, 

2009). Yet, the process of nonspeech sensorimotor adaptation in response to feedback 

perturbations has not been explored in stuttering. This is surprising because the upper-limb 

sensorimotor learning literature offers various paradigms that have been extensively tested and 

that are well established. One common paradigm investigates sensorimotor learning by 

experimentally applying a visuomotor rotation such that the location of a cursor representing 
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hand position is rotated around the center of the workspace during reaching movements (while 

the actual hand remains invisible). Participants adapt by reaching in the direction opposite to that 

induced by the visual feedback (e.g., Krakauer & Mazzoni, 2011; Mazzoni & Krakauer, 2006; 

Shadmehr et al., 2010).  

The studies presented here were designed to directly investigate both speech auditory-

motor learning and reach visuomotor learning in AWS as well as CWS. We tested age-, sex-, and 

handedness-matched stuttering and nonstuttering adults and children in each of the two 

paradigms. Experiment 1 (N = 60) involved a speech auditory-motor adaptation task in which 

formant frequencies in the real-time auditory feedback were shifted up or down either gradually 

over many trials or suddenly between two successive trials. Experiment 2 (N = 84) involved a 

reach visuomotor adaptation task in which real-time visual feedback was suddenly rotated 

counterclockwise around the center of the workspace.  

 

EXPERIMENT 1: SPEECH AUDITORY-MOTOR ADAPTATION IN ADULTS AND 

CHILDREN WHO STUTTER  

Method 

Adult participants 

We recruited 18 AWS and 18 age- (± 3 years), sex-, and handedness-matched AWNS who 

reported not taking any medications with a possible effect on sensorimotor functioning and no 

diagnosed neurological, psychological, emotional, or speech-language-hearing problems (other 

than stuttering in case of AWS). Each stuttering participant was individually matched with a 

nonstuttering control participant. We included only native speakers of American English (or 

individuals who were bilingual but had started speaking English before the age of 5 years). In 
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addition, for AWS, the onset of stuttering had to have occurred during childhood (age 8 years or 

younger). All participants provided written informed consent in accordance with procedures 

approved by a local Institutional Review Board. 

An American Speech-Language-Hearing Association certified speech-language pathologist 

administered the Stuttering Severity Instrument (SSI-3 or SSI-4, Riley, 1994; Riley, 2009) to all 

participants. Based on these SSI results, we excluded three AWS because their speech samples 

failed to reach an overall SSI score of 10, the minimum score that is required for adults to reach 

the lowest possible severity classification of “very mild.” On the other hand, one additional AWS 

was excluded due to being unable to produce a sufficient number of fluent trials during the actual 

speech adaptation task. Consequently, the final data set included 14 AWS (age M = 24.9 years, 

SD = 7.8 years, range 18-49 years) and 14 AWNS (M = 25.0 years, SD = 7.9 years, range 19-48 

years).  

Stuttering severity for the remaining AWS ranged from very mild to severe (3 very mild, 3 

mild, 5 moderate, 3 very severe). In each group, there were 10 men and 4 women. The groups 

were matched to include 12 right-handed and 2 left-handed individuals (per self-report). Pure 

tone air-conduction hearing screenings were completed for all octave frequencies from 250-4000 

Hz. Most of the participants had thresholds at or below 20 dB HL for all tested frequencies. One 

stuttering participant had a threshold of 40 dB HL at 4 kHz for the left ear whereas another 

stuttering participant also had a threshold of 40 dB HL at 4 kHz but for the right ear; one other 

stuttering participant had a threshold of 25 dB HL at 4 kHz for the left ear.  

 

Child participants 

Data were successfully collected for 16 CWS and 16 individually age- (± 3 months)-, sex-, 
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and handedness-matched children who do not stutter (CWNS). A guardian or parent of each 

child provided written informed consent following procedures approved by a local Institutional 

Review Board. The children were further divided into two subgroups based on age: 8 CWS and 8 

CWNS in a younger age group from 3-6 years old (CWS: M = 5.41 years, SD = 1.36 years, range 

= 3.50-6.83 years; CWNS: M = 5.49 years, SD = 1.29 years, range = 3.75-6.83 years), and 8 

CWS and 8 CWNS in an older age group from 7-9 years old (CWS: M = 8.02 years, SD = 0.69 

years, range 7.08-9.33 years; CWNS: M = 8.05 years, SD = 0.60 years, range = 7.25-9.33 years). 

Generally consistent with early childhood changes in the distribution of affected girls versus 

boys, the younger age groups each included 3 girls and 5 boys whereas the older age groups 

included only boys.  

Children’s handedness was determined with a custom-modified version of the Edinburgh 

Handedness Inventory (Coren, 1993; Oldfield, 1971). Each child was asked to perform 5 tasks 

(drawing, throwing, using children’s scissors, using a spoon, opening the lid of a box) selected 

from the 10-items normally included in the Edinburgh inventory. In the younger age groups, 

seven CWS were right-handed (defined here as completing 4 or 5 of the tasks with the right 

hand) and one was ambidextrous (defined here as completing 2 or 3 items with the right hand 

and the other 3 or 2 items with the left hand) whereas all CWNS were right-handed. In the older 

age groups, all CWS and CWNS were right-handed, based on the same criteria.  

All child participants (a) spoke American English as their native language, (b) had normal 

pure tone air-conduction hearing thresholds (20 dB HL or better for all octave frequencies from 

250-4000 Hz in both ears), and (c) scored above the 20th percentile on each of the following 

speech and language tests: Peabody Picture Vocabulary Test (PPVT-4, Dunn & Dunn, 2007), 

Expressive Vocabulary Test (EVT-2, Williams, 2007), Goldman-Fristoe Test of Articulation 
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(GFTA-2, Goldman & Fristoe, 2000; GFTA-3, Goldman & Fristoe, 2015), and either Test of 

Early Language Development (TELD-3, Hresko et al., 1999) or (for children 8 or 9 years old) 

Clinical Evaluation of Language Fundamentals (CELF-4, Semel et al., 2004). Specific eligibility 

criteria for children who stutter included (a) confirmation of the diagnosis of stuttering by an 

American Speech-Language-Hearing Association certified speech-language pathologist, (b) a 

Stuttering Severity Instrument (SSI-3 or SSI-4, Riley, 1994; Riley, 2009) score of at least 6 (i.e., 

the minimum score required for children to reach the lowest possible severity classification of 

“very mild”), and (c) stuttering onset prior to age 5. Based on SSI scores, the stuttering severity 

classification was severe for 1 child, moderate for 7 children, mild for 5 children, and very mild 

for 3 children.  

 

Experimental set-up  

All participants completed the speech adaptation task in a large sound booth. For each trial, 

adults spoke one of three monosyllabic words (“tech,” “tuck,” “talk”) into a microphone (SM58, 

Shure). The words were presented on a computer monitor in randomized order per block of three 

trials. Children named pictures that were used in a board game: each trial elicited the production 

of a monosyllabic word (“buck”, “bus”, “puck”, “pup”, “cut”, “cup”, “gut”, “duck”) while 

their speech was recorded with a wireless lapel microphone (WL185 with transmitter ULX1-M1 

and receiver ULXP4, Shure). The pictures were presented in random order per block of 8 trials. 

As illustrated in Figure 1A, the microphone signal was amplified (DI/O Preamp System II, 

ART) and recorded on one channel of a CD recorder (CD- RW901SL, Tascam). The same signal 

was also routed to a vocal processor (VoiceOne, TC Helicon) that can manipulate all formant 

frequencies (i.e., resonance frequencies of the vocal tract) in real-time with a total feedback loop 
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delay of only 10 ms1 (Kim et al., 2020). The processor’s output was routed to a headphones 

amplifier (S-phone, Samson) and insert earphones (ER-3A, Etymotic Research) worn by the 

participant. Before each participant’s recording session, this feedback loop was calibrated such 

that speech with an intensity of 75 dB SPL at the microphone (15 cm from a loudspeaker through 

which a production of “tuck” was played) resulted in an output of 72 dB SPL in the earphones 

(measured in a 2 cc coupler Type 4946 connected to a sound level meter Type 2250A with Type 

4947 1⁄2” pressure field microphone, Bruel & Kjaer). This input-output ratio is based on 

simultaneous recordings of a speech signal at a microphone in front of a speaker and at the 

entrance to the speaker’s ear (Cornelisse et al., 1991).  

