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Abstract 19 

 20 

Purpose: People who stutter (PWS) have more unstable speech motor systems than people 21 

who are typically fluent (PWTF). Here, we used real-time MRI of the vocal tract to assess 22 

variability and duration of movements of different articulators in PWS and PWTF during fluent 23 

speech production. 24 

Method: The vocal tracts of 28 adults with moderate to severe stuttering and 20 PWTF were 25 

scanned using MRI while repeating simple and complex pseudowords. Mid-sagittal images of 26 

the vocal tract from lips to larynx were reconstructed at 33.3 frames per second. For each 27 
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participant, we measured the variability and duration of movements across multiple 28 

repetitions of the pseudowords in three selected articulators: the lips, tongue body, and velum.  29 

Results: PWS showed significantly greater speech movement variability than PWTF during 30 

fluent repetitions of pseudowords.  The group difference was most evident for measurements 31 

of lip aperture, as reported previously, but here we report that movements of the tongue body 32 

and velum were also affected during the same utterances.  Variability was highest in both PWS 33 

and PWTF for repetitions of the monosyllabic pseudowords and was not affected by 34 

phonological complexity.  Speech movement variability was unrelated to stuttering severity 35 

with the PWS group. PWS also showed longer speech movement durations relative to PWTF 36 

for fluent repetitions of multisyllabic pseudowords and this group difference was even more 37 

evident when repeating the phonologically complex pseudowords.    38 

Conclusions: Using real-time MRI of the vocal tract, we found that PWS produced more variable 39 

movements than PWTF even during fluent productions of simple pseudowords. This indicates 40 

general, trait-level differences in the control of the articulators between PWS and PWTF.  41 

 42 

 43 

 44 

 45 

 46 

 47 

  48 
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 49 

Introduction 50 

Several studies indicate that movements of articulators differ in people who stutter (PWS) 51 

compared with people who are typically fluent (PWTF) (Frisch, Maxfield, & Belmont, 2016; 52 

Howell, Anderson, Bartrip, & Bailey, 2009; Jackson, Tiede, Beal, & Whalen, 2016; Loucks & De 53 

Nil, 2006; Loucks, De Nil, & Sasisekaran, 2007; Sasisekaran, 2013; Smith, Sadagopan, Walsh, & 54 

Weber-Fox, 2010). These kinematic differences were evident even when the speech produced 55 

was perceptually fluent, that is, it appeared to lack dysfluencies. The findings indicate that 56 

there are general (trait-level) differences in speech motor control in PWS that go beyond the 57 

expected movement differences accompanying stuttered moments (state-level). 58 

 59 

Previous speech movement studies in PWS have mostly focussed on the measurement of: (i) 60 

speech movement variability; (ii) the amplitude and duration of speech movements; and (iii) 61 

the effort involved in speech production (reviewed in Wiltshire, 2019)The most consistent 62 

finding across these studies was that PWS have greater variability in speech movements across 63 

repeated utterances (Smith, Goffman, Zelaznik, Ying, & McGillem, 1995) when producing 64 

targeted jaw movements (Loucks & De Nil, 2006, 2012; Loucks et al., 2007), vowel sounds 65 

(Frisch et al., 2016), simple (Sasisekaran, 2013) and complex pseudowords (Smith et al., 2010), 66 

and simple sentences (Howell et al., 2009; Jackson et al., 2016; MacPherson & Smith, 2013).  67 

Speech movement variability increases in both PWS and PWTF as utterances become more 68 

complex (Smith et al., 2010) or speech more rapid (Namasivayam & van Lieshout, 2008) and 69 

this effect is more pronounced in PWS as syllable length or phonological complexity increases 70 

(Smith et al., 2010).  In contrast, there is little consensus among studies investigating whether 71 
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PWS differ in the amplitude (Walsh, Mettel, & Smith, 2015; Van Lieshout, Ben-David, Lipski, & 72 

Namasivayam, 2014 cf Namasivayam & van Lieshout, 2008) and duration of movements 73 

(McClean & Tasko, 2004; Smith, Goffman, Sasisekaran, & Weber-Fox, 2012; Smith et al., 2010; 74 

Tasko, McClean, & Runyan, 2007; Usler, Smith, & Weber-Fox, 2017) or in the movement effort 75 

(Choo, Robb, Dalrymple-Alford, Huckabee, & O’Beirne, 2010; De Andrade, Sassi, Juste, & De 76 

Mendonça, 2008; de Felício, Freitas, Vitti, & Regalo, 2007; Walsh & Smith, 2013) made during 77 

speech production. 78 

 79 

The aforementioned studies used a variety of methods to measure speech movements in PWS 80 

some of which were necessarily limited to measurement of one or two articulators at a time 81 

and required attaching recording equipment (such as electrodes) to articulators either within 82 

the vocal tract or externally, for example on the lips.  The necessary attachment of recording 83 

devices to the articulators alters sensations and potentially interferes with feedback processes 84 

during speech production.  In PWS, altering somatosensory feedback can enhance fluency 85 

(Snyder, Waddell, Blanchet, & Ivy, 2009), which could be problematic for interpretation of 86 

findings.  To fully examine speech motor control in PWS without disturbing feedback or the 87 

actual movements themselves, it would be advantageous to use a non-invasive imaging 88 

technique such as MRI of the vocal tract.  89 

 90 

Vocal tract MRI offers the opportunity to view the movements of the entire vocal tract, from 91 

larynx to lips at good temporal and spatial resolution (Carey & McGettigan, 2017; Kim, Kumar, 92 

Lee, & Narayanan, 2014; Niebergall et al., 2013; Ramanarayanan, Goldstein, Byrd, & 93 

Narayanan, 2013). A single image of the midline of the vocal tract (mid-sagittal slice) can be 94 

recorded in real time, producing 2D video data that captures the fast movement of the all the 95 
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articulators simultaneously during speech. This allows us to measure the range of movements 96 

of different articulators simultaneously, variability of such movements over repeated 97 

utterances, and co-ordination between articulators during speech (Kim et al., 2014). Of 98 

particular interest, movement of articulators that are difficult to attach electrodes to can also 99 

be assessed, for example, the velum.   100 

 101 

We used vocal tract MRI to scan the vocal tracts of a large sample of PWS and PWTF during 102 

speech production.  In this report, we focussed on variability in speech movement production 103 

since this was the most reliable finding reported in previous studies.  Participants produced 104 

several repetitions of pseudowords increasing in syllable length from one to three syllables and 105 

four-syllable pseudowords that differed in complexity (Smith et al., 2010).  We measured lip-106 

aperture variability during fluent repetitions of pseudowords aiming to replicate the previous 107 

findings for this articulator that were measured using infra-red light-emitting diodes attached 108 

to the lips (Smith et al., 2010). We also demonstrate one of the main benefits of vocal tract 109 

imaging, namely the ability to capture information from multiple articulators, by measuring 110 

movement variability in two additional articulators, the tongue body and the velum, during the 111 

same utterances. We examined whether variability in speech movements was related to 112 

stuttering severity.  Finally, given the lack of consensus on whether speech movement 113 

durations differ in PWS, we explored whether increasing syllable number or phonological 114 

complexity differentially affected movement durations in PWS and PWTF.    115 

 116 

 117 

 118 

 119 
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 120 

Method 121 

  122 

Participants 123 

We scanned 31 adults who stutter and 20 typically fluent controls. Data from one PWS were 124 

excluded due to technical reasons. Data from a further two PWS were excluded because fewer 125 

than six out of ten utterances for each pseudoword were produced fluently during the scan 126 

