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Abstract 18 
When auditory feedback is perturbed in a consistent way, speakers learn to adjust their speech to 19 
compensate, a process known as sensorimotor adaptation. While this paradigm has been highly 20 
informative for our understanding of the role of sensory feedback in speech motor control, its 21 
ability to induce behaviorally-relevant changes in speech that affect communication effectiveness 22 
remains unclear. Because reduced vowel contrast contributes to intelligibility deficits in many 23 
neurogenic speech disorders, we examine human speakers’ ability to adapt to a non-uniform 24 
perturbation field which was designed to affect vowel distinctiveness, applying a shift that 25 
depended on the vowel being produced. Twenty-five participants were exposed to this “vowel 26 
centralization” feedback perturbation in which the first to formant frequencies were shifted 27 
towards the center of each participant’s vowel space, making vowels less distinct from one 28 
another. Speakers adapted to this non-uniform shift, learning to produce corner vowels with 29 
increased vowel space area and vowel contrast to partially overcome the perceived 30 
centralization. The increase in vowel contrast occurred without a concomitant increase in 31 
duration and persisted after the feedback shift was removed, including after a 10-minute silent 32 
period. These findings establish the validity of a sensorimotor adaptation paradigm to increase 33 
vowel contrast, showing that complex, non-uniform alterations to sensory feedback can 34 
successfully drive changes relevant to intelligible communication. 35 
 36 

New & Noteworthy  37 
To date, the speech motor learning evoked in sensorimotor adaptation studies has had little 38 
ecological consequences for communication. By inducing complex, non-uniform acoustic errors, 39 
we show that adaptation can be leveraged to cause an increase in speech sound contrast, a change 40 
that has the capacity to improve intelligibility. This study is relevant for models of sensorimotor 41 
integration across motor domains, showing that complex alterations to sensory feedback can 42 
successfully drive changes relevant to ecological behavior. 43 
 44 

Keywords 45 
speech motor control, sensorimotor adaptation, motor learning, speech intelligibility, vowel 46 
contrast  47 
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Introduction 48 
Real-time alterations of auditory feedback have been used extensively over the past 20 49 

years to probe the sensorimotor control system for speech. In these studies, speech is recorded, 50 
processed, altered, and played back to participants in near real-time, enabling experimental 51 
manipulation of acoustic parameters. For example, altering the first and second resonant 52 
frequencies of the vocal tract, or formants (F1/F2), can cause the perception of a different vowel 53 
(Houde and Jordan 1998, 2002; Lametti et al. 2018; Munhall et al. 2009; Parrell et al. 2017; 54 
Purcell and Munhall 2006; Rochet-Capellan and Ostry 2011; Villacorta et al. 2007). Over the 55 
course of many repetitions, participants learn to alter their speech to oppose the perturbation, a 56 
process known as sensorimotor adaptation. The ability of sensorimotor adaptation to cause rapid 57 
changes in speech without conscious control or awareness (Munhall et al. 2009) has made it a 58 
promising potential avenue for rehabilitation in motor disorders, where current treatments rely on 59 
intensive training over an extended time period. However, this promise remains unfulfilled, as 60 
most current adaptation paradigms lack behaviorally-relevant outcomes (Roemmich and Bastian 61 
2018). In speech, the vast majority of studies to date have examined a single vowel (often a 62 
single word), with a single perturbation in F1/F2 space. While this paradigm can cause local 63 
changes in the production of a particular vowel, these changes have little ecological 64 
consequences for communication. 65 

Critically, the intelligibility impairments prevalent in many speech disorders have been 66 
linked to acoustic parameters that adaptation can target: formant contrast between different 67 
vowels (Ansel and Kent 1992; Bang et al. 2013; Kim et al. 2011; Neel 2008; Skodda et al. 2011; 68 
Tjaden et al. 2005; Weismer et al. 2001). An increase in this contrast is often taken as an 69 
outcome metric in research on speech rehabilitation (Lam and Tjaden 2016; Sapir et al. 2007; 70 
Tjaden et al. 2013; Tjaden and Wilding 2004; Whitfield and Goberman 2014). Because 71 
increasing contrast in acoustic space relies on changing the produced formant frequencies for 72 
different vowels, this is a particularly promising avenue for the application of sensorimotor 73 
adaptation, though it would necessarily entail more complex perturbation paradigms. A few 74 
studies have begun to move beyond the common paradigm of single perturbations applied to a 75 
single vowel. Recent work has shown that speakers will adapt to a constant perturbation applied 76 
to read sentences (Lametti et al. 2018), and can simultaneously adapt to two opposite 77 
perturbations that are applied to different monosyllabic words, even when these words share the 78 
same vowel (Rochet-Capellan and Ostry 2011). Together, these results indicate that more 79 
complex paradigms, such as those that would be needed to enhance vowel contrasts globally, are 80 
learnable. 81 

