
Auditory feedback control in adults who stutter during 
metronome-paced speech II. Formant Perturbation

Saul A. Frankforda, Shanqing Caia, Alfonso Nieto-Castañóna, Frank H. Guenthera,b

aDepartment of Speech, Language, & Hearing Sciences, Boston University, Boston, MA 02215

bDepartment of Biomedical Engineering, Boston University, Boston, MA 02215

Abstract

Purpose: Prior work has shown that Adults who stutter (AWS) have reduced and delayed 

responses to auditory feedback perturbations. This study aimed to determine whether external 

timing cues, which increase fluency, resolve auditory feedback processing disruptions.

Methods: Fifteen AWS and sixteen adults who do not stutter (ANS) read aloud a multisyllabic 

sentence either with natural stress and timing or with each syllable paced at the rate of a 

metronome. On random trials, an auditory feedback formant perturbation was applied, and 

formant responses were compared between groups and pacing conditions.

Results: During normally paced speech, ANS showed a significant compensatory response to 

the perturbation by the end of the perturbed vowel, while AWS did not. In the metronome-paced 

condition, which significantly reduced the disfluency rate, the opposite was true: AWS showed a 

significant response by the end of the vowel, while ANS did not.

Conclusion: These findings indicate a potential link between the reduction in stuttering found 

during metronome-paced speech and changes in auditory motor integration in AWS.
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1. Introduction

The mechanisms underlying persistent developmental stuttering are not well understood, 

though over 100 years of anecdotal and experimental evidence points to disruptions in 

sensorimotor processing. Several theories put forward in the literature suggest that stuttering 

occurs due to a reduced capacity for transforming sensory information to motor information 

(and vice versa; Hickok et al., 2011; Max et al., 2004; Neilson & Neilson, 1987). According 

to these theories, individual moments of stuttering occur when either a) insufficient neural 

resources are available to make this transformation and the whole system stops (Neilson 

& Neilson, 1987), or b) false errors are detected due to a disruption of the process that 
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generates a sensory prediction (Hickok et al., 2011; Max et al., 2004), leading either to 

delays until the mismatch is resolved (Max et al., 2004), or iterative (erroneous) correction 

signals (Hickok et al., 2011).

Several studies have used online sensory feedback manipulations to examine the integrity 

of these sensorimotor processes in people who stutter during speech. In general, these 

studies use signal processing techniques to modify components of sensory feedback (e.g. 

voice fundamental frequency [f0] or vowel formants) as a person speaks and report the 

magnitude and latency of speech responses (see Barrett & Howell, 2021, and Bradshaw et 

al., 2021, for recent detailed reviews). Speakers typically compensate for these perturbations 

by adjusting their articulatory musculature so that the modified component of their speech 

output (f0 or vowel formant) changes in the opposite direction of the shift. For example, 

if a speaker’s first formant frequency (F1) is increased in their auditory feedback (making 

“bet” sound more like “bat”), they will generally respond by lowering the F1 of their 

actual speech output (and sounding more like “bit”). Results consistently demonstrate 

that adults who stutter (AWS) exhibit responses that are delayed (f0 and second vowel 

formant perturbations; Bauer et al., 2007; Cai et al., 2014; Loucks et al., 2012), reduced 

(f0, first/second vowel formants; Cai et al., 2012; Daliri et al., 2018; Daliri & Max, 2018; 

Loucks et al., 2012; Sares et al., 2018), and/or more temporally variable (f0; Sares et 

al., 2018) compared to adults who do not stutter (ANS). In the somatosensory domain, 

AWS have shown reduced speech compensatory responses to a bite block (Namasivayam 

& Van Lieshout, 2011) and reduced attenuation of (non-speech) jaw opening in response 

to masseter muscle vibration (Loucks & De Nil, 2006). These studies suggest that during 

sensorimotor tasks like speech, AWS exhibit processing delays and/or reduced scaling of 

corrective movements in line with the sensorimotor theories discussed above.