(see analysis plan, below). This resulted in a sample of 28 adults who stutter (seven women, 127 

mean age = 30.57 years; range = 19-45 years) and 20 controls (four women, mean age = 29.4 128 

years; range = 20-44 years). Groups were balanced for gender, age, ethnicity, and years of 129 

education (see Table 1). All PWS had at least mild stuttering severity, as assessed by the 130 

Stuttering Severity Instrument (SSI-4) (see Table 1). Participants reported normal or corrected-131 

to-normal vision and normal hearing. Exclusion criteria included any neurological impairment 132 

or disorder of speech, language or communication other than developmental stuttering.  133 

 134 

Participants’ speech was assessed using the Stuttering Severity Instrument (SSI-4; Riley, 2009). 135 

This instrument measures the frequency and duration of stuttered moments as well as physical 136 

concomitants. Participants were recorded in person with video. One person’s speech was 137 

recorded via teleconference due to technical reasons. Participants read a passage and had a 138 

conversation with the researcher for two minutes, each. Recordings were scored offline.  139 

 140 

 141 

 142 
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 143 

Table 1. Participant information. 144 

 PWS PWTF 

Range Median IQR Range Median IQR 
Age (years) 19-45 29.5 25-34 20-44 28.5 25.25-32.75 
Education (years) 10-22 17 14-18 13-24 18 17-19.75 
SSI-4 score 16-40 28.5 22.25-31  
Age of stuttering onset (years) 3-10 4 3-6 

IQR = inter-quartile range 145 

 146 

All PWS reported the onset of stuttering before 10 years old. Eighteen of the 28 PWS reported 147 

that they had received speech and language therapy over periods of time ranging from a few 148 

months to several years. No participants had received therapy within the last 6 months.  149 

 150 

The University of Oxford Central University Research Ethics Committee approved the study. 151 

Participants gave informed written consent to participate in the study, in accordance with the 152 

Declaration of Helsinki, and with the procedure approved by the committee.  153 

 154 

Experimental procedure 155 

Prior to scanning, a researcher demonstrated how the pseudowords were pronounced and 156 

participants practised them aloud until they were accurate. This was achieved usually after 157 

three repetitions of the pseudoword set.  158 

 159 

The pseudoword stimuli were those used by Smith et al (2010); three pseudowords of 160 

increasing length from 1-3 syllables (“mab” /mæb/;  “mabshibe”, /mæbʃaIb/; “mabfieshabe” 161 

/mæbfaIʃeIb/) and two 4-syllable pseudowords with contrasting phonological complexity 162 
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(“mabshaytiedoib”, /mæbʃeitaIdɔIb/; “mabteebeebee”, /mæbtibibi/). Pseudowords started 163 

with a bilabial sound. This was important for the analysis of lip aperture and identification of 164 

the start of the utterance.  165 

 166 
 167 
During scanning, each pseudoword was read 10 times, in a random order. For each trial, the 168 

pseudoword was displayed on a screen and participants read it aloud at their natural speaking 169 

rate. Each trial lasted 3.5 seconds. In total, there were 50 trials resulting in a total scan run 170 

time of ~3 minutes. 171 

 172 

MRI Acquisition 173 

Data were collected on a 3T MRI system (Prisma, Siemens Healthineers) using a 64-channel 174 

head and neck receive array. Mid-sagittal images of the vocal tract from lips to larynx were 175 

acquired with in-plane spatial resolution of 2 mm x 2 mm using a radial FLASH sequence (TE/TR 176 

= 1.4/2.5ms) with golden angle sampling. Images were reconstructed at 33.3 frames per 177 

second using a second-order spatio-temporal total generalized variation constraint (Knoll, 178 

Bredies, Pock, & Stollberger, 2011).  179 

 180 

Analysis procedure 181 

The imaging data were reconstructed into a video format and analysed using a custom Matlab 182 

toolbox that uses grid-based, air-tissue boundary segmentation to track movements within the 183 

vocal tract (Kim et al., 2014). The schematic, below, shows the analysis pipeline (Figure 1). 184 

 185 
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	  186 
 187 
Figure 1. Image analysis pipeline. A: Example (single frame) of the reconstructed image. B: 188 
Using the air-tissue boundary toolbox (Kim et al., 2014), the airway was identified manually by 189 
drawing a line through the open vocal tract (yellow line). The lowest point of the upper lip, 190 
back of the hard palate and larynx were also identified manually (red dots). C: Equally spaced 191 
gridlines were placed orthogonal to the yellow line and centred on it. Gridlines highlighted in 192 
red were the ones used for tracking the tongue body and velum separately (see text). D: 193 
Tracking of air-tissue boundaries. Upper boundary shown in green; lower boundary shown in 194 
red. 195 
 196 

Using the air-tissue boundary toolbox (Kim et al., 2014), the airway was identified manually by 197 

drawing a line through the open vocal tract (see yellow line, Fig. 1B). The lowest point of the 198 

upper lip, back of the hard palate and larynx were also identified manually (red dots in Fig. 1B).  199 

These points were used to guide the positioning of the grid. Gridlines were placed orthogonal 200 

to the midline of the vocal tract (green line, figure 1C) at 2mm intervals. The intersections of 201 
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the upper and lower air-tissue boundaries with each gridline were identified based on an 202 

abrupt change in pixel intensity (where white pixels, tissue, met black pixels, air), interpolated, 203 

and smoothed to create two continuous boundary lines (red and green lines, Fig. 1D).   204 

 205 

Lip aperture measurement 206 

The distance between the first points along the upper and lower air-tissue boundaries gave 207 

the lip aperture in mm (see Fig. 1). The start of the utterance was identified as the latest time 208 

frame at which the lip aperture was zero for the /m/ sound. The end of the utterance was 209 

identified as the time frame that the lip aperture first returned to zero for the final bilabial 210 

closure of the word, e.g. /b/. An example of the lip aperture traces is shown in Figure 2. 211 

Variability was calculated using the coefficient of variation (CoV); that is, the standard deviation 212 

of the size of the movements across 10 repetitions of each word, divided by the mean.  The 213 

size was simply the sum of the aperture of the movements across frames capturing both the 214 

amplitude and duration of the movement. Movement duration was also averaged for each 215 

repetition by summing the total number of frames from the start to the end of the utterance 216 

as defined above.   217 

 218 

 219 

Velum and Tongue Body measurements 220 

Velum and tongue movements were measured in a similar way. For tongue body, the position 221 

of the lower air tissue boundary (shown in red, Fig. 1D) was tracked as it moved along a single 222 

gridline.  We selected the gridline that was closest to the highest point of the dorsal boundary 223 

of the tongue body in the frame where the tongue reaches its most dorsal extent during the 224 
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first /i/ sound of ‘mabteebeebee’. The lowest position of the tongue body along this gridline 225 

from the entire scan was selected as a reference point to which all frames were compared. For 226 

each frame, we measured the Euclidian distance from this reference point along the gridline 227 

to the position of the tongue body.  228 

 229 

For the velum, the upper air-tissue boundary (ventral surface of the velum; shown in green, 230 