In the current study, we implemented an auditory perturbation explicitly designed to 82 
enhance the acoustic contrast between vowels. We accomplished this through a non-uniform 83 
formant perturbation paradigm that pushes all vowels towards the center of the vowel space 84 
(Figure 1A), making them less distinct from one another. We measured how participants adapt 85 
their speech to oppose this perturbation, and test whether this leads to increased vowel contrast in 86 
the four “corner” vowels of English (/i/ as in bead, /æ/ as in bad, /ɑ/ as in bod, and /u/ as in 87 
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booed). We additionally tested how these changes were retained immediately after the 88 
perturbation was removed as well as after a 10-minute delay. To control for any changes in 89 
speech over the course of the experiment, all participants completed an additional control session 90 
with the same structure as the main adapt session, only with no auditory perturbation applied. 91 
We include two global measures of speech articulation as outcome variables. Vowel space area 92 
(VSA), the area of the irregular quadrilateral formed by the four corner vowels (Neel 2008), is 93 
the most common metric of global vowel contrast and allows us to compare our results to 94 
previous work. We also include a measure of average vowel spacing (AVS), the average of the 95 
pairwise distances between the four vowels, which may be more sensitive to changes in vowel 96 
contrast and a better predictor of intelligibility (Neel 2008). To disambiguate whether changes in 97 
speech production are caused by sensorimotor adaptation or by a general hyperarticulation 98 
mechanism that occurs in contexts that encourage clearer speech, we include measures of 99 
duration and several other speech parameters associated with clear speech (pitch range, 100 
maximum pitch, and amplitude). 101 

  102 
--- Figure 1 --- 103 

 104 

Materials and Methods 105 

Participants 106 
Twenty-five participants were tested in the current study (21 female/4 male, mean age ± standard 107 
deviation: 20.4 ± 2.9 years). This is slightly larger than previous studies on sensorimotor 108 
adaptation in speech, most of which have used 10-20 participants (e.g., Lametti et al. 2018; 109 
Munhall et al. 2009; Villacorta et al. 2007). All participants were native speakers of American 110 
English, without any reported history of neurological, speech, or hearing disorders. Participants 111 
gave informed consent prior to participation in the study and were compensated either 112 
monetarily or with course credit. All procedures were approved by the Institutional Review 113 
Board of the University of Wisconsin–Madison.  114 
 115 
Auditory perturbation 116 
Auditory feedback was recorded, altered, and played back to participants using Audapter (Cai et 117 
al. 2008; Tourville et al. 2013). Speech was recorded at 16 kHz via a head-mounted microphone 118 
(AKG C520), digitized with a Focusrite Scarlett sound card, and sent to a desktop workstation. 119 
The speech signal was then perturbed using Audapter, which identifies the vowel formants using 120 
linear predictive coding (LPC) and filters the speech signal to introduce a shift to those formants 121 
(details of the applied shift are given below). If no shift is applied, Audapter outputs the 122 
unmodified input signal with the same processing delay. The output of Audapter was played 123 
back to participants via closed-back circumaural headphones (Beyerdynamic DT 770) through 124 
all phases of the experiment. The measured latency of audio playback on our system was ~18 125 
ms. Speech was played back at a volume of approximately 80 dB SPL and mixed with speech-126 
shaped noise at approximately 60 dB SPL. The noise served to mask potential perception of the 127 
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participants’ own unaltered speech, which may have otherwise been perceptible through air or 128 
bone conduction. 129 
 We employed a modified version of Audapter that is able to specify formant 130 
perturbations as a function of the current values of F1 and F2. A participant-specific perturbation 131 
field was calculated such that all vowels were pushed towards the center of that particpant’s 132 
vowel space (Fig. 1A). This central point was defined as the centroid of the quadrilateral formed 133 
by the four corner vowels of English (/i/, /æ/, /ɑ/, /u/). The magnitude of the perturbation was 134 
defined as a percentage of the distance between the currently produced vowel formants and the 135 
center of the vowel space. The magnitude varied across the experiment, ramping up to 50% of 136 
the distance between the current formant values and those at the center of the vowel space (Fig. 137 
1B). Acoustically, this had the effect of centralizing all produced vowels. 138 
 139 
Stimuli and trial structure 140 
Stimuli consisted of four English words containing the four corner vowels in a /bVd/ context: 141 
bead, bad, bod, and booed (containing the vowels /i/, /æ/, /ɑ/, and /u/, respectively). Stimuli were 142 
presented on an LED computer screen, with one word presented per trial. Participants were 143 
instructed to read each word out loud as it appeared. Each stimulus was presented for 1.5 s. The 144 
interstimulus interval was randomly jittered between 0.75-1.5 s. All participants produced the 145 
stimuli with the intended vowels. Stimuli were randomly ordered within groups of four trials 146 
during the experiment, such that each word was repeated once per group. 147 
 148 
Experimental Procedures 149 
The experiment consisted of six phases (below). Participants received auditory feedback through 150 
headphones in all phases of the experiment.  151 