 

Speech auditory-motor adaptation task 

Each session started with a baseline phase without formant perturbation. After the baseline 

phase, all formant frequencies in the speech signal were shifted either up or down by the 

VoiceOne processor which was controlled by a computer with custom MATLAB (The 

Mathworks) code. The processor selectively shifted the formant frequencies but not the 

fundamental frequency or consonant-related noise components (Figure 1B). We opted to have all 

formant frequencies shifted by the same proportional amount and in the same direction. This 

manipulation does not induce the perception of phonemic errors (a manipulation that we applied 

in Feng et al., 2011), but implements a different motor-to-sensory transformation corresponding 

to speech output from a vocal tract with increased or decreased geometrical dimensions (as we 

have also applied in Daliri & Max, 2018; Max et al., 2003; Max & Maffett, 2015). Thus, a 

                                                           
1 Due to a communication malfunction between the control computer and vocal effects processor, one adult and one 

child from the stuttering groups experienced a delay of 35 ms instead of 10 ms. As the amount of learning observed 

for these two participants was typical for that seen in their respective groups, we included the obtained data sets and 

also applied an identical 35 ms delay during the recording sessions of the two matched nonstuttering participants.  
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participant’s articulatory movements resulted in real-time auditory feedback with resonance 

frequencies that were globally increased or decreased relative to those associated with the 

participant’s own motor-to-sensory mapping. 

For adults, the processor implemented upward or downward formant shifts of 250 cents 

(the difference in cents between two frequencies fa and fb is 1200 × log2(fa/fb)). For each of the 

two shift directions there was one condition in which the formant perturbation was introduced 

suddenly (i.e., the maximum perturbation was introduced in full as a single step between two 

successive trials) and one condition in which the formant perturbation was introduced gradually 

(i.e., incrementally ramped up or down to its maximum value across many trials). Thus, there 

were four conditions: sudden shift up, gradual shift up, sudden shift down, and gradual shift 

down. For children, to make the perturbation sufficiently salient and limit the testing duration, 

we selected a shift of 335 cents but only in the upward direction. Thus, children completed two 

conditions: sudden shift up and gradual shift up.  

The decision to include both sudden (or step) and gradual (or ramp) introductions of the 

auditory perturbation was made based on others' suggestions that intact cerebellar functioning is 

critical specifically for adapting to gradual perturbations (Doya, 2000; Robertson & Miall, 1999) 

whereas intact basal ganglia functioning is critical specifically for adapting to sudden 

perturbations (Contreras-Vidal & Buch, 2003; Doya, 2000; Venkatakrishnan et al., 2011)—

suggestions that were deemed potentially informative for the present study given that 

dysfunction of both these neural substrates has been implicated in stuttering (e.g., Civier et al., 

2013; Ingham et al., 2004). It should be noted, however, that the relationship between neural 

substrates and adaptation is complex and poorly understood: other empirical results suggest that 

patients with basal ganglia disease can be unimpaired when adapting to sudden visuomotor 
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distortions or mechanical force fields during reaching (Gutierrez-Garralda et al., 2013; Smith & 

Shadmehr, 2005; Weiner et al., 1983) whereas cerebellar patients may be (a) impaired in 

adapting to sudden visuomotor or force field perturbations during reaching (e.g., Criscimagna-

Hemminger et al., 2010; Maschke et al., 2004; Rabe et al., 2009; Schlerf et al., 2013; Smith & 

Shadmehr, 2005; Weiner et al., 1983; Werner et al., 2009; Werner et al., 2010) and (b) relatively 

unimpaired when adapting to a gradual force field perturbations during such reaching 

movements (e.g., Criscimagna-Hemminger et al., 2010). Thus, the relationship between cortico-

striato-thalamo-cortical or cortico-cerebellar-thalamo-cortical circuits and impaired adaptation to 

sudden versus gradual perturbations is clearly not as straightforward as had been suggested. In 

addition, there is also evidence that both neural circuits may contribute to different stages of the 

same adaptation process (Doyon et al., 2003) and that the cerebellum may process performance-

related information (e.g., an error signal) that is a pre-requisite for adaptation but that is not 

directly related to learning per se (Werner et al., 2009). 

The order of completion of the conditions was pseudo-balanced (or balanced in children) 

across stuttering individuals, and each nonstuttering individual performed the four conditions (or 

two conditions for children) in the same order that had been used for the matched stuttering 

participant. Adult participants completed for each condition 60 blocks of the three test words 

(180 words) at a rate of 5 blocks (15 words) per minute. In the adults’ gradual conditions, there 

were 10 blocks of baseline, 20 blocks of gradual ramp, 20 blocks of full exposure (i.e., 250 cents 

up or down formant shift), and 10 blocks of after-effects or wash-out (i.e., veridical feedback was 

restored). In the adults’ sudden conditions, there were 20 blocks of baseline, 30 blocks of full 

exposure, and 10 blocks of after-effects. Intensity of the subject’s speech was kept relatively 

constant across trials by means of color-coded visual feedback on the computer monitor. Words 
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were presented on the monitor at a consistent pace so that subjects read 15 words per minute. 

Children completed for each condition 13 blocks of the eight test words. Even though the 

use of a board game prevented us from controlling the rate of trial presentation as strictly as we 

did for adults, the staff member interacting with the children always attempted to keep the pace 

at approximately 10-12 trials per minute. In the children’s gradual condition, there were 2 blocks 

of baseline, 4 blocks of gradual ramp, 5 blocks of full exposure (i.e., 335 cents upward formant 

shift), and 2 blocks of after-effects. In their sudden condition, there were 4 blocks of baseline, 7 

blocks of full exposure, and 2 blocks of after-effects. 

 

Data extraction and analyses 

Prior to analyzing formant frequency changes to quantify auditory-motor adaptation, 

median vowel duration was measured for each participant in each condition. This analysis served 

to rule out the possibility that one group benefited from a slower rate of speech which would 

allow more time for within-trial compensation based on online sensory feedback (as opposed to 

sensorimotor adaptation which affects moving planning based on feedback from previous trials). 

The acoustic recordings were then resampled at 10 kHz, and the frequencies of the first 

(F1) and second (F2) formant were measured in the middle of the vowel using a custom 

MATLAB program. The window defining vowel midpoint had its onset 40% into the vowel and 

its offset 60% into the vowel (note that for 96.05% of all trials from the adult participants and 

97.90% of all trials from the child participants, this analysis window did not extend beyond 150 

ms after vowel onset; thus, any effects of online feedback-driven compensation can be expected 

to be minimal). Within the MATLAB program, we extracted children’s formants using custom 

code implementing an order-optimized Linear Predictive Coding method (Feng et al., 2011; 
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Vallabha & Tuller, 2002) and adults’ formants using calls to Praat scripts (Boersma & Weenink, 

2008). F1 and F2 in each trial were converted to cents normalized to the participant’s baseline 

values (calculated from blocks 6-10 for adults and block 2 for children). F1 and F2 were then 

averaged for all analyses reported here. Trials in which stuttering occurred, the word was 

mispronounced, or pronunciation was affected by yawning, etc., were excluded (0.6% of all trials 

for adults, 3.0% of all trials for children).  

Both the final extent of adaptation and initial or early adaptation were determined for each 

participant in each condition. Measures of the final extent of adaptation were based on the last 

five blocks from the full perturbation phase for adults and the last two blocks from the full 

perturbation phase for children. Measures of initial adaptation were based on early trials in the 

full perturbation phase of the conditions with sudden onset of the perturbation, specifically the 

initial five blocks for adults and the first block for children. We were not able to estimate initial 

rate of learning by fitting exponential functions adaptation because the auditory-motor 

adaptation profiles of many AWS and CWS did not demonstrate exponential learning. 

Statistical analyses were completed in R (R Core Team, 2018). Using the aov function, we 

conducted analyses of variance (ANOVA) separately for final extent of adaptation and initial 

adaptation. For adults, we used repeated measures ANOVA to test the between-groups effect 

(stuttering vs. nonstuttering) as well as within-groups effects related to perturbation type (sudden 

vs. gradual) and perturbation direction (i.e., up-shift vs. down-shift) as well as all interactions 

among these variables.2 For children, who completed only up-shift conditions, the ANOVA 

                                                           
2 Adult participants’ auditory-motor adaptation task included separate conditions with upward and downward 

perturbation directions, so we normalized the data by dividing by 250 for down-shift conditions and by -250 for up-

shift conditions. This caused adaptive changes (i.e., moving in the opposite direction of the perturbation) to be 

represented as a positive number in the range from 0 to 1, with 1 corresponding to full compensation. Following the 

perturbation (i.e., moving in the same direction of the perturbation) resulted in a negative number. 
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included two between-group factors (stuttering vs. nonstuttering and 3-6 vs. 7-9 years of age). 