Fig. 1D) was tracked up and down a single gridline. This gridline was chosen as the closest to 231 

the middle of the velum, where the velum is seen to bend when raised, which corresponds to 232 

the position with the largest range of velum movement. The point at which this part of the 233 

velum was highest in the entire scan was selected as a reference point for the measurements 234 

made along this gridline in all other frames.   235 

 236 

For the tongue body and the velum, the start and end frames of each utterance were the same 237 

as those used for the lip described above. Examples of the tongue body and velum movements 238 

are shown in Fig. 2.  239 

 240 

The coefficient of variation for tongue and velum movements was determined as for the lip 241 

aperture. 242 
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 243 

Figure 2. Examples of Movement Traces. Each plot shows 10 repetitions of the words (A) ‘mab’ 244 
and (B) ‘mabshaytiedoib’ and (C) ‘mabteebeebee’ for a single representative participant. Each 245 
line represents one repetition. The start and end points are defined as the frame where lip 246 
aperture departs from zero for the /m/ and returns to zero for the final /b/, respectively.  247 
 248 

Analysis Plan 249 

Errors made during the task, such as pronouncing the pseudoword incorrectly or stuttering 250 

during production of the pseudoword were rare. If a participant did not produce at least six 251 

(out of ten) fluent and accurate productions of a pseudoword, data for that pseudoword were 252 

excluded from analyses. Two full data sets (PWS) were excluded prior to analysis based on this 253 

criterion. Six PWS and two PWTF had partial data sets (missing data for one or more of the 254 

words). In total, 5.7% of words from the stuttering group and 4% of words from the control 255 
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group were excluded. The exclusions were considered to be missing at random. Missing data 256 

is visualised in Fig. 4 257 

 258 

We used linear mixed models  (lme4 package in R; Bates, Mächler, Bolker, & Walker, 2015) to 259 

model interactions between group, word and articulator with subject included as a random 260 

factor. Importantly, linear mixed models are robust to a small amount of random missing data, 261 

allowing us to use data from nearly all our participants (Krueger & Tian, 2004).  262 

  263 

Two linear mixed models were used to capture between-group differences in variability of 264 

speech movements in three separate articulators in relation to (i) word length (1 to 3 syllables) 265 

and (ii) phonological complexity (4-syllable complex and simple). Models included participant 266 

as random factor. For the group comparisons relating to duration, we used two additional 267 

models that did not include articulator as a fixed factor.  268 

 269 

Main effects and interactions are reported using the ‘anova’ command from the base R stats 270 

package (R Core Team, 2019) with Type III Analysis of Variance using Satterthwaite's method 271 

(Luke, 2017). Full models (with comparisons between each factor for categorical variables) are 272 

shown in Supplementary Tables 1- 5. Marginal and conditional R2 were calculated to represent 273 

the variability accounted for by the fixed effects alone and the fixed and random effects in the 274 

model, respectively. Normalized beta estimates were calculated using the std beta function of 275 

the sjstats package in R (Lüdecke, 2019) to facilitate comparison of effect sizes across the 276 

independent variables within each model.  277 

 278 
 279 
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Results 280 

 281 
Movement variability 282 
 283 
The amount of variability (CoV) for each pseudoword and participant in the two groups is 284 

plotted for each articulator in Fig. 3. The pattern of results across all articulators for each 285 

individual participant is shown in Fig. 4286 
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 287 

Figure 3. Variability of articulator movements over repeated utterances of the pseudoword set. CoV =  288 
coefficient of variation. PWS = People who stutter, PWTF = People who are typically fluent. 4c = 4-289 
syllable, complex word (‘mabshaytiedoib’), 4s = 4-syllable, simple word (‘mabteebeebee’). Violin plots 290 
are shown to visualize the distribution of data and its probability density for each group separately for 291 
each syllable set. Solid horizontal lines represent the median and dashed lines show the inter-quartile 292 
range. 293 
 294 
 295 
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 319 
 320 
Figure 4. Individual variability scores for pseudowords with 1-3 syllables and the complex (4c) 321 
and simple (4s) 4-syllable pseudowords. Red participants = PWS, Blue participants = PWTF. 322 
Data from some participants are missing due to speech errors (see analysis plan, above). SSI 323 
scores are shown above individual data plots for PWS. * indicates data missing for one 324 
pseudoword.  325 
 326 
 327 
We examined whether variability in speech movements during fluent repetitions of 328 

pseudowords differed between PWS and PWTF using two separate linear mixed-effects 329 

models.  The dependent measure was the coefficient of variability for movement sizes in three 330 

different articulators for repetitions of (i) pseudowords of different syllable lengths (1, 2 and 3 331 

syllables) or (ii) 4-syllable pseudowords of different phonological complexity (simple, complex).  332 

Fixed-effect terms in each model included group (PWS vs. PWTF), word (either 1, 2, and 3 333 

syllables; or simple vs. complex), articulator (lips, tongue, and velum), and the group x 334 
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pseudoword, group x articulator, pseudoword x articulator, and group x pseudoword x 335 

articulator interactions.  The random-effects terms included participant, and the interaction of 336 

participant with the fixed-effects terms of group, word, and articulator. 337 

 338 

Effect of pseudoword length on variability 339 

The overall model predicting variability had a total explanatory power (conditional R2) of 340 

69.79%, in which the fixed effects explained 26.05% of the variance (marginal R2). Within this 341 

model the main effects of group, word and articulator were significant. In addition, there was 342 

a significant interaction between group and articulator as well as between word and 343 

articulator. These interactions were explored using the full model results, which are presented 344 

in Supplementary Table 1.  345 

 346 

PWS had significantly greater variability in their speech movements than PWTF (significant 347 

main effect of group (F(1, 45.95) = 10.47, p = .002). This group difference was greatest for lip 348 

compared with tongue (p < .001) and velum (p = .005) movements, which showed a similar size 349 

group difference (significant interaction between group and articulator; (F(2, 262) = 6.05, p = 350 

.003). For both groups, speech movement variability was greatest for repetitions of the one-351 

syllable pseudoword relative to the two-syllable (p < .001) and three-syllable pseudowords (p 352 

< .002), which did not differ (main effect of word (F(2, 44.04) = 5.33, p = .008).  Movement 353 

variability was greatest for the lip relative to the tongue (p < .001) and velum (p < .001) 354 

movements, which did not differ (main effect of articulator (F(2, 262) = 81.40, p < .001). These 355 

last two factors interacted significantly (word x articulator interaction (F(4, 262) = 6.60, p < 356 
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.001) due to a more pronounced syllable length effect in the lip movements relative to 357 

movements of the tongue (p < .001) and velum (p = .003). 358 

 359 

In sum, PWS had greater movement variability in general relative to PWTF and this effect was 360 

most pronounced in the lip movements.  Pseudoword length did affect speech movement 361 

variability; it was maximal for repetitions of one-syllable pseudowords in both PWS and PWTF 362 

and the effect was most pronounced for lip aperture measurements.   363 

 364 

The effect of phonological complexity on variability 365 

The overall model predicting variability had a total explanatory power (conditional R2) of 366 

58.72%, in which the fixed effects explained 20.98% of the variance (marginal R2). Within this 367 

model the main effect of group was significant. In addition, there was a main effect of 368 

articulator but there were no significant interactions. The full model output is presented in 369 