1. A 40-trial calibration phase, which was used to define a participant-specific LPC order 152 
for formant tracking in Audapter. No perturbation was given during the calibration phase. 153 

2. A 60-trial baseline phase, which was used to measure the participants’ baseline formant 154 
values for the four corner vowels of English. No perturbation was given during the 155 
baseline phase. These values were used to calculate the participant-specific perturbation 156 
field. 157 

3. A 40-trial ramp phase. During the ramp phase, the magnitude of the perturbation was 158 
increased by 5% of the distance to the vowel space center at the start of each group of 159 
four trials, up to 50%. 160 

4. A 320-trial hold phase. During the hold phase, the magnitude of the perturbation was held 161 
at 50% of the distance to the vowel space center. 162 

5. A 40-trial washout phase. No perturbation was given during the washout phase. 163 
6. A 40-trial retention phase. A 10 minute break was given in between the washout and 164 

retention phases. Participants were allowed to read during this time, but not to talk. No 165 
perturbation was given during the retention phase. 166 

 167 
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A self-timed short break was given every 30 trials.  168 
To control for possible changes in vowel space area that may occur over the course of 169 

producing 500 words, each participant also completed a control session, which had the same 170 
structure as the adapt session but without any auditory perturbations. All participants completed 171 
both adapt and control sessions, with at least one week between sessions (mean time between 172 
sessions ± standard deviation: 8.36 ± 3.3 days). The order of the sessions was counterbalanced 173 
across participants. 174 