Speaking along with an external timing cue like a metronome generally has the effect of 

reducing overt disfluencies in AWS (e.g., Andrews et al., 1982; Brady, 1969; Braun et al., 

1997; Davidow, 2014; Stager et al., 2003; Toyomura et al., 2011). It is unclear, however, 

whether this is related to changes in sensorimotor processing. Some work posits that 

an external timing source reduces reliance on impaired “internal” timing mechanisms for 

speech sequencing (Alm, 2004; Etchell et al., 2014; Guenther, 2016) which depend (in part) 

on sensory feedback. This would suggest that sensorimotor processes related to sequencing 

might be affected by external timing cues, but those related to error correction might be 

unchanged. Other work has found that pacing speech to an external rhythmic stimulus 

leads to increased vowel duration (Brayton & Conture, 1978)(Klich & May, 1982; Stager 

et al., 1997) and decreased peak intraoral pressure (Hutchinson & Navarre, 1977; Stager 

et al., 1997), which are also components of slowed speech rate (Boucher & Lamontagne, 

2001; Kessinger & Blumstein, 1998). Even when speaking rate is properly controlled for, 

metronome-timed speech (as well as other fluency-inducing types of speech) results in a 

decrease in the proportion of phonated intervals in the 30-100ms range (Davidow, 2014; 

Davidow et al., 2009, 2010). In the context of the previously mentioned theories, reducing 

the number of short-duration phonated intervals may allow more time for sensorimotor 

transformations to take place without error (Max et al., 2004).
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The aim of the present study was to test whether externally paced speech leads to 

fluency by helping resolve speech sensorimotor processing disruptions. This was carried 

out by examining the effects of paced speech on responses to online auditory feedback 

perturbations of vowel formant frequencies in AWS and ANS.

2. Methods and Materials

2.1. Participants

Study participants included 31 participants: 15 adults who stutter (AWS; 12 Males/3 

Females, aged 18-44 years, mean age = 25.73 years [SD = 8.37]) and 16 adults who 

do not stutter (ANS; 12 Males/4 Females, aged 18-44 years, mean age = 26.69 years 

[SD = 6.79]). This distribution of males and females in each group is consistent with the 

gender breakdown of adults who stutter in general (Bloodstein, 1995). Participants had 

no prior history of speech, language, or hearing disorders (other than stuttering for the 

AWS group), were native speakers of American English, and passed audiometric screenings 

with binaural pure-tone hearing thresholds of less than 25 dB HL at 500, 1000, 2000, 

and 4000 Hz. Stuttering severity was evaluated by a trained speech-language pathologist 

using the Stuttering Severity Instrument – Fourth Edition (SSI-4; Riley, 2008), based on 

video-recorded speech samples during three tasks: 1) an in-person conversation, 2) a phone 

conversation, and 3) reading the Grandfather passage (Van Riper, 1963) aloud. AWS ranged 

from subclinical (9) to very severe (42) with a mean score of 23. Though one individual had 

a score just below the lowest percentile listed in score manual, they identified as a person 

who stutters during the screening interview. As SSI-4 scores can vary significantly from day 

to day, even to levels below this arbitrary threshold (Constantino et al., 2016), they were 

included in the AWS group. Participants provided informed written consent and the study 

was approved by the Boston University Institutional Review Board.

2.2. Experimental Setup

The experimental setup is schematized in Figure 1. Participants were seated upright in front 

of a computer monitor in a sound-attenuating booth and fitted with an AT803 microphone 

(Audio-Technica) mounted to a headband via an adjustable metal arm. This arm was 

positioned in front of the mouth at approximately 45° below the horizontal plane such 

that the mouth to microphone distance was 10 cm for all participants. Etymotic ER1 insert 

earphones (Etymotic Research, Inc.) were used to deliver auditory stimuli. The microphone 

signal was amplified and digitized using a MOTU Microbook external sound card and sent 

to a computer running a custom experimental pipeline in MATLAB (Mathworks; version 

2013b), including Audapter (Tourville et al., 2013) and Julius (Lee & Kawahara, 2009). 

Auditory feedback was sent back through the Microbook and amplified using a Xenyx 802 

(Behringer) analog mixer such that the earphone signal was played 4.5 dB louder than 

the microphone input. This amplification helped reduce participants’ ability to hear their 

air- and bone-conducted non-perturbed feedback, consistent with prior auditory feedback 

perturbation studies (Abur et al., 2021; Weerathunge et al., 2020).
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2.3. Stimuli

This study used one “target” sentence (“The steady bat gave birth to pups”) on which 

all experimental manipulations were applied. To reduce boredom and maintain participant 

attention, fifteen “filler” sentences, each containing eight syllables, were selected from the 

Harvard sentence pool (i.e., the Revised List of Phonetically Balanced Sentences; IEEE 

Recommended Practice for Speech Quality Measurements, 1969).

2.4. Procedure

Participants read aloud sentences displayed on the computer monitor under two speaking 

conditions: the metronome-paced speech condition, where each syllable was evenly spaced, 

and the normal speech condition, where speakers used a natural (unmodified) stress pattern. 