Supplementary Table 2.  370 

 371 

PWS had significantly greater variability in their speech movements than PWTF (significant 372 

main effect of group (F(1, 39.5) = 6.08, p = .018) and this group difference was seen for the 373 

movements measured in lip, tongue, and velum (interaction with articulator was not 374 

significant).  For both groups, speech movement variability was greatest for the lip relative to 375 

the tongue (p = .008) and velum (p < .001) movements, which did not differ (main effect of 376 

articulator (F(2, 174) = 88.71, p < 0.001). Phonological complexity did not affect speech 377 

movement variability in either PWS or PWTF or in any of the articulators measured (main effect 378 

of word was not significant and did not interact with any other factor).   379 

 380 
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In addition, the relationship between lip movement variability data and SSI was assessed for 381 

the pseudoword (‘mabshaytiedoib’). We selected this pseudoword a priori for this analysis as 382 

it is the most complex.  There was no correlation between variability score and SSI score (r = -383 

1.39, p = .177).  384 

 385 

In sum, as for the previous analysis of the shorter pseudowords described above, PWS had 386 

greater movement variability in general relative to PWTF.  For both PWS and PWTF, movement 387 

variability across repeated utterances of 4-syllable pseudowords was most pronounced in the 388 

lip aperture measurements. Speech movement variability was not affected by phonological 389 

complexity.  In addition, there was no relationship between variability and stuttering severity.  390 

 391 

 392 

2. Movement Duration 393 

The duration of responses for repetitions of each pseudoword and participant in the two 394 

groups is plotted in Fig. 5.  395 

 396 
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  397 

Figure 5. Duration of responses. See legend to Fig. 3 for details. 398 

 399 

We examined whether movement durations during fluent repetitions of pseudowords differed 400 

between PWS and PWTF using a linear mixed-effects model to compare pseudowords of 401 

different syllable lengths.  A similar model was run for the four syllable words to compare 402 

phonological complexity.  Fixed-effect terms in each model included group (PWS vs. PWTF) and 403 

word (either 1, 2, and 3 syllables; or simple vs. complex), and the group x word interactions.  404 

The random-effects terms included participant, and the interaction of participant with the 405 

fixed-effects terms of group and word. 406 

 407 

 408 

The overall model predicting duration had a total explanatory power (conditional R2) of 409 

93.79%, in which the fixed effects explain 85.67% of the variance (marginal R2). Within this 410 

model, the main effect of word was significant (note: this was highly expected as words with 411 

more syllables were expected to have longer durations).  In addition, there was a significant 412 
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interaction between group and word (see Fig. 5). This interaction was explored using the full 413 

model results, which are displayed in Supplementary Table 3. The main effect of group was not 414 

significant. 415 

 416 

PWS had significantly longer speech movement durations than PWTF when repeating the 2- (p 417 

= .017) and 3-syllable words (p < .001) compared with the 1-syllable word, and the 3-syllable 418 

pseudoword compared with the two-syllable pseudoword (p <.001) (significant interaction 419 

between group and word (F(2,361.8) = 15.6, p < .001); see Fig. 5). For both groups, movement 420 

durations were longest for repetitions of the 3- compared with the 2- (p < .001) and the 1-421 

syllable pseudowords (p < .001) and were longer for the 2- compared with the 1-syllable 422 

pseudowords (p < .001)  (significant main effect of word (F(2,361.8) = 2618.1, p < .001). The 423 

main effect of group was not significant.  424 

 425 

The effect of phonological complexity on duration 426 

The overall model predicting duration had a total explanatory power (conditional R2) of 427 

94.37%, in which the fixed effects explained 56.79% of the variance (marginal R2). The full 428 

model results are displayed in Supplementary Table 4. PWS had significantly longer movement 429 

durations than PWTF for repetitions of 4-syllable pseudowords (p = 0.004).  This group 430 

difference was significantly more pronounced for repetitions of the complex relative to the 431 

simple pseudowords (p < .001) (significant interaction between group and word). For both PWS 432 

and PWTF, speech movement durations were significantly longer for repetitions of the 433 

complex relative to the simple 4-syllable pseudowords (p < .001). 434 

 435 
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In sum, PWS show longer speech movement durations relative to PWTF.  These group 436 

differences emerge only for repetitions of multi-syllabic pseudowords and were even more 437 

pronounced when the phonological complexity was increased.  Expectedly, durations were 438 

longer for both groups when the number of syllables or the phonological complexity increased. 439 

 440 

 441 

Discussion 442 

 443 

We tested whether there were differences in articulator movements during perceptually fluent 444 

speech between people who stutter (PWS) and people who are typically fluent (PWTF). We 445 

used a novel method, MRI of the vocal tract, to capture movement of the lips, tongue body 446 

and velum of 26 PWS and 20 PWTF as they repeated pseudowords. The pseudowords were 447 

designed to determine the effects of word length (1-3 syllables) and phonological complexity 448 

(Smith et al., 2010). We found differences in the variability of articulator movement and 449 

duration of responses between PWS and PWTF. Overall, the stuttering group repeated the 450 

utterances with more variability than the control group but this effect did not interact with 451 

pseudoword length or phonological complexity. There was a main effect of pseudoword length 452 

that was driven by higher variability scores for the 1-syllable relative to the 2- and 3-syllable 453 

pseudowords. In addition, there was a main effect of articulator, accounted for by lower 454 

variability for velum movements compared with both the lip and tongue movements. There 455 

was no relationship between variability score and stuttering severity. We found an interesting 456 

interaction between pseudoword length and group for the duration measurement, such that 457 

PWS repeated utterances more slowly than PWTF as pseudoword length and phonological 458 
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complexity increased. This work supports previous investigations of speech motor control in 459 

PWS showing a greater amount of variability in the fluent speech movements of PWS 460 

compared to PWTF (Frisch et al., 2016; Howell et al., 2009; Jackson et al., 2016; Loucks & De 461 

Nil, 2006, 2012; Loucks et al., 2007; Sasisekaran, 2013; Smith et al., 2010). We also extend 462 

previous findings by measuring articulators that, until now, have been difficult to capture due 463 

to their position within the vocal tract. Vocal tract MRI is shown to be a useful tool for 464 

measuring movements within the vocal tract with good temporal and spatial precision that is 465 

sensitive enough to measure subtle differences in speech motor control between typical and 466 

clinical groups.  467 

 468 

The results of the current study reveal a strong effect of group on variability with PWS 469 

repeating pseudowords with greater variability than control participants. However, in contrast 470 

to previous findings, we did not find that complexity of the utterance (pseudoword length or 471 

phonological complexity) had an effect on the variability of utterances that was larger for PWS 472 

than PWTF (Kleinow & Smith, 2000; Smith et al., 2010; Soderberg, 1966). Instead we found a 473 

main effect of pseudoword length that was driven by higher variability for the shortest word 474 

compared with longer pseudowords. This was surprising; we expected that the shortest 475 

pseudoword should have the least amount of variability compared with longer pseudowords. 476 