The analysis of children’s final extent of adaptation was a repeated measures ANOVA that also 

included the within-group effect of perturbation type (sudden vs. gradual); the analysis of 

children’s initial adaptation included no within-group variable as this measure was extracted only 

for the sudden perturbation condition. Effect sizes were calculated as partial omega-squared (𝜔𝑝
2) 

using the MOTE package (Buchanan et al., 2019). Welch’s t-tests were used in all cases where 

ANOVA results necessitated follow-up with pair-wise comparisons. In those instances, we report 

p values adjusted with the Holm-Bonferroni method (Holm, 1979) to keep family-wise error 

rates at .05. When between-group differences were identified, one-sample t-tests with Holm-

Bonferroni corrections were used to determine which groups or sub-groups did or did not adapt 

(i.e., showed significant change from baseline). Lastly, we conducted two sets of correlational 

analyses with Pearson’s correlation coefficient. First, for the stuttering adults and children, we 

examined whether there was a relationship between either final extent of adaptation or initial 

adaptation and stuttering frequency (averaged percent stuttered syllables across reading and 

speaking samples from the SSI). Second, for stuttering and nonstuttering children, we examined 

whether there was a relationship between either final extent of adaptation or initial adaptation 

and age. 

 

Results 

Vowel duration 

Although AWS tended to produce longer vowels than AWNS during the auditory-motor 

learning task (M = 152 ms, SD = 74 ms, and M = 112 ms, SD = 21 ms, respectively), the 

difference was not statistically significant, F(1, 26) = 3.806, p = 0.062, 𝜔𝑝
2 = 0.049. Vowel 

duration also did not differ between the conditions with upward vs. downward directions of 
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formant perturbation, F(1, 26) = 0.496, p = 0.487, 𝜔𝑝
2 = 0.000, or with sudden vs. gradual types 

of perturbation, F(1, 26) = 3.491, p = 0.073, 𝜔𝑝
2 = 0.001). None of the interactions were 

statistically significant (Direction × Group: F(1, 26) = 0.960, p = 0.336, 𝜔𝑝
2 = 0.000; Type × 

Group: F(1, 26) = 0.355, p = 0.557, 𝜔𝑝
2 = 0.000; Direction × Type: F(1, 26) = 0.533, p = 0.472, 

𝜔𝑝
2 = 0.000; Direction × Type × Group: F(1, 26) = 0.002, p = 0.965, 𝜔𝑝

2 = -0.001).  

Similarly, measures of vowel duration for CWS and CWNS (M = 110 ms, SD = 40 ms, and 

M = 117 ms, SD = 32 ms, respectively) were not statistically significantly different, F(1, 28) = 

0.269, p = 0.608, 𝜔𝑝
2 = -0.013. There was also no statistically significant difference in vowel 

duration between the two age-based subgroups of children, F(1, 28) = 0.083, p = 0.775, 𝜔𝑝
2 = -

0.016, or between the two types of perturbation, F(1, 28) = 2.800, p = 0.105, 𝜔𝑝
2 = 0.006. Finally, 

none of the interactions were statistically significant (Age × Group, F(1, 28) = 0.416, p = 0.524, 

𝜔𝑝
2 = -0.001; Type × Group, F(1, 28) = 1.289, p = 0.266, 𝜔𝑝

2 = 0.001; Age × Type, F(1, 28) = 

0.007, p = 0.932, 𝜔𝑝
2 = -0.003; Group × Age × Type, F(1, 28) = 0.209, p = 0.651, 𝜔𝑝

2 = -0.003). 

 

Auditory-motor adaptation in AWS vs. AWNS 

Figure 2 shows adult group data (means and standard errors of the mean) across all trials in 

the sudden and gradual up-shift conditions. Formant frequencies are represented in cents relative 

to baseline (i.e., average frequency for the blocks from which baseline is calculated is always 0 

cents). Participants lowered their formant frequencies during the perturbation trials in both the  

sudden and gradual shift conditions. Figure 3 shows the corresponding data for the down-shift 

conditions. In this case, participants tended to increase their formant frequencies, albeit to a 

smaller extent. The ANOVA results for final extent of auditory-motor learning (per participant 

averaged across F1 and F2, the 3 test words, and trial blocks 46-50) revealed statistically 
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significant main effects for Group, F(1, 26) = 9.780, p = 0.004, 𝜔𝑝
2 = 0.140, and Direction, F(1, 

26) = 20.738, p < 0.001, 𝜔𝑝
2 = 0.195: AWS adapted significantly more than AWNS, and upward 

formant shift perturbations resulted in significantly more adaptation than downward formant 

shift perturbations. The main effect for perturbation Type was not significant, F(1, 26) = 0.719, p 

= 0.404, 𝜔𝑝
2= -0.002, but there was a significant Group × Type interaction, F(1, 26) = 4.696, p = 

0.040, 𝜔𝑝
2 = 0.021. This interaction was due to the AWS vs. AWNS between-group difference in 

final extent of adaptation being larger for the sudden perturbation than for the gradual 

perturbation. Nevertheless, post-hoc tests revealed that the between-group difference was 

statistically significant in both the sudden perturbation condition, t(19.135) = -3.337, p = 0.007, d 

= 1.261, and the gradual perturbation condition t(20.687) = -2.298, p = 0.032, d = 0.869. There 

were no other statistically significant interactions for the final extent of adaptation (Direction × 

Group: F(1, 26) = 0.243, p = 0.626, 𝜔𝑝
2 = -0.009; Type × Direction: F(1, 26) = 0.282, p = 0.600, 

𝜔𝑝
2 = -0.003; Type × Direction × Group: F(1, 26) = 0.177, p = 0.678, 𝜔𝑝

2 = -0.004). 

 A family of one-sample t-tests demonstrated that the final extent of adaptation for AWNS 

was statistically significantly different from baseline in all four conditions (sudden up-shift, t(13) 

= -9.056, p < 0.001 , d = 2.420, gradual up-shift, t(13) = -10.881, p < 0.001, d = 2.908, sudden 

down-shift, t(13) = 4.920, p = 0.001, d = 1.315, gradual down-shift, t(13) = 3.060, p = 0.009, d = 

0.818). In contrast, AWS showed adaptation only in the gradual up-shift condition (t(13) = -

4.472, p = 0.003, d = 1.195) but not in the other three conditions (sudden up-shift, t(13) = -2.089, 

p = 0.171 , d = 0.558, sudden down-shift, t(13) = -0.288, p = 1.000, d = 0.077, gradual down-

shift, t(14) = 0.473, p = 1.000, d = 0.126). 

 We examined adults’ initial adaptation using the first five perturbation blocks of the sudden 

conditions. ANOVA revealed a significant between-group difference, F(1, 26) = 6.267, p = 
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0.019, 𝜔𝑝
2 = 0.089, with greater initial adaptation for AWNS than for AWS. There was also a 

significant main effect of perturbation direction, F(1, 26) = 4.872, p = 0.036, 𝜔𝑝
2 = 0.057, with 

greater initial learning for upward perturbations than for downward perturbations. However, 

these two main effects were modified by a Group × Direction interaction, F(1, 26) = 4.352,  

p = 0.047, 𝜔𝑝
2 = 0.049. Post hoc tests revealed that AWS, as compared with AWNS, learned less 

in the initial blocks of the sudden down condition, t(19.701) = -3.483, p = 0.005, d = 1.317, but 

not in the sudden up condition, t(22.423) = -0.527, p = 0.604, d = 0.199.  

There was no statistically significant correlation between stuttering frequency (averaged 

across the reading and speaking samples from the SSI evaluation) and either final adaptation 

extent (Sudden, r(12) = -0.041, p = 0.888, Gradual, r(12) = 0.171, p = 0.560) or initial adaptation 

(r(12) = 0.211, p = 0.470). 

 

Auditory-motor adaptation in CWS vs. CWNS 

In both the sudden and gradual perturbation conditions, CWNS showed a final extent of 

auditory-motor adaptation that was very similar to that seen in nonstuttering adults (Figure 4 for 

the younger subgroup 3-6 years of age, Figure 5 for the older subgroup 7-9 years of age). Even 

the youngest subgroup of CWNS adapted in both conditions to an extent that compensated for 

30~40% of the perturbation, which is highly similar to the data described above for nonstuttering 

adults. On the other hand, both younger and older CWS made only minimal, if any, changes in 

their formant frequencies in response to the perturbation. In fact, based on a family of four one-

sample t-tests, neither the younger nor the older subgroup of CWS showed a final extent of 

adaptation (per participant averaged across F1 and F2, the different tests words, and blocks 10 

and 11) that was significantly different from baseline in either of the two perturbation conditions 
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(Age 3-6 in the sudden condition, t(7) = 0.611, p = 1.000, d = 0.216; Age 3-6 in the gradual 

condition, t(7) = 0.135, p = 1.000, d = 0.048; Age 7-9 in the sudden condition, t(7) = -2.175, p = 

0.198, d = 0.769; Age 7-9 in the gradual condition, t(7) = -2.411, p = 0.187, d = 0.852. On the 

other hand, the family of one-sample t-tests for CWNS indicated that final adaptation of both the 

younger and the older subgroups differed significantly from baseline in both perturbation 

conditions (Age 3-6 in the sudden condition, t(7) = -6.184, p = 0.002, d = 2.186, Age 7-9 in the 

gradual condition, t(7) = -4.529, p = 0.005, d = 1.601, Age 7-9 in the sudden condition, t(7) = -

3.788, p = 0.007, d = 1.339, Age 7-9 in the gradual condition, t(7) = -5.172, p = 0.004, d = 

1.829). 