At the beginning of every trial, participants viewed white crosshairs on a grey screen 

while eight isochronous tones (1000Hz pure tone, 25ms, 5ms ramped onset) were played 

with an inter-onset interval of 270ms. This rate (approximately 222 beats/minute) was 

chosen so that participants’ mean speech rate during the metronome-paced condition would 

approximate that of the normal condition (using an estimate of mean speaking rate in 

English; Davidow, 2014; Pellegrino et al., 2004). The trial type then appeared on the screen 

(“Normal” or “Rhythm”) followed by a stimulus sentence. On metronome-paced speech 
trials (corresponding to the “Rhythm” cue), participants read the sentence with even stress 

at the rate of the tone stimuli aligning each syllable to a beat. On normal speech trials, 

participants ignored the pacing tones, and spoke with normal rate and rhythm.

At the beginning of the experiment, three brief training runs were included to acclimate 

participants to the task and ensure they spoke with a consistent rate, loudness, and 

isochronicity. During the first training run, participants received visual feedback on their 

loudness (a horizontal bar in relation to an upper and lower boundary). To account for 

natural differences in the speech sound intensity of males and females during conversational 

speech (Gelfer & Young, 1997), males were trained to speak between 65 and 75 dB SPL, 

and females were trained to speak between 62.5 and 72.5 dB SPL. A calibration procedure 

was carried out prior to each experimental session whereby a sustained complex tone was 

played 10 cm from the microphone, and the signal in Audapter was associated with an 

A-weighted decibel level measured by a sound level meter at the position of the microphone. 

On the second training run, participants also were trained to speak with mean inter-syllable 

duration (ISD) between 220ms and 320ms (centered around the inter-onset interval of the 

tones). ISD was calculated as the time between the midpoints of successive vowels in the 

sentence. On the third training run, in addition to visual feedback on loudness and speaking 

rate, participants received feedback on the isochronicity of their speech. Isochronicity 

was measured using the coefficient of variation (standard deviation/mean) of inter-syllable 

duration (CV-ISD), so lower coefficients of variance indicate greater isochronicity. Subjects 

were trained to speak with a CV-ISD less than 0.25 for the metronome-paced speech trials.

Three experimental runs contained 80 speech trials each, half metronome-paced and half 

normal. The target sentence (see “2.3. Stimuli”) appeared in 80% of trials in each condition, 

while filler sentences comprised the remaining 20%. Normal feedback was provided on half 

of these target trials, while one quarter included a perturbation of the first vowel formant 
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(F1 perturbation) on the phoneme /ε/ in “steady” (see Section 2.5. for details). The other 

quarter included a brief timing perturbation, but this condition was not analyzed for the 

present paper and will not be discussed further. Within each run, trial order was pseudo-

randomized such that every set of 10 trials contained two of each type of perturbation, 

one metronome-paced and one normal, and perturbed trials were always separated with at 

least one non-perturbed trial to minimize adaptation or interactions among the perturbations. 

Thus, participants completed 240 trials, 192 of which contained target sentences. Of these, 

96 were metronome-paced trials and 96 were normal trials, each containing 24 trials with an 

F1 perturbation and 48 unperturbed trials. One subject only completed 200 trials (160 target 

trials, 80 normal, 80 metronome-paced, each containing 40 unperturbed trials and 20 trials 

with a F1 perturbation) due to a technical error.

2.5. Focal Perturbation

The F1 perturbation was applied to the vowel /ε/ in the word “steady” from the target 

sentence using an adaptive short-time root-mean-square (RMS) amplitude threshold (based 

on previous trials; see Equation A1 in the Appendix for details) to determine the onset and 

offset. Perturbation onset occurred at the conclusion of the preceding /s/, when the ratio of 

the pre-emphasized (i.e. high-pass filtered) RMS and the unfiltered RMS went below an 

adaptive threshold (Equation A2). The perturbation was removed when the offset of the /ε/ 

in “steady” was detected using an adaptive RMS slope threshold (see Equations A3 and A4 

in the Appendix for details).

The perturbation was carried out as previously described in Cai et al. (2012). Briefly, the 

microphone signal was digitized at a sample frequency of 48000 Hz and downsampled by a 

factor of 3 to 16000 Hz for processing. An autoregressive linear predictive coding algorithm, 

followed by a dynamic-programming tracking algorithm (Xia & Espy-Wilson, 2000), was 

used to estimate the formant frequencies in near real time. The tracked formant frequencies 

were then mapped to new, shifted values. In this experiment, fixed-ratio (+25%) shifting 

of F1 was used. Once the shifted formant frequencies were determined, a pole-substituting 

digital filter served to bring the formant resonance peaks from their original values to the 

new ones.