After the end of the second session, participants completed a brief questionnaire that 175 
assessed their awareness of the perturbation as well as any potential strategies they used during 176 
the study. Participants were initially told there were two groups: a group that received a 177 
perturbation to the auditory feedback in both sessions and a group that did not receive a 178 
perturbation in either session (all participants received a perturbation in one session). They were 179 
asked which group they thought they were in and, if they selected the perturbed group, what they 180 
thought the perturbation was. Subsequently, participants were asked if they adopted any 181 
strategies during either session of the experiment. 182 
 183 
Quantification and statistical analysis 184 
Formant data were tracked using wave_viewer (Niziolek and Houde 2015), which provides a 185 
MATLAB GUI interface to formant tracking using Praat (Boersma and Weenink 2019). LPC 186 
order and pre-emphasis values were set individually for each participant. Vowels were initially 187 
automatically identified by locating the samples which were above a participant-specific 188 
amplitude level. Subsequently, all trials were hand-checked for errors. Errors in formant tracking 189 
were corrected by adjusting the pre-emphasis value or LPC order. Errors in the location of vowel 190 
onset and offset were corrected by hand-marking these times using the audio waveform and 191 
spectrogram. A small number of trials were excluded due to errors in production (i.e., the 192 
participant said the wrong word), disfluencies, or unresolvable errors in formant tracking. Across 193 
participants, 1.6% of trials were excluded (0-8%). Single values for F1 and F2 were measured for 194 
each trial as the average of these formants during the middle 50% of the vowel (steady-state 195 
portion). These formant values were converted to mels for calculating AVS and VSA. Because 196 
vowel production is inherently variable, both AVS and VSA were calculated in bins of 40 trials, 197 
using the average formants from 10 repetitions of each stimulus word. AVS and VSA were 198 
normalized by dividing these raw values by the values measured during the 60-trial baseline 199 
phase, giving a measure of the percentage change from baseline across the experiment. 200 
 Normalized measures were calculated for each participant during the last 40 trials of the 201 
hold phase (adaptation), during the washout phase, and during the retention phase for both adapt 202 
and control sessions. Because the control session accounts for any overall change in production 203 
during the course of 500 trials, a repeated-measures ANOVA with main effects of phase and 204 
session, as well as their interaction, was used to test for differences between adaptation, washout, 205 
and retention, as well as between adapt and control sessions. Post-hoc tests were conducted using 206 
the Tukey-Kramer method with α = 0.05 to correct for multiple comparisons. To additionally test 207 
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for changes in absolute value from the baseline within each session, two-tailed t-tests were used 208 
to determine whether the values in each phase differed from the baseline phase (where 209 
normalized AVS and VSA were, by definition, equal to 1). Holm-Bonferroni corrections were 210 
used to maintain an overall session-wise α of 0.05. 211 
 In addition to these global measures of vowel contrast, we evaluated the changes in each 212 
of the four corner vowels independently for both the adapt and control sessions. To do this, we 213 
calculated each trial’s Euclidean distance in F1/F2 space from the center of the vowel 214 
quadrilateral in the baseline phase (see Fig. 1A). Adaptation magnitude was then defined as the 215 
change in this distance-from-the-center between the baseline phase and each of the three test 216 
phases (adaptation, washout, and retention). This procedure was performed for both the adapt 217 
and control sessions. We evaluated adaptation magnitude through repeated-measures ANOVAs 218 
with fixed effects of vowel, phase, and session, as well as their interactions. Post-hoc tests were 219 
conducted using the Tukey-Kramer method with α = 0.05 to correct for multiple comparisons. 220 
Two-tailed t-tests, with Holm-Bonferroni corrections, were used to determine if these values 221 
differed from the baseline value of 0. 222 
 In order to facilitate comparison with previous work (Lametti et al. 2018), we 223 
additionally measured the magnitude of the changes in vowel production that directly opposed 224 
the perturbation (compensation). We first calculated the difference in F1/F2 space between the 225 
average values in each test phase and the average values in the baseline phase. This difference 226 
vector, representing change from baseline, was then projected onto the inverse of the vector 227 
defining the average perturbation for that vowel, calculated from all trials in the baseline phase, 228 
to yield the measure of compensation (Figure S4A). In other words, compensation is the 229 
component of the deviation that directly opposed the formant shift. We measured compensation 230 
both in mels and as a percentage of the perturbation. This procedure was performed for both the 231 
adapt and control sessions.  232 
 We additionally evaluated the variability of vowel production. For each participant, we 233 
measured the standard deviation of each vowel in both F1 and F2 separately for each phase in 234 
both sessions. We then used these standard deviation measurements in separate repeated-235 
measures ANOVAs to analyze variability in F1 and F2. Each model had fixed factors of vowel, 236 
session, and phase, as well as all two-way interactions between these terms. Post-hoc tests were 237 
conducted using the Tukey-Kramer method with α = 0.05 to correct for multiple comparisons.  238 
 In order to test for any differences in baseline vowel contrast between the two sessions, 239 
we examined raw (non-normalized) AVS and VSA values. Repeated-measures ANOVAS with 240 
fixed factors of session and session order (adapt first vs. control first) were used to assess any 241 
potential differences.  242 
 Lastly, we evaluated any potential changes in a broad range of speech parameters that are 243 
associated with hyperarticulation and clear speech. In order to adapt to the vowel-centralization 244 
perturbation, participants must produce more extreme versions of vowels that lie farther away 245 
from the center of their vowel space. A similar increase in vowel space occurs when speakers 246 
pronounce words more clearly than they are normally pronounced, often referred to as 247 
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hyperarticulation (Baker and Bradlow 2009; Lindblom 1990). Importantly, all circumstances 248 
known to induce hyperarticulation also result in increases in vowel duration and often affect 249 
other parameters of speech as well. We measured vowel duration (in ms), maximum intensity (as 250 
measured from the root mean square signal from Audapter in arbitrary units), maximum vocal 251 
pitch (in Hz), and pitch range (in Hz). All of these measures were normalized by subtracting the 252 
average value in the baseline from the remaining trials. Repeated-measures ANOVAs were used 253 
to evaluate statistical significance. 254 
 255 
Data and Code Availability 256 
Analysis code is available on GitHub at https://github.com/blab-lab/vsaCentralize. Some 257 
functions rely on additional code available at https://github.com/carrien/free-speech. 258 
 259 

Results 260 

Speakers adapt to vowel centralization by increasing global contrast 261 
Speakers responded to the centralization perturbation by expanding VSA in the adapt 262 

session relative to the control session (Figures 2, 3A, 6A), indicated by a main effect of session 263 
(F(1,48) = 5.32, p = 0.03). In the adapt session, VSA remained high until the end of the hold 264 
phase (adaptation phase), dropping closer to baseline values in the washout and retention phases. 265 
In the control session, VSA fell slightly below baseline in the adaptation, washout, and retention 266 
phases. These changes are reflected in significant effects of phase (F(2,48) = 3.81, p = 0.03) and 267 
the interaction between session and phase (F(2,48) = 4.44, p = 0.02). During the adaptation 268 
phase, VSA was significantly greater in the adapt session (9.7% ± 4.2%) than in the control 269 
session (-4.3% ± 3%, p < 0.05), though neither session was significantly different from baseline 270 
after correction for multiple comparisons. Neither the washout nor retention phases differed 271 
between sessions, nor were any of these values different from the baseline (all p > 0.07). 272 