Consequently, the ANOVA for children’s final extent of adaptation revealed a significant 

between-group effect, F(1, 28) = 41.947, p < 0.001, 𝜔𝑝
2 = 0.414, in the absence of main effects 

for age subgroup, F(1, 28) = 2.257, p = 0.144, 𝜔𝑝
2 = 0.021, or perturbation type F(1, 28) = 0.385, 

p = 0.540, 𝜔𝑝
2 = -0.010. There were also no significant interactions among any of the variables 

(Age × Group, F(1, 28) = 1.684, p = 0.205, 𝜔𝑝
2 = 0.012; Type × Group, F(1, 28) = 0.019, p = 

0.891, 𝜔𝑝
2 = -0.015; Age × Type, F(1, 28) = 0.007, p = 0.932, 𝜔𝑝

2 = -0.016; Group × Age × Type, 

F(1, 28) = 0.015, p = 0.903, 𝜔𝑝
2 = -0.016).  

 Despite the absence of a statistically significant Group × Age interaction, inspection of the 

individual participant data clearly showed that final extent of adaptation increased with age in 

CWS but not CWNS (Figure 6). In both the sudden and gradual perturbation conditions, the final 

adaptation extent for CWS was significantly correlated with age, (sudden, r(14) = -0.571, p = 

0.021; gradual, r(14) = -0.508, p = 0.045). For CWNS, on the other hand, there were no 

statistically significant correlations in either condition (sudden, r(14) = -0.031, p = 0.910; 

gradual, r(14) = -0.029, p = 0.915). Note that a greater adaptation extent corresponds to a more 
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negative number, and, thus, that a negative correlation here indicates greater adaptation with 

increasing age.   

The ANOVA for children’s initial adaptation in the sudden perturbation condition revealed 

that CWNS already learned more than matched CWS in the first perturbation block (block 5), 

F(1, 28) = 8.689, p = 0.006, 𝜔𝑝
2 = 0.194. The initial amount of adaptation in this block of trials 

did not significantly differ between the age subgroups, F(1, 28) = 0.012, p = 0.913, 𝜔𝑝
2 = -0.032. 

The Group × Age interaction was also not significant, F(1, 28) = 2.642, p = 0.115, 𝜔𝑝
2 = 0.049. 

Lastly, there was no statistically significant correlation between stuttering frequency from 

the SSI speaking samples and either final extent of adaptation (Sudden, r(14) = -0.139, p = 

0.608, Gradual, r(14) = -0.346, p = 0.190) or initial adaptation (r(14) = 0.266, p = 0.319). 

 

Discussion 

In this first experiment, we examined adaptation to formant-shifted real-time auditory 

feedback in adults who stutter and children who stutter as compared with matched control 

participants who do not stutter. Specifically, the auditory perturbations consisted of global 

formant shifts (i.e., applying the same proportional amount of shift to all formants) such that the 

feedback signal corresponded to vowels produced with a vocal tract that is smaller (in the case of 

upward shifts) or larger (in the case of downward shifts) than the speaker’s own vocal tract. 

These perturbations were applied continually while participants produced CVC words, where C 

was always a stop consonant and V was a front, central, or back mid vowel. The speaker’s 

fundamental frequency and consonant bursts were not affected by the perturbation. In other 

words, the formant shifts specifically changed the transformation from motor commands for 

vowel-related vocal tract configurations to acoustic output (typically leading the CNS to update 
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its internal models of these transformations), but without changing the phonemic category of the 

produced vowels or the primary characteristics of the surrounding consonants.  

As a first finding, we replicated previous results indicating that AWS show reduced speech 

auditory-motor learning in response to formant perturbations that are introduced suddenly in-

between two successive trials (Daliri & Max, 2018; Sengupta et al., 2016) as well as formant 

perturbations that are introduced gradually across multiple trials (Daliri et al., 2018). Second, we 

found that this between-group difference in auditory-motor learning for AWS vs. AWNS holds 

up for both up-shift and down-shift global formant perturbations. Third, although adaptation for 

AWS was statistically significantly smaller than that for AWNS in both the suddenly introduced 

and the gradually introduced perturbation conditions, the between-group difference was larger 

when the perturbation was introduced suddenly. Fourth, not only did we find a difference in 

speech auditory-motor learning also in CWS vs. CWNS, the effect size associated with the 

between-group difference in final extent of adaptation for children (41.4% of variance accounted 

for) was almost three times as large as that found for adults (14.0% of variance accounted for). 

The youngest group of CWS (3-6 years of age) showed essentially no learning at all in either the 

sudden or the gradual perturbation condition whereas the age-matched CWNS already showed 

adult-like learning. Descriptively, the older group of CWS (7-9 years of age) showed slightly 

more adaptation, but even for this group the change from baseline was still not statistically 

significant for either perturbation type condition. Fifth, like the situation for adults, stuttering and 

nonstuttering children differed in adaptation for both suddenly and gradually introduced formant 

perturbations. For children, however, this between-group difference was not affected by the 

sudden or gradual manner in which the perturbation was introduced as, statistically, there was no 

Group by Condition interaction. Sixth, among CWS, the final extent of speech auditory-motor 
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learning was correlated with age (more adaptation in older children); in contrast, for CWNS 

there was no correlation between these variables as even the younger children already adapted to 

the same extent as older children (and even as adults, but formant perturbation size as well as 

sample size differed between the child and adult groups so no direct statistical comparisons were 

made for children vs. adults). 

Clearly, our findings that (a) speech auditory-motor learning problems are present not only 

in AWS but also in CWS, (b) this learning impairment in CWS is profound, and (c) CWS’ 

learning impairment decreases in magnitude with age, are not consistent with previous work by 

Daliri et al. (2018). Those authors reported that speech auditory-motor learning limitations occur 

only in adults who stutter (who have experienced stuttering for many years and whose 

performance may be affected by compensatory sensorimotor strategies) and not in children who 

stutter (who are closer to the onset of the disorder). Thus, our contrasting findings with regard to 

children constitute some of the most important outcomes of the present work because for any 

sensorimotor learning impairment to potentially play a role in the onset of stuttering (which 

typically occurs between 2 and 4 years of age), the impairment must of course already be 

influencing the development of speech motor behavior during early childhood. 

One possible reason for the discrepancy between our own results and those of Daliri et al. 

(2018) may lie in the specific formant perturbations that were used in the studies. In our work 

described here, we shifted all formants in the same direction such that the auditory feedback 

signal reflected an altered motor-to-sensory transformation that did not change the phonemic 

category of the produced vowels. In other words, when the children participating in our study 

produced the test words bus, pup, cup, duck, etc., they never perceived these words as having 

been produced with the wrong vowel. Instead, they perceived the words as having the correct 
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vowel but produced by a vocal tract with different geometric properties (akin to developmental 

changes in vocal tract geometry during childhood, albeit on a short time scale of only minutes). 

Daliri et al. (2018), on the other hand, shifted the first and second formants in different directions 

such that when participating children produced the words bed, head, and Ted, they heard their 

productions as similar to bad, had, and Tad. It is very well possible, and perhaps even expected, 

that CWS are indeed able to correct their productions when auditory feedback from previous 

trials indicates that they produced the words with a completely wrong sound (as in Daliri et al., 

2018). For example, the fact that CWS are not more likely than other children to have speech 

sound disorders (Nippold, 2002; Unicomb et al., 2020) suggests that CWS do not have difficulty 

with adjusting movement planning to target the correct speech sounds. In addition, the symptoms 

of stuttering do not involve producing incorrect sounds, but certain movements or postures for 

sound production being repeated or sustained.  

It is therefore important to recall that what had been hypothesized previously in a 

theoretical framework (e.g., Max, 2004; Max et al., 2004) is not that CWS would fail to correct 

for errors in target sound selection, but, rather, that there may be “an inability to learn stable or 

correct mappings between motor and sensory signals and to update these mappings in the 

presence of rapid neural and craniofacial maturation during speech development” (Max, 2004, p. 