Taken together, our results indicate that PWS have greater variability than PWTF even during 477 

short, simple utterances, possibly more so. It may be that the current study had greater 478 

sensitivity to detect differences during short, simple utterances compared with previous work 479 

due to the large number of participants (N=26). However, this does not explain why, in the 480 

current study, the shortest pseudoword was repeated with greater variability than the other 481 
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longer pseudowords across both group and articulator. Replication of this latter effect is 482 

warranted. 483 

 484 

A key difference in this study compared with the previous one (Smith et al., 2010), which used 485 

the same stimuli, was the measure used to capture variability of the movements. The previous 486 

study used the spatio-temporal index (STI; Riley, 2009) and here, we used the coefficient of 487 

variation (CoV). The key difference between these methods is that the STI uses normalisation 488 

to remove information regarding the amplitude and duration variability in order to determine 489 

variability of the relative timing of the articulator movement. In contrast, CoV captures 490 

variability in amplitude and duration, and normalises for the increased length of the word (as 491 

the standard deviation, is divided by the mean of the utterance). This enables direct 492 

comparison of variability across pseudowords of different lengths. In our opinion, these 493 

differences are unlikely to explain the subtle differences in results between the two studies.  494 

 495 

In addition to measuring the lip aperture to replicate previous work, we aimed to measure the 496 

movement of articulators that were previously difficult to measure non-invasively due to their 497 

positioning within the vocal tract (tongue and velum). This exploits the benefits of vocal tract 498 

MRI. In addition to the lip aperture, we also measured variability for the tongue body and the 499 

velum. There was a strong correlation between the amount of variability for each of the 500 

articulators, but overall, there was less variability for velum movements compared with both 501 

lip and tongue movements. This effect of articulator may be due to the different involvement 502 

of the articulators in each of the utterances. The pseudowords were taken from a previous 503 

study and were designed to contain bi-labial sounds (lip closures) in order to capture the 504 

movements of the lips. The lack of nasals in this specific pseudoword set reduced the amount 505 
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of velum movement required to produce the utterances.  Overall our results suggest that 506 

variability generalises across articulators (e.g. if participants had high variability for the lips, 507 

they were likely to have high variability for the velum and tongue as well). 508 

 509 

Importantly, many PWS have levels of variability that are within the range of PWTF. This means 510 

that increased variability cannot be considered a diagnostic characteristic of developmental 511 

stuttering. Instead, there could be subtypes within PWS whereby reduced control over the 512 

articulators is characteristic of a subset of PWS, only. Interestingly, these potential subgroups 513 

are not explained by severity of stuttering, as there was no relationship between severity (SSI 514 

score) and variability. 515 

 516 

Variability is thought to represent a general measure of speech motor control, in which random 517 

noise is inserted into the motor plan at some stage prior to execution. It is thought that this 518 

noise comes from altered communication within the nervous system; from planning to 519 

execution of speech. For example, reduced connectivity between sensory and motor regions 520 

of the brain in PWS compared with PWTF may introduce noise at the neural level (Connally, 521 

Ward, Howell, & Watkins, 2014; Neef, Anwander, & Friederici, 2015; Neef et al., 2011; Watkins, 522 

Smith, Davis, & Howell, 2008). However, it is clear that this noise cannot be pinned to one 523 

specific process within the nervous system using measures of kinematic variability. In addition, 524 

this noise may also be caused by cognitive or social factors. Variability, as measured here, can 525 

tell us about general differences in the control of speech movements between PWS and PWTF 526 

but cannot reveal the source of such variability.  527 

 528 
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As well as there being ambiguity about the source of variability, it is unclear whether greater 529 

variability has further implications for stuttering. Hypotheses that predict differences in the 530 

feedforward and feedback control of speech (Bohland, Bullock, & Guenther, 2010; Guenther, 531 

2016; Max, Guenther, Gracco, Ghosh, & Wallace, 2004) propose that stuttering is caused by a 532 

discrepancy between the expected utterance (sensory and auditory predictions) and the actual 533 

utterance produced. An error signal may be produced in two ways; either the predictive space 534 

is typical, but the movements fall outside of this range or the movements are the same, but 535 

the prediction space is smaller, resulting in less tolerance of varied movements. Our data 536 

support the first prediction: more variability may lead to greater chance that the sensory-537 

motor feedback will not match with a predicted response resulting in an error signal. The error 538 

signal generated may cause an inhibitory response, leading to a block, repetition or 539 

prolongation of the sound. Thus, even though our analysis was restricted fluent utterances, it 540 

is hypothesised that more variable movements increase the likelihood that the system will act 541 

to inhibit speech.  542 

 543 

Our data failed to reveal a simple linear relationship between the amount of variability and 544 

stuttering severity. This may be explained by the fact that SSI measures a range of 545 

characteristics of stuttering, including duration of stuttered moments and physical 546 

concomitants. In addition, stuttering severity is known to be affected by factors beyond speech 547 

motor control, such as learned anxiety in response to stuttering (Alm, 2014).  548 

 549 

The relationship between variability and severity may be further complicated by compensation 550 

strategies. For example, PWS may reduce their speech rate in order to maintain fluency 551 

(Andrews, Howie, Dozsa, & Guitar, 1982).  As greater demands are placed on the speech motor 552 



 27 

system, it could be that PWS compensate by slowing down their speech (Max, Caruso, & 553 

Gracco, 2003; Peters, Hulstijn, & Starkweather, 1989; Van Lieshout, Hulstijn, & Peters, 1996). 554 

Our data support this hypothesis: some PWS produced utterances with longer durations than 555 

PWTF but only when the pseudowords became more complex (either due to more syllables or 556 

phonological complexity).  Slowing speech rate would allow accumulation of evidence from 557 

feedback (sensory reafference) (Watkins, Chesters, & Connally, 2016). This may be an 558 

automatic response at the neural level or could represent a conscious effort to maintain 559 

fluency. Fluency-enhancing techniques such as altering auditory feedback, choral speaking, 560 

and singing all typically involve slower production and speech and language therapies often 561 

focus on slowing speech rate in order to improve fluency. The participants in our study received 562 

therapy, some of which targeted speech rate. It is therefore plausible that some PWS 563 

consciously slow down their speech when the utterance becomes more difficult. Future studies 564 

should examine the effect of slowing down speech rate on variability.  565 

 566 

In summary, we part-replicated previous findings that show PWS have greater variability in the 567 

movements of the articulators during fluent utterances compared with PWTF (Kleinow & 568 

Smith, 2000; Smith et al., 2010). In addition, we extended our previous knowledge by exploiting 569 

the benefits of vocal tract MRI to measure multiple articulators within the vocal tract. Our 570 

results show that vocal tract MRI is sensitive to subtle differences in articulator movement 571 

between PWS and PWTF, even during perceptually fluent speech.   572 

  573 



 28 

 574 

 575 

Declarations of interest: none  576 

 577 

 578 

Acknowledgements  579 

We would like to thank all of the participants who took part in this study. We would also like 580 

to thank Juliet Semple, Nicola Aikin, Nicola Filippini and Stuart Clare for their MRI support, Dr. 581 

Gabriel Cler for useful discussions, and Louisa Needham for her assistance with data 582 

collection. 583 

 584 

Charlotte Wiltshire was supported by a DPhil scholarship from the Economic and Social 585 

Research Council UK [ES/J500112/1] and the Engineering and Physical Science Research 586 

Council UK [EP/N509711/1]. Mark Chiew is supported by the Royal Academy of Engineering 587 

[RF201617\16\23]. 588 

 589 

This work was supported by the Medical Research Council UK grant [MR/N025539/1]. The 590 

Wellcome Centre for Integrative Neuroimaging is supported by core funding from the 591 