 273 
--- Figure 2 --- 274 
--- Figure 3 --- 275 

 276 
AVS showed similar results (Figures 3B, 6B). In all phases after the baseline, AVS was 277 

larger in the adapt session than the control session (p < 0.05, main effect of session: F(1,48) = 278 
11.02, p = 0.003). The difference between sessions was greatest in the adaptation phase, where 279 
participants increased the spacing between vowels, relative to baseline, by an average of 6.3 ± 280 
1.7% in the adapt session and decreased it by -1.4 ± 1.4% in the control session. A significant 281 
difference was maintained throughout both the washout (3.2 ± 1.5% vs. -1.6 ± 1.2%) and 282 
retention (1.5% ± 1.5% vs. -1.5 ± 1.2%) phases. The change in AVS across phases was shown by 283 
a main effect of phase (F(2,48) = 7.25, p = 0.002) as well as an interaction between phase and 284 
session (F(2,48) = 5.33, p = 0.009). Only the adaptation phase in the adapt session was 285 
significantly different from baseline (t(24) = 3.73, p = 0.001) after correction for multiple 286 
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comparisons. The only significant within-session difference was between the adaptation and 287 
retention phases in the adapt session (p < 0.05). 288 

VSA and AVS values were highly correlated (r = 0.95, p < 0.0001, Figure S1). Baseline 289 
values did not differ between the adapt and control sessions (VSA: F(1,46) = 0.01, p = 0.92, 290 
AVS: F(1,46) = 0.01, p = 0.91). There was no change from session 1 to session 2 in either metric 291 
(VSA: F(1,46) = 0.15, p = 0.70, AVS: F(1,46) = 0.02, p = 0.89), and no interaction between 292 
session type and order (VSA: F(1,46) = 0.6, p = 0.44, AVS: F(1,46) = 0.4, p = 0.55). 293 

 294 
Speech contrast increases as duration decreases 295 

In contrast to VSA and AVS, vowel duration decreased slightly over the course of the 296 
experiment (Figure 4). In the adapt session, vowels in the adaptation phase were 17 ± 33 ms 297 
shorter than the baseline (p = 0.02). Duration continued to decrease in the washout (23 ± 37 ms, 298 
p = 0.006) and retention phases (25 ± 38 ms, p = 0.004). Decreases in duration from baseline 299 
were smaller in the control session, with no phase significantly shorter than baseline (adaptation: 300 
5 ± 40 ms, p = 0.53; washout: 10 ± 34 ms, p = 0.17; retention: 11 ± 31 ms, p = 0.09). The 301 
difference between the sessions did not reach significance (F(1, 48) = 3.1, p = 0.08). There was 302 
no significant effect of phase (F(2, 48) = 2.2, p = 0.12), nor any interaction between phase and 303 
session (F(2, 48) = 0.9, p = 0.92). We similarly observed only minimal changes in other speech 304 
parameters that did not differ across sessions (Table S1; Fig. S2): maximum pitch and peak 305 
intensity slightly increased, and pitch range did not change. 306 
 307 

--- Figure 4 --- 308 
 309 
Speakers simultaneously learn multiple vowel-specific compensatory changes 310 
Speakers in the adapt session achieved these increases in speech contrast by increasing the 311 
distance between each vowel and the center of the vowel space (Figures 5, 6), reflected by a 312 
main effect of session (F(1,414) = 9.49, p < 0.0001). The increase in distance to the center was 313 
greatest in the adaptation phase (20.9 ± 3.9 mels), and smaller in the washout (10.7 ± 3.4 mels) 314 
and retention (4.6 ± 3.4 mels) phases. Adaptation, washout, and retention phases in the adapt 315 
session all differed from the control session (p < 0.05), where the distances decreased from 316 
baseline (adaptation: -2.9 ± 2.9 mels, washout: -3.1 ± 3.3 mels, retention: -4.5 ± 2.8 mels). These 317 
changes were reflected in a main effect of phase (F(2,414) = 8.41, p = 0.007) and an interaction 318 
between phase and session (F(2,414) = 5.47, p = 0.005). There were no significant differences 319 
between vowels (F(3,414) = 2.0, p = 0.12), though there was a significant interaction between 320 
vowel and session (F(3,414) =3.81, p = 0.01). Post-hoc tests comparing individual vowels 321 
between the sessions showed that /i/ was farther from the center in both the adapt and washout 322 
phases, and that /ɑ/ was farther from the center in all three test phases (all p < 0.05). No other 323 
comparison was significant after correction for multiple comparisons. Results were highly 324 
similar when examining the portion of compensatory changes that directly opposed the 325 
perturbation (Figure S3). 326 
 327 
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--- Figure 5 --- 328 
 329 
Individual variability in adaptation 330 
Although the vowel centralization paradigm resulted in increased speech contrast at the group 331 
level, there was substantial variability in response magnitude across participants, both in global 332 
measures of vowel spacing (Fig. 6A,B) and in the compensatory movement of individual vowels 333 
away from the vowel center (Fig. 6D). Similar inter-individual variability is consistently seen in 334 
studies of sensorimotor adaptation in speech (Martin et al. 2018; Munhall et al. 2009; Parrell et 335 
al. 2017; Villacorta et al. 2007). We examined whether individual adaptation magnitude was 336 
predicted by vowel spacing in the baseline phase; we found no such correlation for either global 337 
measure of vowel spacing (VSA: r = 0.08, p = 0.70; AVS: r = 0.26, p = 0.21, Fig. 6C), 338 
suggesting that the variability seen across participants in their response to the centralization 339 
perturbation was not driven by differences in baseline production. Notably, similar increases in 340 
VSA/AVS across participants were driven by different patterns of adaptation at the individual 341 
vowel level (Fig. 2). Adaptation magnitude for a given vowel was not well-predicted by that 342 
vowel’s baseline formant variability (/i/:  r = -0.21, p = 0.32; /æ/: r = -0.20, p = 0.34; /ɑ/: r = 343 
0.37, p = 0.07; /u/: r = -0.09, p = 0.66). Adaptation was also not well-predicted by the initial 344 
distance to the center of the vowel space across vowels (/i/:  r = 0.32, p = 0.12; /æ/: r = 0.21, p = 345 
0.31; /ɑ/: r = 0.42, p = 0.04; /u/: r = 0.065, p = 0.76; no vowel significant after correcting for 346 
multiple comparisons). 347 
 348 