374). To be more specific, the crux of that particular hypothesis is that “After their initial 

acquisition during babbling and early speech, these internal models require continuous updating, 

due to the rapid developmental changes in neural, anatomical, and biomechanical characteristics 

during childhood. … If, for some reason, the CNS would fail to accurately update the internal 

models to match the currently applicable transformations, it would become unable to predict with 

great precision the sensory consequences of planned movements …” (Max, 2004, p. 374). The 



 
 
 

SENSORIMOTOR LEARNING IN PEOPLE WHO STUTTER 24 
 

formant perturbations that we implemented in our work reported here were selected very 

specifically to test participants’ updating of internal models that represent such fine-grained and 

vocal tract geometry-related spectral features of the motor-to-auditory transformations involved 

in speech production. Our findings very strongly suggest that, at least for the time scale tested 

here, CWS did not update these internal models at all whereas age-matched CWS already 

showed adult-like learning. Moreover, our correlational analyses demonstrate that younger 

CWS—who are closer to the onset of stuttering—showed less learning than older CWS, thus 

rejecting the notion that impaired speech auditory-motor learning is something that develops as a 

consequence of stuttering rather than a factor that may contribute to the onset of stuttering. 

 

EXPERIMENT 2: REACH VISUOMOTOR ADAPTATION IN ADULTS AND 

CHILDREN WHO STUTTER 

Method 

Adult participants  

We recruited 16 AWS, but one participant was excluded due to the SSI score being too low 

to reach the “very mild” category. Thus, the final data set included 15 AWS (age M = 27.07 

years, SD = 7.88 years, range 19-48 years) and 15 individually age- (±3 years), sex-, and 

handedness-matched AWNS (age M = 26.67 years, SD = 8.16 years, range = 20-48 years). All 

participants had provided written informed consent in accordance with procedures approved the 

local Institutional Review Board. The same inclusion criteria as in Experiment 1 were applied, 

except that participants did not need to be native speakers of American English given that the 

task involved upper limb reaching movements rather than speaking. All participants were right-

handed based on self-report, and there were 12 males and 3 females in each group. According to 
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the SSI scores, 2 individuals’ stuttering was categorized as very severe, 1 as severe, 4 as 

moderate, 4 as mild, and 4 as very mild. Six of the 15 AWS and 4 of the 15 AWNS were also 

included above in Experiment 1.  

  

Child participants 

The participating children were 27 CWS and 27 CWNS from 3 to 9 years of age (10 CWS 

and 2 CWNS also participated in Experiment 1). A guardian or parent provided written informed 

consent following the procedures approved by a local Institutional Review Board. Inclusion 

criteria were as described for Experiment 1. Each stuttering child was individually matched with 

a nonstuttering child based on age (i.e., ±3 months) and sex. Based on the handedness 

assessment described above for Experiment 1, most children were right-handed except 4 CWS 

and 1 CWNS who were ambidextrous. We organized the data into three age-based subgroups. A 

3-4 years old subgroup included 9 CWS (M = 3.80 years, SD = 0.57 years, range = 3.11-4.55 

years) and 9 CWNS (M = 3.76 years, SD = 0.52 years, range = 3.26-4.66 years). A 5-6 years old 

subgroup included 8 CWS (M = 6.10 years, SD = 0.50 years, range =5.46-6.89 years) and 8 

CWNS (M = 6.14 years, SD = 0.46 years, min = 5.50, max = 6.69). A 7-9 years old subgroup 

included 10 CWS (M = 8.13 years, SD = 0.68 years, range = 7.09-9.13 years) and 10 CWNS (M 

= 8.09 years, SD = 0.72 years, range = 7.06-9.09 years). In the 3-4 years-old range, there were 2 

girls in each group. In the 5-6 years-old range, there were 3 girls in each group. In the 7-9 years-

old range, each group included 1 girl.  

With regard to severity based on SSI scores (SSI-3 or SSI-4, Riley, 1994; Riley, 2009), 

stuttering in the youngest group of CWS (3-4 years of age) was rated as very severe in 1 case, 

severe in 1 case, moderate in 4 cases, and mild in 3 cases. For the group of CWS in the range 5-6 
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years old, stuttering was severe for 1 child, moderate for 3 children, mild for 2, and very mild for 

2. The oldest group of CWS, 7-9 years of age, included 2 children rated as severe, 4 rated as 

moderate, 3 rated as mild, and 1 rated as very mild.  

 

Experimental set-up 

 Seated on a height-adjustable chair, participants made fast out-and-back reaching 

movements with their right arm supported by an acrylic air sled on a glass table top (Figure 7A). 

The air sled was connected to a compressed-air supply so that friction across the glass surface 

was minimized. The position of a sensor attached to the participant’s extended right index finger 

was recorded by an electromagnetic tracking system (Liberty, Polhemus; 240 samples/s). A 

cursor representing this fingertip position was projected, together with the trial’s start and target 

positions, onto a back-projection screen in real-time (visual feedback delay ≤ 32 ms). The back- 

projection screen was mounted horizontally above a first-surface mirror in such a manner that, 

when participants viewed the image in the mirror, the start position, target, and feedback cursor 

all appeared to be located in the same plane as the participant’s hand, even though the hand itself 

remained invisible below the mirror (Figure 7B). 

 

Reach visuomotor adaptation task 

Adult participants were instructed to make out-and-back reaching movements from a white 

center start position (radius 1 cm) to one of eight radially oriented green targets (radius 0.75 cm) 

located 10 cm from the start position at angles ranging from 0° to 315° in 45° increments. A 

custom MATLAB program presented all targets in random order within each block of 8 trials.  

The start position was fixed in the participant’s midsagittal plane, with distance from the body 
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adjusted such that the elbow was flexed approximately 90° when the fingertip rested on the start 

position. Continuous visual feedback of fingertip position was presented by a red cursor of the 

same size as the targets (radius 0.75 cm). Participants were asked to move the cursor out to the 

target and back to the start position without stopping at the target. They were told that it was 

important to move as fast as possible after initiating the movement, to not make any corrections 

during the movement, and that it was not necessary to initiate the movement quickly after the 

appearance of a new target. 

Each session for adult participants consisted of 25 blocks of the 8 possible targets (200 

trials) across three phases. During the baseline phase (initial 5 blocks, 40 trials), veridical 

feedback was presented (i.e., no perturbation). During the full-exposure phase (15 blocks, 120 

trials), the position of the cursor representing fingertip position was rotated 30° counterclockwise 

(CCW) around the center of the work space (corresponding to the start position). During the 

wash-out or after-effects phase (5 blocks, 40 trials), veridical feedback was restored. Before data 

collection, each participant was given a set of familiarization trials with veridical feedback.  

To test visuomotor adaptation in children, a shorter and child-friendly task was developed. 

Child participants were also instructed to make out-and-back reaching movements from a white 

center start position, but there were only four targets, located 10 cm from the start position at 0°, 

90°, 180°, and 270°. The targets were represented by an image of a basketball hoop and the 

cursor was an image of a basketball (Figure 7B). The start position, cursor, and targets all had a 

radius of 2.5 cm. For each child, the start position location was determined in the same manner 

as described above for adults. Our custom MATLAB control program presented the targets in 

randomized order per block of 4 trials. We asked the children to move the ball to the hoop and 

back as fast as possible and without stopping at the hoop. They were encouraged throughout the 
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task to keep moving fast and to not correct their movements within a trial even if the cursor 

missed the target. 

Children completed 18 blocks of 4 targets (72 trials total). Like in the adults’ task, there 

were three phases: baseline (4 blocks, 16 trials), full-exposure (10 blocks, 40 trials), and after-

effects (4 blocks, 16 trials). During the full-exposure phase, the position of the cursor 

representing fingertip position was rotated 30° CCW around the center of the workspace. During 

the baseline and after-effects phases, no perturbation was applied.  

 

Data extraction and analyses 

Custom MATLAB code smoothed the motion sensor data using a butterworth low-pass 

filter with cutoff frequency 10 Hz. These filtered position data were differentiated to obtain 

tangential velocity signals. Measurements of movement duration were made given that a 

between-group difference in this variable may allow the slower group to implement more within-

trial corrections (as opposed to updating internal models relied upon during movement planning). 

Movement onset was defined as the time point where tangential velocity first exceeded 5 cm/s. 

Movement offset was defined as the time point where tangential velocity dropped below 5 cm/s 

or, if that did not happen, where tangential velocity reached a local minimum.  