The latency in Audapter between the microphone signal and the processed headphone 

signal was 8 ms for the F1 perturbation trials and 16 ms for the unperturbed trials. An 

additional 16 ms of delay was incurred by the hardware setup across both conditions. Thus, 

the total latency was approximately 24 ms for the F1 perturbation trials and 32 ms for 

the nonperturbed trials. This discrepancy occurred due to the need to match the latency of 

another condition not discussed in the present manuscript. While this could affect the results, 

because it was consistent across groups and speaking conditions (our main comparisons of 

interest), it should have minimal impact on the interpretation of these effects.

2.6. Analyses

2.6.1. Data Processing—Phoneme boundary timing information for every trial 

was determined using an automatic speech recognition (ASR) engine, Julius (Lee & 

Kawahara, 2009), in conjunction with the free VoxForge American English acoustic 
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models (voxforge.org). Each trial was manually inspected (in random order and blinded 

to condition) to ensure correct automatic detection of phoneme boundaries. Trials where 

gross ASR errors occurred were removed. For perturbation trials, the speech spectrogram 

from the microphone and the headphone signal were compared to ensure the perturbation 

occurred during the /ε/ in “steady.” Trials where this was not the case were discarded from 

further analysis. In addition, trials in which the subject did not read the sentence correctly 

or spoke using the wrong stress pattern (i.e. spoke isochronously when they were cued 

to speak normally or vice versa) were eliminated from further analysis. Trials in which 

the subject produced a disfluency categorized as a stutter (determined by the experimenter 

and a speech-language therapist) were removed from the perturbation analysis (though the 

proportion of trials removed due to disfluency were used to calculate disfluency rate for 

the experiment). To ensure that large deviations in speaking rate across trials did not affect 

comparisons across trials and participants, trials where subjects spoke outside the trained 

mean ISD (220 ms – 320 ms) were eliminated. In total, an average of 13.8% of trials for 

ANS (SD: 6.5%) and 15.8% of trials for AWS (SD: 10.8%) were excluded. This group 

difference was not significant (t = 0.63, p = .53).

The fluency-enhancing effect of isochronous pacing in the AWS group was evaluated by 

comparing the percentage of trials eliminated due to stuttering between the two speaking 

conditions using a non-parametric Wilcoxon signed-rank test. Intersyllable timing measures 

from each trial were used to compute the rate and isochronicity of each production. Within a 

sentence, the average time between the centers of the eight successive vowels was calculated 

to determine the ISD. Speaking rate was determined by calculating the reciprocal of the ISD 

from each trial (1/ISD), resulting in a measure with units of syllables per second. Linear 

mixed effects models were used to compare Rate and CV-ISD between groups and speaking 

conditions, treating group, condition, and group × condition interaction as fixed effects and 

subjects as random effects.

2.6.2. F1 Perturbation

Processing.: Formant trajectories for the /ε/ in “steady” were extracted using a semi-

automated process. First, the Audapter-determined formant trajectories were cropped within 

the ASR boundaries of the /ε/ and subsequent /d/. Only continuous segments surpassing an 

RMS intensity threshold were retained. This threshold was initially set to the value used 

for detecting the onset of the perturbation described in Section 2.5. Adjustments to this 

threshold were made for vowel onset and offset in each subject to eliminate highly variable 

endpoints of the formant traces caused by pauses in voicing. Formant traces that were less 

than 30 frames (60 ms) were flagged for manual inspection and relabeling by a researcher. 

Traces were then time-normalized through linear interpolation for direct comparison across 

trials, and outliers (traces greater than 3 standard deviations away from the mean at any 

time point) were also flagged for manual inspection and relabeling. Manual relabeling was 

carried out blind to perturbation condition and consisted of labeling the onset and offset 

of a smooth, consistent first formant trace, often bounded by sudden changes in formant 

velocity due to changes in voicing status, and leaving a 2 ms buffer on either end. If a 

trace did not have a clear boundary, the entire trace was kept. This process of identifying 

outliers and relabeling trials was repeated until sudden changes in formant velocity were 
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not identifiable at the beginning and end of each trace by visual inspection. Trials where a 

clear formant trajectory was not identifiable, where sudden large deviations occurred in an 

otherwise smooth formant trace, or where a vowel formant trace was shorter than 30ms were 

removed. During this process, 0.21% of total vowel traces were removed (0.23% from ANS, 

0.19% from AWS). Using a Wilcoxon rank-sum test, this group difference was not found to 

be statistically significantly (W = 250, p = .82).