Wellcome Trust [203139/Z/16/Z].  592 

 593 

 594 

  595 



 29 

 596 

References 597 

 598 

Alm, P. A. (2014). Stuttering in relation to anxiety, temperament, and personality: Review and 599 
analysis with focus on causality. Journal of Fluency Disorders, Vol. 40, pp. 5–21. 600 
https://doi.org/10.1016/j.jfludis.2014.01.004 601 

Andrews, G., Howie, P. M., Dozsa, M., & Guitar, B. E. (1982). Stuttering: Speech pattern 602 
characteristics under fluency-inducing conditions. Journal of Speech and Hearing 603 
Research, 25(2), 208–216. https://doi.org/10.1044/jshr.2502.208 604 

Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting linear mixed-effects 605 
models using lme4. Journal of Statistical Software, 67(1). 606 
https://doi.org/10.18637/jss.v067.i01 607 

Bohland, J. W., Bullock, D., & Guenther, F. H. (2010). Neural representations and mechanisms 608 
for the performance of simple speech sequences. Journal of Cognitive Neuroscience, 609 
22(7), 1504–1529. https://doi.org/10.1162/jocn.2009.21306 610 

Carey, D., & McGettigan, C. (2017). Magnetic resonance imaging of the brain and vocal tract: 611 
Applications to the study of speech production and language learning. 612 
Neuropsychologia, 98, 201–211. 613 
https://doi.org/10.1016/j.neuropsychologia.2016.06.003 614 

Choo, A. L., Robb, M. P., Dalrymple-Alford, J. C., Huckabee, M. L., & O’Beirne, G. A. (2010). 615 
Different lip asymmetry in adults who stutter: Electromyographic evidence during 616 
speech and non-speech. Folia Phoniatrica et Logopaedica, 62(3), 143–147. 617 
https://doi.org/10.1159/000287213 618 

Connally, E. L., Ward, D., Howell, P., & Watkins, K. E. (2014). Disrupted white matter in 619 
language and motor tracts in developmental stuttering. Brain and Language, 131, 25–620 
35. https://doi.org/10.1016/j.bandl.2013.05.013 621 

De Andrade, C. R. F., Sassi, F. C., Juste, F., & De Mendonça, L. I. Z. (2008). Persistent 622 
developmental stuttering as a cortical-subcortical dysfunction: Evidence from muscle 623 
activation. Arquivos de Neuro-Psiquiatria, 66(3 B), 659–664. 624 
https://doi.org/10.1590/S0004-282X2008000500010 625 

de Felício, C. M., Freitas, R. L. R. G., Vitti, M., & Regalo, S. C. H. (2007). Comparison of upper 626 
and lower lip muscle activity between stutterers and fluent speakers. International 627 
Journal of Pediatric Otorhinolaryngology, 71(8), 1187–1192. 628 
https://doi.org/10.1016/j.ijporl.2007.04.008 629 

Frisch, S. A., Maxfield, N., & Belmont, A. (2016). Anticipatory coarticulation and stability of 630 
speech in typically fluent speakers and people who stutter. Clinical Linguistics and 631 
Phonetics, 30(3–5), 277–291. https://doi.org/10.3109/02699206.2015.1137632 632 

Guenther, F. H. (2016). Neural Control of Speech. MIT press. 633 
Howell, P., Anderson, A. J., Bartrip, J., & Bailey, E. (2009). Comparison of acoustic and 634 

kinematic approaches to measuring utterance-level speech variability. Journal of Speech, 635 
Language, and Hearing Research, 52(4), 1088–1096. https://doi.org/10.1044/1092-636 
4388(2009/07-0167) 637 

Jackson, E. S., Tiede, M., Beal, D., & Whalen, D. H. (2016). The impact of social–cognitive 638 



 30 

stress on speech variability, determinism, and stability in adults who do and do not 639 
stutter. Journal of Speech, Language, and Hearing Research, 59(6), 1295–1314. 640 
https://doi.org/10.1044/2016_JSLHR-S-16-0145 641 

Kim, J., Kumar, N., Lee, S., & Narayanan, S. (2014). Enhanced airway-tissue boundary 642 
segmentation for real-time magnetic resonance imaging data. Proceedings of the 2014 643 
International Seminar of Speech Production, 222–225. Retrieved from 644 
http://sail.usc.edu/old/software/rtmri 645 

Kleinow, J., & Smith, A. (2000). Influences of Length and Syntactic Complexity on the Speech 646 
Motor Stability of the Fluent Speech of Adults Who Stutter. Journal of Speech, Language, 647 
and Hearing Research, 43(2), 548–559. https://doi.org/10.1044/jslhr.4302.548 648 

Knoll, F., Bredies, K., Pock, T., & Stollberger, R. (2011). Second order total generalized 649 
variation (TGV) for MRI. Magnetic Resonance in Medicine, 65(2), 480–491. 650 
https://doi.org/10.1002/mrm.22595 651 

Krueger, C., & Tian, L. (2004). A comparison of the general linear mixed model and repeated 652 
measures ANOVA using a dataset with multiple missing data points. Biological Research 653 
for Nursing, 6(2), 151–157. https://doi.org/10.1177/1099800404267682 654 

Loucks, T. M., & De Nil, L. (2006). Oral kinesthetic deficit in adults who stutter: A target-655 
accuracy study. Journal of Motor Behavior, 38(3), 238–246. 656 
https://doi.org/10.3200/JMBR.38.3.238-247 657 

Loucks, T. M., & De Nil, L. (2012). Oral sensorimotor integration in adults who stutter. Folia 658 
Phoniatrica et Logopaedica, 64(3), 116–121. https://doi.org/10.1159/000338248 659 

Loucks, T. M., De Nil, L., & Sasisekaran, J. (2007). Jaw-phonatory coordination in chronic 660 
developmental stuttering. Journal of Communication Disorders, 40(3), 257–272. 661 
https://doi.org/10.1016/j.jcomdis.2006.06.016 662 

Lüdecke, D. (2019). sjstats: Statistical Functions for Regression Models. 663 
https://doi.org/10.5281/zenodo.1284472 664 

Luke, S. G. (2017). Evaluating significance in linear mixed-effects models in R. Behavior 665 
Research Methods, 49(4), 1494–1502. https://doi.org/10.3758/s13428-016-0809-y 666 

MacPherson, M. K., & Smith, A. (2013). Influences of sentence length and syntactic 667 
complexity on the speech motor control of children who stutter. Journal of Speech, 668 
Language, and Hearing Research, 56(1), 89–102. https://doi.org/10.1044/1092-669 
4388(2012/11-0184) 670 

Max, L., Caruso, A. J., & Gracco, V. L. (2003). Kinematic analyses of speech, orofacial 671 
nonspeech, and finger movements in stuttering and nonstuttering adults. Journal of 672 
Speech, Language, and Hearing Research, 46(1), 215–232. 673 
https://doi.org/10.1044/1092-4388(2003/017) 674 

Max, L., Guenther, F. H., Gracco, V. L., Ghosh, S. S., & Wallace, M. E. (2004). Unstable or 675 
insufficiently activated internal models and feedback-biased motor control as sources of 676 
dysfluency: A theoretical model of stuttering. Contemporary Issues in Communication 677 
Science and Disorders, 31, 105–122. Retrieved from 678 
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.4.3841 679 

McClean, M. D., & Tasko, S. M. (2004, December). Correlation of orofacial speeds with voice 680 
acoustic measures in the fluent speech of persons who stutter. Experimental Brain 681 
Research, Vol. 159, pp. 310–318. https://doi.org/10.1007/s00221-004-1952-8 682 