For adult participants, initial reach angle was measured as the direction of a vector between 

start position and cursor location at the time point when peak tangential velocity was reached or 

150 ms after movement onset, whichever occurred first (Tong & Flanagan, 2003). For each trial, 

this initial reach angle was then expressed relative to a vector from the start position to the 

specific target presented on that trial. Similar to the data processing steps in the speech auditory-

motor adaptation task, all relative reach angles were normalized to baseline by subtracting, for 
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each target direction separately, the median relative reach angle across baseline trials 3-5 for that 

same target. Lastly, the normalized reach angle for each block of 8 trials was obtained by 

averaging the normalized reach angles toward the 8 different targets in that block. For children, 

similar analysis procedures were used, but the cut-off for tangential peak velocity to be reached 

was 200 ms (rather than 150 ms) after movement onset. Thus, if tangential peak velocity had not 

been reached 200 ms after onset, we used the cursor location at that time point to calculate initial 

movement direction. Further, we used each target’s baseline trials 1-4 for normalizing the 

relative reach angles to baseline. Final data were obtained by averaging the normalized relative 

reach angles across the 4 different targets in each block of 4 trials. Trials were excluded if the 

tangential velocity did not exceed the threshold for movement onset (indicating no movement or 

an extremely slow movement) or if a movement clearly was not aimed at the target (such as 

when a child merely repeated a previous movement or turned to interact with the parent or 

experimenter). Overall, 0.3% of all trials for adult participants and 7.4% of all trials for child 

participants were excluded. 

We conducted all statistical analyses once for final adaptation extent and once for initial 

rate of adaptation. To analyze adaptation extent, we used each participant’s last two blocks of the 

perturbation phase. For initial rate of adaptation, we fitted each participant’s data with an 

exponential function as in common in studies of reach adaptation (e.g., Flanagan et al., 1999; 

Smith et al., 2006). Specifically, we fitted the function 

𝐴 = 𝐵𝑒𝜆𝑇 + 𝐶 

where A represents normalized relative reach angle data (averaged across 8 directions per block) 

during the perturbation phase and T represents the trial block. The unknown parameters B, λ, and 

C were determined by a nonlinear least squares algorithm computed using the nls function in R 
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(R Core Team, 2018), and the λ values were used to quantify each individual’s initial rate of 

learning. However, the learning curves for most children were not exponential and, thus, not well 

fitted by the function. Hence, given that the function fitting method was only appropriate for 

adult participants, we also examined initial learning with an alternative method that determined 

how much adaptation had already occurred in the first two blocks of the perturbation phase.  

For statistical analysis of the adult data, which involved only group as an independent 

variable, all between-group comparisons were completed with Welch’s t-tests in R (R Core 

Team, 2018). Cohen’s d effect sizes were calculated using the cohen.d function in the effsize 

package (Torchiano, 2018). For the children’s data, between-subjects independent variables 

included both group and age. We therefore used the aov function in R to conduct a two-way 

ANOVA to test both the stuttering vs. nonstuttering group difference as well as the differences 

across the age subgroups (3-4 years, 5-6 years, 7-9 years). Given the unbalanced design with a 

different number of children in each age subgroup, the type III sum of squares, F-values, and p-

values of the ANOVA were calculated with the Anova function from the Car package (Fox & 

Weisberg, 2018). Effect sizes were calculated with the MOTE package (Buchanan et al., 2019). 

 

Results 

Movement duration 

AWS showed descriptively longer movement durations than AWNS (M = 375 ms, SD = 

119 ms, and M = 319 ms, SD = 41 ms, respectively), but this difference was not statistically 

significant, t(17.296) = -1.724, p = 0.103, d = 0.630. For children, there was also no statistically 

significant main effect for the between-group comparison of CWS and CWNS (M = 391 ms, SD 

= 58 ms, and M = 414 ms, SD = 98 ms, respectively), F(1, 48) = 0.943, p = 0.336, 𝜔𝑝
2 = -0.004. 
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There was a statistically significant main effect for age, F(2, 48) = 5.058, p = 0.010, 𝜔𝑝
2 = 0.131, 

with movement duration getting shorter with increasing age (Age 3-4, M = 441 ms, SD = 78 ms; 

Age 5-6, M = 414 ms, SD = 90 ms; Age 7-9, M = 365 ms, SD = 56 ms), in the absence of a 

significant Group × Age interaction, F(2, 48) = 0.496, p = 0.612, 𝜔𝑝
2 = -0.019.  

 

Visuomotor adaptation in AWS vs. AWNS 

Adult participants in both the stuttering and nonstuttering groups exhibited adaptation in 

response to the visual perturbation. Figure 8A includes group average relative reach angle data 

throughout the baseline, perturbation, and after-effects phase. By the last two blocks of the 

perturbation phase, AWS and AWNS showed a similar final extent of adaptation that was not 

statistically different, t(21.569) = -0.598, p = 0.556, d = 0.218.  

Given that we examined both learning rate (by fitting an exponential function) and early 

learning (by analyzing adaptation in the first two blocks of the perturbation phase), the 

associated between-group comparisons were treated as one family of two tests. Fitting an 

exponential function to each participant’s adaptation data (Figure 8B) revealed a statistically 

significant between-group difference in the initial rate of learning: the exponential rate term was 

significantly more negative (i.e., a faster drop in the curve and, thus, faster learning) for AWNS 

as compared with AWS, t(21.573) = -3.193, p = 0.009, d = 1.166 (Figure 8C). This result was 

confirmed by the second method of examining initial learning: the extent of adaptation reached 

in the first two blocks after introduction of the perturbation was significantly greater for AWNS 

than for AWS, t(25.430) = -3.033, p = 0.009, d = 1.108.  

There was no statistically significant correlation between stuttering frequency and extent of 

visuomotor adaptation (r(13) = -0.008, p = 0.978). Stuttering frequency was also not 
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significantly correlated with rate of adaptation determined by either the exponential rate term, 

r(13) = -0.375, p = 0.168, or the initial two perturbation blocks, r(13) = -0.085, p = 0.764. 

 

Visuomotor adaptation in CWS vs. CWNS 

Both stuttering and nonstuttering children adapted to the perturbation (Figure 9), although the 

extent of adaptation was descriptively smaller (11-16° of the 30° perturbation) than that seen in 

adults (24-25° of the 30° perturbation). The ANOVA revealed that there was no statistically  

significant difference in final extent of adaptation between CWS and CWNS, F(1, 48) = 3.039, p 

= 0.088, 𝜔𝑝
2 = 0.040. There was also no significant main effect of Age, F(2, 48) = 0.380, p = 

0.686, 𝜔𝑝
2 = -0.024. In addition, the Group × Age interaction was not significant, F(2, 48) = 

0.444, p = 0.644, 𝜔𝑝
2 = -0.021. Similarly, the separate ANOVA for children’s initial extent of 

adaptation also indicated no statistically significant main effect of Group, F(1, 48) = 0.035, p = 

0.852, 𝜔𝑝
2 = -0.018, or Age, F(2, 48) = 0.034, p = 0.966, 𝜔𝑝

2 = -0.037, and no statistically 

significant interaction of Group and Age, F(2, 48) = 2.121, p = 0.131, 𝜔𝑝
2 = 0.040. 

Extent of adaptation in the final two blocks of the perturbation phase did not significantly correlate 

with age for either CWNS (r(25) = -0.049, p = 0.808) or CWS (r(25) = -0.091, p = 0.652). Similarly, 

initial adaptation in the first two blocks of the perturbation phase also did not significantly correlate with 

age for either CWNS (r(25) = 0.142, p = 0.480) or CWS (r(25) = -0.109, p = 0.588). Lastly, for none of 

the three age groups of CWS was there a statistically significant correlation between the final extent 

of visuomotor adaptation and stuttering frequency from the clinical assessment (Age 3-4, r(7) = -

0.040, p = 0.919; Age 5-6, r(6) = 0.028, p = 0.948; Age 7-9, r(8) = 0.426, p = 0.220), or between 

initial visuomotor adaptation and stuttering frequency from the clinical assessment (Age 3-4, r(7) 

= -0.364, p = 0.335; Age 5-6, r(6) = 0.162, p = 0.702; Age 7-9, r(8) = 0.465, p = 0.176). 
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Discussion 

We investigated nonspeech sensorimotor learning in adults and children who stutter as 

compared with age-matched individuals who do not stutter. Specifically, participants were tested 

in a visuomotor rotation paradigm that involved making fast out-and-back reaching movements 

while visual feedback was manipulated during the perturbation phase of the experiment. The 

perturbation involved a 30° CCW rotation around the center of the workspace (which was also 

the start position for all movements) of the location of a cursor representing fingertip position. 

The participant’s hand and arm remained hidden below a screen throughout the experiment. 

Analyses focused on participants’ adaptation to this perturbation (i.e., adjustments in reach 

direction in the opposite direction of the perturbation) in terms of both overall adaptation extent 

and initial rate of adaptation. 

For adults, findings show that AWS did reach the same final level of adaptation as AWNS 

after more than 80 exposure trials, but that their initial rate of learning was statistically 

significantly slower. Thus, stuttering adults’ limitations in limb visuomotor learning are more 

subtle than those observed in the speech auditory-motor learning task in Experiment 1 where 

their overall extent of learning was also limited. Nevertheless, this novel finding of a lower 

initial rate of learning in adjusting the planning of upper limb reach movements suggests that 

stuttering individuals’ sensorimotor integration difficulties are not restricted to either the 

orofacial effector system or speech-specific sensorimotor control processes. 