--- Figure 6 --- 349 
 350 
Awareness of perturbation and strategy use 351 
When participants were queried about their awareness of the perturbation, 16/25 responded that 352 
they thought they received a perturbation, but no participant correctly identified it as a change to 353 
their vowels (Table 1). Only 3/25 participants reported using a strategy, and no strategy 354 
addressed the applied perturbation.  The reported strategies were: “Saying the words slower”, 355 
“Kept mouth open between words”, and “Looking away from the screen between words”. 356 
  357 
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Number of participants Perceived perturbation 

9 Did not perceive a perturbation 

6 Thought audio feedback had added noise (likely reflecting the 60 
dB speech-shaped noise added to the signal) 

5 Perceived a perturbation but unable to identify what it was 

2 Pitch of voice altered 

1 Speech delayed 

1 Speech volume altered 

1 Speech was “more nasal” 

Table 1: Participant awareness of perturbation. 358 

 359 

Discussion 360 
In the current study, we used alterations of auditory feedback to drive participants to expand their 361 
working vowel space and increase the contrast between vowels. Speakers who were exposed to 362 
vowel centralization feedback learned to produce corner vowels farther from the center of their 363 
vowel space, partially overcoming the perceived centralization. This was reflected in global 364 
measures of vowel space (VSA) and vowel contrast (AVS), as well as vowel-specific measures. 365 
These changes were partially retained after the perturbation was removed, as well as in an assay 366 
of retention 10 minutes after the main experiment. 367 

Overall, our findings show that speakers are capable of adapting to non-uniform 368 
transformations of vowel space feedback. Because the direction of the feedback shift was 369 
dependent on the produced formants, participants in the study had to learn vowel-dependent 370 
compensatory adjustments, each of which required unique changes to articulatory movements. 371 
The current results build on previous work (Rochet-Capellan and Ostry 2011) to show that 372 
multiple opposing transformations can be learned simultaneously across the extent of producible 373 
vowel space, establishing the ability of sensorimotor adaptation paradigms to enhance global 374 
contrast between vowels. 375 

Increased vowel contrast is a commonly used metric for quantifying the effects of 376 
rehabilitative interventions for motor speech disorders (Lam and Tjaden 2016; Sapir et al. 2007; 377 
Tjaden et al. 2013; Tjaden and Wilding 2004; Whitfield and Goberman 2014), as it is associated 378 
with greater intelligibility (Ansel and Kent 1992; Bang et al. 2013; Kim et al. 2011; Neel 2008; 379 
Skodda et al. 2011; Tjaden et al. 2005; Weismer et al. 2001). In the current study, ~12 minutes of 380 
speaking resulted in a VSA increase of 15.8% (calculated using /u/, /i/, and /ɑ/), half the increase 381 
seen in individuals with Parkinson’s disease after sixteen hour-long sessions of LSVT-LOUD 382 
(31.6% calculated with the same three vowels) (Sapir et al. 2007), the current standard of care 383 
for the hypokinetic dysarthria secondary to that disorder. Furthermore, participants adapted their 384 
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speech without conscious effort or awareness of the specific targets of the perturbation, which 385 
may be useful for patients who do not, or cannot, respond well to existing treatments due to 386 
issues with explicit strategy use (Sadagopan and Huber 2007). 387 