Namasivayam, A. K., & van Lieshout, P. (2008). Investigating speech motor practice and 683 
learning in people who stutter. Journal of Fluency Disorders, 33(1), 32–51. 684 
https://doi.org/10.1016/j.jfludis.2007.11.005 685 



 31 

Neef, N. E., Anwander, A., & Friederici, A. D. (2015). The Neurobiological Grounding of 686 
Persistent Stuttering: from Structure to Function. Current Neurology and Neuroscience 687 
Reports, Vol. 15. https://doi.org/10.1007/s11910-015-0579-4 688 

Neef, N. E., Jung, K., Rothkegel, H., Pollok, B., von Gudenberg, A. W., Paulus, W., & Sommer, 689 
M. (2011). Right-shift for non-speech motor processing in adults who stutter. Cortex, 690 
47(8), 945–954. https://doi.org/10.1016/j.cortex.2010.06.007 691 

Niebergall, A., Zhang, S., Kunay, E., Keydana, G., Job, M., Uecker, M., & Frahm, J. (2013). Real-692 
time MRI of speaking at a resolution of 33 ms: Undersampled radial FLASH with 693 
nonlinear inverse reconstruction. Magnetic Resonance in Medicine, 69(2), 477–485. 694 
https://doi.org/10.1002/mrm.24276 695 

Peters, H., Hulstijn, W., & Starkweather, C. W. (1989). Acoustic and physiological reaction 696 
times of stutterers and nonstutterers. Journal of Speech and Hearing Research, 32(3), 697 
668–680. https://doi.org/10.1044/jshr.3203.668 698 

R Core Team. (2019). R: A language and environment for statistical computing. R Foundation 699 
for Statistical Computing. 700 

Ramanarayanan, V., Goldstein, L., Byrd, D., & Narayanan, S. (2013). An investigation of 701 
articulatory setting using real-time magnetic resonance imaging. The Journal of the 702 
Acoustical Society of America, 134(1), 510–519. https://doi.org/10.1121/1.4807639 703 

Riley, G. (2009). SSI-4 stuttering severity instrument fourth edition. Retrieved from 704 
https://www.proedinc.com/Products/13025/ssi4-stuttering-severity-instrument--fourth-705 
edition.aspx?bCategory=ola!flu 706 

Sasisekaran, J. (2013). Nonword repetition and nonword reading abilities in adults who do 707 
and do not stutter. Journal of Fluency Disorders, 38(3), 275–289. 708 
https://doi.org/10.1016/j.jfludis.2013.06.001 709 

Smith, A., Goffman, L., Sasisekaran, J., & Weber-Fox, C. (2012). Language and motor abilities 710 
of preschool children who stutter: Evidence from behavioral and kinematic indices of 711 
nonword repetition performance. Journal of Fluency Disorders, 37(4), 344–358. 712 
https://doi.org/10.1016/j.jfludis.2012.06.001 713 

Smith, A., Goffman, L., Zelaznik, H. N., Ying, G., & McGillem, C. (1995). Spatiotemporal 714 
stability and patterning of speech movement sequences. Experimental Brain Research, 715 
104(3), 493–501. https://doi.org/10.1007/BF00231983 716 

Smith, A., Sadagopan, N., Walsh, B., & Weber-Fox, C. (2010). Increasing phonological 717 
complexity reveals heightened instability in inter-articulatory coordination in adults who 718 
stutter. Journal of Fluency Disorders, 35(1), 1–18. 719 
https://doi.org/10.1016/j.jfludis.2009.12.001 720 

Snyder, G. J., Waddell, D., Blanchet, P., & Ivy, L. J. (2009). Effects of digital vibrotactile speech 721 
feedback on overt stuttering frequency. Perceptual and Motor Skills, 108(1), 271–280. 722 
https://doi.org/10.2466/PMS.108.1.271-280 723 

Soderberg, G. A. (1966). The Relations of Stuttering to Word Length and Word Frequency. 724 
Journal of Speech and Hearing Research, 9(4), 584–589. 725 
https://doi.org/10.1044/jshr.0904.584 726 

Tasko, S. M., McClean, M. D., & Runyan, C. M. (2007). Speech motor correlates of treatment-727 
related changes in stuttering severity and speech naturalness. Journal of Communication 728 
Disorders, 40(1), 42–65. https://doi.org/10.1016/j.jcomdis.2006.04.002 729 

Usler, E., Smith, A., & Weber-Fox, C. (2017). A lag in speech motor coordination during 730 
sentence production is associated with stuttering persistence in young children. Journal 731 
of Speech, Language, and Hearing Research, 60(1), 51–61. 732 



 32 

https://doi.org/10.1044/2016_JSLHR-S-15-0367 733 
Van Lieshout, P., Ben-David, B., Lipski, M., & Namasivayam, A. K. (2014). The impact of threat 734 

and cognitive stress on speech motor control in people who stutter. Journal of Fluency 735 
Disorders, 40, 93–109. https://doi.org/10.1016/j.jfludis.2014.02.003 736 

Van Lieshout, P., Hulstijn, W., & Peters, H. (1996). From planning to articulation in speech 737 
production: What differentiates a person who stutters from a person who does not 738 
stutter? Journal of Speech, Language, and Hearing Research, 39(3), 546–564. 739 
https://doi.org/10.1044/jshr.3903.546 740 

Walsh, B., Mettel, K. M., & Smith, A. (2015). Speech motor planning and execution deficits in 741 
early childhood stuttering. Journal of Neurodevelopmental Disorders, 7(1), 1–12. 742 
https://doi.org/10.1186/s11689-015-9123-8 743 

Walsh, B., & Smith, A. (2013). Oral electromyography activation patterns for speech are 744 
similar in preschoolers who do and do not stutter. Journal of Speech, Language, and 745 
Hearing Research, 56(5), 1441–1454. https://doi.org/10.1044/1092-4388(2013/12-746 
0177) 747 

Watkins, K. E., Chesters, J., & Connally, E. L. (2016). The Neurobiology of Developmental 748 
Stuttering. In Neurobiology of Language (pp. 995–1004). https://doi.org/10.1016/b978-749 
0-12-407794-2.00079-1 750 

Watkins, K. E., Smith, S., Davis, S., & Howell, P. (2008). Structural and functional abnormalities 751 
of the motor system in developmental stuttering. Brain, 131(1), 50–59. 752 
https://doi.org/10.1093/brain/awm241 753 

Wiltshire, C. E. E. (2019). Investigating speech motor control using vocal tract imaging, fMRI, 754 
and brain stimulation (University of Oxford). Retrieved from 755 
https://ora.ox.ac.uk/objects/uuid:c563f57b-f768-4e26-a886-8f91b84d6c5a 756 

 757 
 758 
 759 
 760 
 761 
 762 
 763 
 764 
 765 
 766 
 767 
 768 
 769 
 770 
 771 
 772 
 773 
 774 
 775 
  776 



 33 

Supplementary Materials 777 

Full model outputs 778 

Table 1 Effect of word length on variability 779 



 34 

    Variability (CoV)  