Unlike the situation for speech auditory-motor adaptation, the reach visuomotor adaptation 

task revealed a between-group difference only for adults and not for children. Indeed, CWS did 

not differ from CWNS in either the final extent of learning or the initial rate of learning in any of 

the three age groups (3-4, 5-6, 7-9 years of age). This result could be interpreted as suggesting 
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that nonspeech visuomotor learning deficits develop only after the age of 9 years, which is 

typically several years after the onset of stuttering. Given that it is not obvious how stuttering 

itself, personal experiences related to stuttering, or techniques applied in stuttering treatment 

could contribute to the development of upper limb motor learning difficulties, the mechanisms 

behind such late-developing nonspeech effects would also remain entirely unknown.  

Alternatively, it is possible that the different outcome for speech auditory-motor learning 

(differences with control participants were observed in both AWS and CWS) as opposed to reach 

visuomotor learning (differences with control participants were observed in AWS but not CWS) 

stems from inherent differences in the typical developmental trajectories for these two tasks. In 

our speech auditory-motor adaptation task, even the youngest group of 3-4-year-old 

nonstuttering children already showed an extent of adaptation that was similar to that of the 

nonstuttering adult participants (although the size of the perturbation and number of exposure 

trials differed between the child and adult tasks, under those different experimental 

circumstances CWNS’ extent of adaptation nevertheless reached the same magnitude as that of 

AWNS). Thus, speech auditory-motor learning in typically developing children appears to 

follow a fast developmental trajectory, and an advanced learning ability in this domain may be 

necessary from an early age to correctly update the internal models that take account of how 

maturational changes in the biomechanical and neural systems for speech continually affect the 

transformations from motor commands to acoustic speech output (see Callan et al., 2000; Kent, 

1976; Kent, 1997; Vorperian et al., 1999; Vorperian et al., 2005; Vorperian & Kent, 2007; 

Vorperian et al., 2009). In contrast, for our child and adult reach visuomotor adaptation tasks 

(again acknowledging a number of methodological differences such as number of exposure trials 

and number of different targets), even the oldest group of 7-9-year-old nonstuttering children 
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reached only approximately 65% of the extent of adaptation observed for the nonstuttering 

adults. Although resulting here from non-identical child and adult tasks, this descriptive 

difference is consistent with prior work demonstrating through direct age-group comparisons that 

several aspects of upper and lower limb sensorimotor learning continue to develop throughout 

the school-age years (Contreras-Vidal et al., 2005; Ferrel et al., 2001; Kagerer & Clark, 2014; 

Rossi et al., 2019). Moreover, Kagerer and Clark (2015) specifically reported that the learning of 

visuomotor maps may continue to develop gradually throughout childhood whereas the learning 

of (nonspeech) auditory-motor maps may reach adult-like performance levels around the age of 

5-6 years. Taking together our new findings and the results from the cited studies, upper limb 

visuomotor learning shows a more protracted developmental trajectory, and even typical children 

in the age range tested here (3-9 years of age) are still limited in their learning abilities within 

this domain. As a result, subtle nonspeech sensorimotor learning differences between stuttering 

and nonstuttering individuals may not become detectable until after the latter group reaches adult 

levels of performance. 

In sum, our specific visuomotor adaptation task identified a difference in sensorimotor 

learning for fast reaching movements in stuttering vs. nonstuttering adults but not in stuttering 

vs. nonstuttering children. The between-group difference for adult participants was found in the 

initial rate of learning, with AWS learning more slowly, and, thus, requiring more trials with 

perturbed visual feedback before achieving the same level of adaptation as their nonstuttering 

peers. By the end of the task, however, both groups showed equivalent levels of learning, and 

their adjusted reach directions showed similar degrees of compensation for the perturbation. In 

children, neither initial nor overall learning differentiated between CWS and age-matched 

nonstuttering children for three different age groups. Interestingly, under their respective 
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experimental conditions, even CWNS showed limited visuomotor learning in comparison with 

AWNS (whereas for speech auditory-motor adaptation in Experiment 1, CWNS showed similar 

learning as AWNS). Considered in the context of the above referenced literature (Contreras-

Vidal et al., 2005; Ferrel et al. 2001; Kagerer & Clark, 2014, 2015; Rossi et al., 2019), we 

tentatively interpret these nonspeech findings as suggesting that (a) the typical developmental 

trajectory for upper limb visuomotor learning is relatively slow in comparison with speech 

production, (b) this slower trajectory for typical development may indicate that fully mature 

learning abilities are not required for upper limb sensorimotor control during childhood, and (c) 

therefore, the CNS of children who stutter is able to appropriately meet these nonspeech 

sensorimotor learning demands.  

 

General discussion 

The aim of this work was to compare CWS and CWNS as well as AWS and AWNS with 

regard to both speech auditory-motor learning and reach visuomotor learning. Age-, sex-, and 

handedness-matched stuttering and nonstuttering participants were tested in a speech adaptation 

task with a real-time perturbation of the formant frequencies in the auditory feedback or a reach 

adaptation task with a real-time perturbation of the cursor location in the visual feedback. 

Acoustic recordings of speech were used to determine to what extent participants learned to 

adjust their formant frequencies in the speech task, and motion tracking of the fingertip was used 

to determine the rate and extent of adjustments in movement direction in the reach task. 

Experiment 1 yielded several interesting findings. AWS showed limitations in speech 

auditory-motor learning in response to both upward and downward formant perturbations, and 

this was true for both suddenly and gradually introduced perturbations. Interestingly, the 
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observed difference between stuttering and nonstuttering adults was larger for perturbations that 

were introduced all-at-once in-between two successive trials (the sudden condition) as compared 

with perturbations that were incrementally ramped up over many trials (the gradual condition). 

Whether or not this more severe impact on learning in the sudden condition than in the gradual 

condition can inform on the relative involvement of cortico-cortical, basal ganglia, and cerebellar 

learning mechanisms in stuttering remains open for debate. Although it is well documented that 

stuttering is associated with structural and functional differences in sensorimotor fronto-parieto-

temporal pathways, basal ganglia, and cerebellum (Alm, 2004; Anderson et al., 1999; Brown et 

al., 2005; Chang & Zhu, 2013; Civier et al., 2013; De Nil et al., 2001; Fox, P. T. et al., 1996; 

Giraud et al., 2008; Koller, 1983; Lu et al., 2010; Maguire et al., 2012; Shahed & Jankovic, 

2001; Wu et al., 1995; Wu et al., 1997), the differential involvement of these neural substrates in 

various sensorimotor adaptation paradigms has remained elusive (Contreras-Vidal & Buch, 

2003; e.g., Criscimagna-Hemminger et al., 2010; Doya, 2000; Doyon et al., 2003; Gutierrez-

Garralda et al., 2013; Maschke et al., 2004; Rabe et al., 2009; Robertson & Miall, 1999; Smith & 

Shadmehr, 2005; Venkatakrishnan et al., 2011; Weiner et al., 1983; Werner et al., 2009; Werner 

et al., 2010).  

Probably the most important finding from Experiment 1 is that a limitation in auditory-

motor learning is also present in young CWS. Statistically, neither of the two age groups of CWS 

showed any learning in either the sudden or the gradual condition. In the same conditions, age-

matched CWNS showed a large extent of learning that was similar to that seen in typical adults. 

As a related novel finding, CWS’ extent of speech auditory-motor learning was positively 

correlated with age whereas CWNS did not show such a relationship. In other words, these new 

correlational findings suggest that the capacity for auditory-motor learning was still developing 
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between the ages of 3 and 9 years in CWS, but had already reached an adult-like level by the age 

of 3 years in CWNS. More generally, our overall results (considering the statistical significance 

and effect sizes of between-group differences together with the correlational results) provide 

compelling evidence in favor of the view that speech auditory-motor learning impairments are 

already present, and in fact more severe, in the early childhood years closest to the onset of 

stuttering. Hence, these limitations certainly have the potential to be a reflection of mechanisms 

directly involved in the proximal cause of stuttering rather than merely being a by-product of 

years of experience with stuttering.  

Experiment 2 revealed that sensorimotor learning limitations in AWS are also present, 

albeit in more subtle form, in an upper limb reaching task. In the case of this visuomotor learning 

task, there was only a difference between AWS and AWNS in the initial rate of learning and not 

in the total extent of learning achieved by the end of the task. In contrast, CWS did not differ 

from CWNS in either initial or final amount of visuomotor adaptation. This discrepancy in the 

nonspeech results for children vs. adults should be considered in light of the fact that even 

CWNS showed much less adaptation than AWNS. It is therefore possible that subtle visuomotor 

learning difficulties may not be detectable with the present nonspeech task until nonstuttering 

individuals achieve mature learning levels. 