The increase in vowel formant contrast in the current study is similar to the 388 
hyperarticulation observed when people are explicitly instructed to speak clearly (Ferguson and 389 
Kewley-Port 2002; Krause and Braida 2004; Lam and Tjaden 2016; Moon and Lindblom 1994; 390 
Picheny et al. 1986; Smiljanić and Bradlow 2008, 2009). Vowel hyperarticulation also occurs in 391 
many contexts that implicitly encourage clearer speech: when repeating a word after being 392 
misunderstood (Burnham et al. 2010a, 2010b; Oviatt et al. 1998a, 1998b), when speaking to 393 
infants (Kuhl et al. 1997; Lam and Kitamura 2012), when speaking to people who speak a 394 
foreign language (Scarborough et al. 2007), when speaking to individuals who are have hearing 395 
difficulties (Picheny et al. 1986; Scarborough and Zellou 2013), when speaking in “challenging” 396 
acoustic situations such as when a conversation partner is wearing headphones (Hazan and Baker 397 
2011; Koster 2001), when using words for the first time in a discourse compared to subsequent 398 
repetitions of that word (Baker and Bradlow 2009), when words are less predictable from 399 
sentential context versus more predictable—e.g., “The next word is nine” vs. “A stitch in time 400 
saves nine” (Aylett and Turk 2006; Scarborough 2010), for words that are relatively uncommon 401 
vs. words that occur more frequently (Baker and Bradlow 2009; Scarborough 2010, 2013), for 402 
words that have a lower number of similar words vs. words with a higher number of similar 403 
words—i.e., hyperarticulation is associated with higher lexical density (Scarborough and Zellou 404 
2013), and in words with prosodic stress or emphasis (Cho et al. 2011; de Jong 1995; de Jong et 405 
al. 1993). In every case, changes in formants are universally accompanied by relative increases 406 
in vowel duration, which allow more time for full articulatory movement (Lindblom 1990). 407 
Hyperarticulation is so closely tied to increased duration, in fact, that duration is often used as a 408 
proxy metric for hyperarticulation (Aylett and Turk 2004; Baker and Bradlow 2009; Freeman 409 
2014). In contrast, we observed no differences between the adapt and control sessions in vowel 410 
duration, intensity, or pitch, and in fact saw an overall decrease in vowel duration in the adapt 411 
session relative to baseline. These results strongly suggest the increase in vowel contrast 412 
observed in the current study does not arise from general mechanisms of clarity-driven 413 
hyperarticulation but is, in fact, an adaptive response to counteract the auditory perturbation. 414 
Future work could examine adaptation to an outward-pushing perturbation that enhances vowel 415 
contrast (and which would require hypoarticulation as a compensatory mechanism), or to 416 
perturbations with unrelated vowel-specific effects, to address this issue directly. 417 

It remains unclear from the current data whether participants learned a global vowel 418 
expansion pattern or local, vowel-specific changes. The variable learning by vowel, with low 419 
learning for /u/ in particular, suggests participants may have learned separate transformations. 420 
These results must be interpreted cautiously, however, as the capacity for adaptation may vary 421 
between vowels (Mitsuya et al. 2015). Additionally, F2 variability for /u/ in our data (36.2 mels) 422 
was substantially higher than other vowels (20.4 mels, all p < 0.05, see Table S2), consistent 423 
with previous reports (Clopper et al. 2019). Thus, perturbations for /u/ may have caused fewer 424 
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productions to fall outside acceptable category boundaries (Mitsuya et al. 2013; Niziolek and 425 
Guenther 2013). Future work examining generalization to other, untrained, vowels may help 426 
resolve whether the learning observed here is achieved through a combination of local 427 
transformations or a generalized, global pattern (Malfait et al. 2005; Rochet-Capellan et al. 428 
2012).  429 

Increases in vowel contrast persisted even after a washout period and 10-minute silent 430 
interval, suggesting sensorimotor adaptation may cause longer-term changes, consistent with 431 
previous results in whispered speech (Houde and Jordan 2002). Although some evidence of 432 
retention after a short break can be found in a figure in a previous study (Lametti et al. 2014), no 433 
statistical evidence for retention of sensorimotor learning in voiced speech has been reported 434 
previously. More research on retention of learning in sensorimotor adaptation will be vital to 435 
clinical translation of sensorimotor adaptation, including how retention is affected by different 436 
communicative settings. 437 

In the control session, there was a trend for both VSA and AVS to decrease over the 438 
course of the experiment. This gradual decrease explains the pattern of results: consistent 439 
contrast between sessions, even when the individual phases did not always differ from the 440 
baseline. This can also be seen in the individual vowel data (Figures 5, S3). This pattern suggests 441 
that vowels have a tendency to become more centralized over the course of an hour-long study, 442 
highlighting the importance of conducting a control session to account for potential changes in 443 
speech unrelated to the auditory perturbation. 444 