Predictors  std. Beta 
 

Estimates CI p 

(Intercept)   0.24 0.22 – 0.26 <0.001 

Group   PWS:PWTF  -0.14 -0.07 -0.11 – -0.03  <0.001 

Word   1:2  -0.10 -0.05 -0.08 – -0.02 0.001 

Word   1:3  0.22 -0.05 -0.09 – -0.02 0.002 

Word   2:3  0.05 0.03 -0.01 – 0.06 0.102 

Articulator   Lip:Velum  0.09 -0.10 -0.13 – -0.08 <0.001 

Articulator   Lip:Tongue  -0.33 -0.10 -0.12 – -0.08 <0.001 

Articulator   Velum:Tongue  -0.09 0.01 -0.02 – 0.03 0.611 

Group PWS:PWTF   * word 1:2  0.08 0.02 -0.03 – 0.06 0.490 

Group PWS:PWTF * word 1:3  -0.64 0.01 -0.04 – 0.06 0.778 

Group PWS:PWTF * word 2:3  0.23 -0.01 -0.06 – 0.04 0.688 

Word1:2 *  Lip:Velum  0.03 0.02 -0.01 – 0.05 0.181 

Word1:3 *  Lip:Velum  0.36 0.05 0.02 – 0.08 0.003 

Word2:3  * Lip:Velum  -0.08 0.03 -0.01 – 0.06 0.098 

Word1:2 * Lip:Tongue  -0.09 0.05 0.02 – 0.09 0.001 

Word1:3 * Lip:Tongue  0.29 0.09 0.06 – 0.12 <0.001 

Word2:3 * Lip:Tongue  0.11 0.03 0.00 – 0.07 0.040 

Word1:2 * Velum:Tongue  0.06 0.03 -0.00 – 0.06 0.051 

Word1:3 * Velum:Tongue  0.13 0.04 0.01 – 0.07 0.021 

Word2:3 * Velum:Tongue  0.08 0.01 -0.03 – 0.04 0.691 

Group PWS:PWTF * Lip:Velum  -0.33 0.05 0.02 – 0.09 0.005 

Group  PWS:PWTF * Lip:Tongue  -0.44 0.06 0.03 – 0.10 <0.001 

Group PWS:PWTF * Velum:Tongue  -0.12 0.01 -0.02 – 0.05 0.489 

Group PWS:PWTF * Word 1:2 * Lip:Velum  -0.61 -0.03 -0.08 – 0.02 0.189 

Group PWS:PWTF * Word 1:3 * Lip:Velum  0.36 -0.03 -0.08 – 0.02 0.179 
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Group PWS:PWTF * Word 2:3 * Lip:Velum  0.00 0.00 -0.05 – 0.05 0.968 

Group PWS:PWTF * Word 1:2 * Lip:Tongue  -0.09 -0.04 -0.09 – 0.01 0.168 

Group PWS:PWTF * word 1:3 * Lip:Tongue  0.29 -0.05 -0.10 – -0.00 0.045 

Group PWS:PWTF * Word 2:3 * Lip:Tongue  0.10 -0.02 -0.07 – 0.03 0.527 

Group PWS:PWTF * Word 1:2 * Velum:Tongue  0.64 -0.00 -0.05 – 0.05 0.949 

Group PWS:PWTF * Word 1:3 * Velum:Tongue  0.09 -0.02 -0.07 – 0.03 0.509 

Group PWS:PWTF * Word 2:3 * Velum:Tongue  -0.04 -0.02 -0.07 – 0.04 0.553 

Random Effects   

Marginal R2   0.261 

Conditional R2   0.698 

N participant   48 

Observations   411 

R formula = variability ~ group * word * articulator + (1 + word | p_code), REML = TRUE, contrasts = contra.sum) 

 
 
 
    

 780 
  781 
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Table 2. Effect of phonological complexity on variability.  782 
 783 

   Variability (CoV) 

Predictors Std. Beta Estimates CI p 

(Intercept)  0.18 0.15 – 0.20 <0.001 

Group  PWS:PWTF -0.26 -0.04 -0.08 – 0.00 0.077 

Word   4c:4s -0.04 -0.00 -0.03 – 0.03 0.932 

Articulator   Lip:Velum. -0.11 -0.05 -0.08 – -0.03 <0.001 

Articulator   Lip:Tongue -0.15 -0.02 -0.05 – 0.00 0.086 

Articulator   Velum:Tongue 0.11 0.03 0.01 – 0.06 0.008 

Group PWS:PWTF * Word 4c:4s -0.38 0.02 -0.02 – 0.07 0.382 

Word 4c:4s * Lip:Velum -0.01 -0.02 -0.05 – 0.02 0.275 

Word 4c:4s *  Lip:Tongue 0.00 -0.00 -0.04 – 0.03 0.894 

Word 4c:4s * Velum:Tongue 0.00 0.02 -0.02 – 0.05 0.337 

Group PWS:PWTF * Lip:Velum -0.02 0.00 -0.04 – 0.04 0.981 

Group PWS:PWTF * Lip:Tongue -0.01 -0.01 -0.05 – 0.03 0.714 

Group PWS:PWTF * word 4c:4s * Lip:Velum -0.02 -0.01 -0.06 – 0.04 0.706 

Group PWS:PWTF * word 4c:4s * Lip:Tongue 0.12 -0.01 -0.06 – 0.05 0.822 

Group PWS:PWTF * Word 4c:4s * Velum:Tongue 0.04 0.00 -0.05 – 0.06 0.878 

Random Effects  

Marginal R2   0.210 

Conditional R2  0.587 

N participant  47 

Observations  273 

R formula = variability ~ group * word * articulator + (1 + word | p_code), REML= TRUE, contrasts = contra.sum 

 784 
  785 



 37 

Table 3. Effect of word length on duration 786 
   Mean Duration (frames) 

Predictors Std. Beta Estimates CI p 

(Intercept)  6.87 5.46 – 8.29 <0.001 

Group  PWS:PWTF 0.03 0.82 -1.37 – 3.00 0.465 

Word   1:2 0.63 15.75 14.83 – 16.67 <0.001 

Word   1:3 1.12 28.57 27.62 – 29.52 <0.001 

Word   2:3 0.5 12.82 11.87 – 13.76 <0.001 

Group PWS:PWTF * Word 1:2 -0.05 -1.74 -3.16 – -0.31 0.017 

Group PWS:PWTF * Word 1:3 -0.12 -4.10 -5.54 – -2.66 <0.001 

Group PWS:PWTF * Word 2:3 -0.07 -2.36 -3.81 – -0.92 0.001 

Random Effects  

Marginal R2   0.857 

Conditional R2  0.938 

N participant  48 

Observations  411 

R formula = mean_duration ~ group * word + (1 | p_code), REML = TRUE, contrasts = contr.sum 

 787 
 788 
Table 4. Effect of phonological complexity on duration 789 

   Mean Duration (frames) 

Predictors Std. Beta Estimates CI p 

(Intercept)  49.33 46.55 – 52.10 <0.001 

group PWS:PWTF -0.26 -6.21 -10.47 – -1.96 0.004 

Word 4c:4s -0.77 -17.82 -18.69 – -16.95 <0.001 

Group PWS:PWTF * word 4c:4s 0.09 2.51 1.15 – 3.87 <0.001 

Random Effects  

Marginal R2   0.568 / 

Conditional R2  0.944 

N p_code  47 

Observations  273 

R formula = mean_duration ~ group * word + (1 | p_code), REML = TRUE, contrasts = contr.sum 

   

 790 