Taken together, the findings from Experiment 1 and Experiment 2 suggest that CWS’ 

developmental trajectory for sensorimotor learning may be sufficiently fast to appropriately 

adjust motor commands for upper limb movements but not those for orofacial speech 

movements. That is, the daily-life demands on upper limb visuomotor adaptation (i.e., adjusting 

internal models to take account of neural and limb biomechanical changes that affect motor-to-

sensory transformations) may be relatively low given that our data (as well as those of several 
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other laboratories cited above) show that even 7-9-year-old CWNS still have limited learning 

abilities in this domain, yet they typically do not show clinically relevant upper limb movement 

problems. On the other hand, the demands on speech auditory-motor adaptation (i.e., adjusting 

internal models to take account of neural and orofacial biomechanical changes that affect motor-

to-sensory but also vocal tract-to-acoustics transformations) may be more stringent given that our 

data show that typical development in this domain already achieves adult-like learning abilities 

as early as 3-6 years of age. As we found the development of speech auditory-motor learning 

abilities to be slower in children who stutter, their delay in this domain may be detrimental to 

fluent speech production. Thus, overall, findings from the present speech adaptation task are 

consistent with our previous proposal that children who stutter are limited in their ability to 

update the control policy (internal inverse model) and/or internal forward model that are critical 

for speech sensorimotor control (Max & Daliri, 2019; Max, 2004; Max et al., 2004).  

An important challenge for future studies will be to directly test the related proposal that 

some sensory prediction errors resulting from movement planning with poorly updated internal 

models (Flanagan et al., 2003; Haith & Krakauer, 2013; Wolpert & Miall, 1996; Wolpert & 

Flanagan, 2001) can indeed trigger maladaptive system corrections that involve repeated 

movements or fixed postures. Additional pivotal insights may be gained from efforts 

investigating which specific sensory, motor, or learning mechanisms impede sensorimotor 

learning—and in particular auditory-motor learning—in children and adults who stutter. In our 

own lab, we have recently been able to demonstrate that adults who stutter show deficits in at 

least some aspects of the sensory prediction mechanism that drives internal model learning 

(Daliri & Max, 2015a; Daliri & Max, 2015b; Daliri & Max, 2018; Max & Daliri, 2019). The 

acuity of sensory processing itself during and after movement execution also warrants further 
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investigation. Despite multiple reports of reduced oral somatosensory acuity in individuals who 

stutter (Archibald & De Nil, 1999; De Nil & Abbs, 1991; Howell et al., 1995; Loucks & De Nil, 

2006a; Loucks & De Nil, 2006b; although see Daliri et al., 2013), auditory acuity for the 

detection of unpredictable, within-trial formant frequency perturbations was reported to not 

differ between stuttering and nonstuttering participants (Cai et al., 2012). However, the isolated 

vowel productions tested in the latter study were substantially longer (~300 ms in duration) than 

those occurring in connected speech, and this additional time may have been beneficial for 

stuttering speakers to detect the formant changes. Lastly, for upper limb movements, it has 

become increasingly clear that the overall process of sensorimotor learning comprises 

dissociable implicit and explicit learning components, with the former being driven by prediction 

error and the latter by performance error (Mazzoni & Krakauer, 2006; McDougle et al., 2015; 

Schween & Hegele, 2017; Taylor et al., 2014). To date, several lines of evidence suggest that 

speech auditory-motor learning is predominantly implicit in nature (see Shiller et al., 2020). 

Thus, our combined speech auditory-motor and reach visuomotor learning results are consistent 

with the idea that individuals who stutter have difficulty specifically with the implicit component 

of sensorimotor learning. This hypothesis can be tested directly in future speech experiments that 

adopt novel methodological approaches from the limb motor control literature (Mazzoni & 

Krakauer, 2006; McDougle et al., 2015; Schween & Hegele, 2017; Taylor et al., 2014). 
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Figure 1. Experimental set-up for speech auditory-motor adaptation. (A) The speech signal from 

the microphone is routed to a vocal processor that applies a formant shift perturbation to the 

signal that is presented through insert earphones as real-time auditory feedback. (B) Effect of an 

upward formant shift illustrated with separate spectrographic displays of the original acoustic 

speech signal produced by the participant (left) and the altered signal that is output by the vocal 

processor and heard by the subject (right). 
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Figure 2. Auditory-motor adaptation for adults who do not stutter (black) and adults who stutter 

(orange) in the 250 cents upward formant perturbation conditions. Panels A (suddenly introduced 

perturbation) and C (gradually introduced perturbation) show group averaged formant 

frequencies in cents relative to baseline (averaged across F1 and F2 and across 3 test words after 

normalization of the individual formants and words). Shaded areas indicate standard errors of the 

mean. Gray dashed lines plot the formant perturbation with reversed sign (thus indicating 

hypothetical full compensation). Panels B and D show corresponding individual participant data 

(averaged across the last 5 blocks of 3 words) overlaid on group boxplots. 
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Figure 3. Auditory-motor adaptation for adults who do not stutter (black) and adults who stutter 

(orange) in the 250 cents downward formant perturbation conditions. Panels A (suddenly 

introduced perturbation) and C (gradually introduced perturbation) show group averaged formant 

frequencies in cents relative to baseline (averaged across F1 and F2 and across 3 test words after 

normalization of the individual formants and words). Shaded areas indicate standard errors of the 

mean. Gray dashed lines plot the formant perturbation with reversed sign (thus indicating 

hypothetical full compensation). Panels B and D show corresponding individual participant data 

(averaged across the last 5 blocks of 3 words) overlaid on group boxplots. 
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Figure 4. Auditory-motor adaptation for 3-6 year-old children who do not stutter (black) and 

age-matched children who stutter (orange) in 335 cents upward formant perturbation conditions. 

Panels A (suddenly introduced perturbation) and C (gradually introduced perturbation) show 

group averaged formant frequencies in cents relative to baseline (averaged across F1 and F2 and 

across 8 test words after normalization of the individual formants). Shaded areas indicate 

standard errors of the mean. Gray dashed lines plot the formant perturbation with reversed sign 

(thus indicating hypothetical full compensation). Panels B and D show corresponding individual 

participant data (averaged across the last 2 blocks of 8 words) overlaid on group boxplots. 
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Figure 5. Auditory-motor adaptation for 7-9 year-old children who do not stutter (black) and 

age-matched children who stutter (orange) in 335 cents upward formant perturbation conditions. 

Panels A (suddenly introduced perturbation) and C (gradually introduced perturbation) show 

group averaged formant frequencies in cents relative to baseline (averaged across F1 and F2 and 

across 8 test words after normalization of the individual formants). Shaded areas indicate 

standard errors of the mean. Gray dashed lines plot the formant perturbation with reversed sign 

(thus indicating hypothetical full compensation). Panels B and D show corresponding individual 

participant data (averaged across the last 2 blocks of 8 words) overlaid on group boxplots. 
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Figure 6. Relationship between extent of speech auditory-motor adaptation and age for CWS 

(orange) and CWNS (black). Data for the sudden condition shows a negative correlation for 

CWS whereas there is no such clear trend for CWNS (top). A similar finding in the gradual 

condition (bottom). The shaded areas indicate the confidence interval (95%). 
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Figure 7. Experimental set-up for reach visuomotor adaptation. (A) Participant viewing the 

workspace displayed in a mirror that is part of a virtual display system. Reaching movements are 

performed with the right arm which is supported by an air sled on a glass surface. (B) The 

workspace displayed reach targets as basketball hoops for children (left) and as green circles for 

adults (middle). All possible targets are shown here, but targets appeared one at a time in blocked 

randomized order. Fast out-and-back reach movements were performed by moving a basketball 

(children) or red cursor (adults) to a target and back to the start position. During trials with 

perturbed visual feedback, the cursor’s position was rotated 30 degrees counter-clockwise around 

the center of the workspace (right). 
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Figure 8. Visuomotor adaptation to a 30° CCW rotation for adults who do not stutter (black) and 

adults who stutter (orange). (A) Group averaged reach angles relative to baseline (averaged 

across 8 reach directions after normalization by direction). Shaded areas indicate standard errors 

of the mean. Gray dashed lines plot the visual perturbation with reversed sign (thus indicating 

hypothetical full compensation). (B) Two individual participant illustrations of exponential 

fitting of reach angle data from the perturbation phase. (C) Individual participant data for the 

exponential rate term (λ), overlaid on group box plots. 
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Figure 9. Visuomotor adaptation to a 30° CCW rotation for children who do not stutter (black) 

and children who stutter (orange). Data show group averaged reach angles relative to baseline 

(averaged across 4 reach directions after normalization by direction). Shaded areas indicate 

standard errors of the mean. Gray dashed lines plot the visual perturbation with reversed sign 

(thus indicating hypothetical full compensation).  

 

 