Similar to previous studies of sensorimotor adaptation in speech, we observed substantial 445 
variability across individuals in the magnitude of adaptation. This variability was seen in both 446 
global measures of vowel spacing as well as in changes in productions of individual vowels. 447 
Variability in adaptation was not correlated with speech behavior in the baseline phase. Previous 448 
work has suggested that variability in the magnitude of sensorimotor adaptation for perturbations 449 
of a single vowel may be caused by differences in the balance between auditory and 450 
somatosensory feedback use across individuals (Katseff et al. 2012; Lametti et al. 2012; Parrell 451 
et al. 2019). It is possible the variability we observed has a similar source. 452 

Finally, we found a strong relationship between VSA and AVS. Previous studies in motor 453 
speech disorders have suggested that vowel contrast may be a more accurate predictor of 454 
intelligibility impairments in these populations (Neel 2008). The present results suggest that both 455 
measures capture similar effects, though AVS may be a slightly more sensitive measure. 456 
However, more research with a wider set of stimuli is needed to determine how this relationship 457 
is affected when non-corner vowels are included in the AVS measures, and it remains to be seen 458 
how intelligibility may be correlated with either measure. 459 

In sum, we have shown that individuals can modify their speech to oppose auditory 460 
perturbations that target vowel distinctiveness. This demonstration of the ability to drive 461 
increased vowel contrast without the need for explicit strategies or conscious control moves 462 
research on sensorimotor adaptation closer to realizing the long-standing promise of this 463 
technique for clinical use. 464 
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Figure Captions 617 
Figure 1. Experiment design. A: Illustration of the perturbation field applied to speech. All perturbations 618 
point towards the center of the speaker’s vowel space, effectively centralizing their vowels. B: Example 619 
spectrograms of the four target words showing the produced formants (blue), perturbed formants during 620 
the hold phase (red), and the vowel space center (yellow). C: Magnitude of the perturbation applied 621 
throughout the experiment. In the adapt session (red), the perturbation during the hold phase is 50% of the 622 
2D distance (in F1/F2 space) between the current formant values and the vowel center. In a separate 623 
control session (blue), no perturbation is applied. 624 
 625 
Figure 2: Illustration of vowel space increases. Data from three example participants showing the 626 
movement of the four corner vowels after exposure to perturbed feedback in the adapt session (red) or 627 
unperturbed feedback in the control session (blue) compared with their values in the baseline phase of 628 
each session (dashed black). 629 
 630 
Figure 3: Vowel contrast adaptation. A: Baseline-normalized vowel space area (VSA) increases in the 631 
adapt session (red) but not the control session (blue). C: Individual and group means for the adaptation, 632 
washout, and retention phases. Each pair of points connected by a gray line represents data from a single 633 
participant. B, D: Same as (A) and (C), showing average vowel spacing (AVS). Error bars show standard 634 
error. See also Figure 6A,B. 635 
 636 
Figure 4: Changes in vowel duration. A: Baseline-normalized changes in vowel duration in the adapt 637 
session (red) and the control session (blue). B: Individual and group means for normalized vowel duration 638 
in the adaptation, washout, and retention phases. Each pair of points connected by a gray line represents 639 
data from a single participant. See also Figure S2. 640 
 641 
Figure 5: Vowel-specific compensatory changes. A-C: Mean change (± standard error) in formants for 642 
each vowel in the adaptation, washout, and retention phases relative to baseline values (normalized to 643 
(0,0)). Bright colors (open circles) show data from the adapt session; dull colors (filled circles) show data 644 
from the control session. D-F: Group means (± standard error) and individual participant adaptation for 645 
each vowel. Colors as in A-C. See also Figures 6, S2. 646 
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 647 
Figure 6: Individual variability in vowel space adaptation. A-B: Individual participant differences 648 
between adapt and control sessions in normalized VSA (A) and normalized AVS (B), as measured in the 649 
adaptation phase. Each bar represents a participant, ordered in both panels by descending (positive) 650 
difference in VSA between the two sessions. C: Baseline VSA and AVS values do not predict adaptation 651 
magnitude. D: As in A, individual participant differences between the adapt and control sessions in the 652 
normalized distance to center` for each vowel, as measured in the adaptation phase. 653 
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Number of participants Perceived perturbation 

9 Did not perceive a perturbation

6 Thought audio feedback had added noise (likely reflecting the 60 
dB speech-shaped noise added to the signal) 

5 Perceived a perturbation but unable to identify what it was

2 Pitch of voice altered

1 Speech delayed

1 Speech volume altered

1 Speech was “more nasal”
Table 1: Participant awareness of perturbation. 
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