Compensation Analysis:  Compared to previous formant perturbation studies, where 

perturbed vowels were produced in the context of lengthened single-syllable productions 

(e.g., Tourville et al., 2008) or continuous formant trajectories (Cai et al., 2011, 2014), 

each /ε/ vowel in the present study was relatively short in duration (~ 150 ms) and was 

followed immediately by the plosive /d/. In the context of consonants, vowel formants 

follow a trajectory with different values at the beginning, middle, and end. As in Cai et 

al. (2011, 2014), we wanted to make sure that when averaging formant traces across trials, 

the corresponding parts of the trajectory were directly compared. In order to account for 

variations in the duration of /ε/ across trials, traces were linearly interpolated to 100 evenly 

spaced points such that there was a single normalized time axis (see Figure 4). Because 

the actual duration of these traces could have an effect on responses (e.g., longer vowel 

duration could provide more time to process and respond to auditory feedback changes), 

vowel duration was compared between groups and conditions using linear mixed effects 

models with group, condition, and group × condition interaction as fixed effects and subjects 

as random effects.

Evaluating differences in the shape of the formant response curves between groups and 

conditions required an appropriate statistical control. Because of the intrinsic temporal 

autocorrelation of these timeseries and the arbitrary number of timepoints in the normalized 

time axis, a simple massive univariate approach with one test per sample/timepoint followed 

by a family-wise error rate correction like Bonferroni would have been unnecessarily 

conservative. Therefore, a principal components analysis (PCA) was carried out on all /ε/ 

formant traces across subjects and conditions to reduce 100 time points down to a small 

number of components that characterized 95% of the variance in individual formant traces. 

This variance was accounted for by the first 3 principal components, and the data were 

projected into this low-dimensional component space yielding three component scores for 

every trial. These scores were averaged across trials in the perturbed and non-perturbed 

conditions for each subject and speaking condition and subtracted to derive deviation scores.

The PCA scores were then used as the dependent variables in a multivariate general linear 

model (GLM) framework to determine using single tests whether responses were dependent 

on group, condition, or stuttering severity, while controlling for vowel duration. These tests 

simultaneously evaluate differences across any of the principal component scores jointly 

characterizing the formant response shapes, enabling statistically controlled confirmatory 

inferences regarding these shapes. For group and severity analyses, the vowel duration 

regressor was averaged between the two conditions. For the condition, group x condition 

interaction, and severity x condition interaction analyses, the differences in vowel duration 

between conditions were included as regressors. For stuttering severity, two separate 

measures were used. The first was a modification of the SSI-4 score, heretofore termed 
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“SSI-Mod.” SSI-Mod removes the secondary concomitants subscore from each subject’s 

SSI-4 score, thus focusing the measure on speech-related function. The second measure was 

the percentage of disfluent trials during the normal conditions (disfluency rate). Therefore, 

two separate models were evaluated; one that included the SSI-Mod scores and a second that 

included the disfluency rates.

In addition to these confirmatory tests, exploratory tests were performed to evaluate 

responses and group differences separately for each sample/timepoint. Formant traces were 

averaged across trials in the perturbed and non-perturbed conditions for each subject, and a 

deviation trace was created by subtracting the perturbed trace from the non-perturbed trace 

at each time point. To test for a response within groups in each speaking condition, deviation 

traces were compared to 0 using a one-sample t-test at each timepoint with an alpha criterion 

of 0.05. In addition, deviation traces were compared between groups using a two-sample 

t-test at each timepoint with an alpha criterion of 0.05. These massive univariate exploratory 

tests used uncorrected statistics, and they are used only to provide some additional level 

of temporal detail regarding the formant response time-courses analyzed in the previous 

confirmatory tests.

3. Results

3.1. Disfluency Rate

The rate of stuttering during the experiment was quite low, with 6 out of 16 AWS 

producing no disfluencies. However, AWS produced significantly fewer disfluencies during 

the metronome-paced condition (1.2%) than in the normal condition (7.4%; W = 52, p = 

.012; Figure 3; this result is also reported in Frankford et al. [under review]).

3.2. Speaking Rate and Isochronicity

For rate (Table 1), there was no significant effect of group (F(1,29) = 0.19, p = .67), but there 

was a significant effect of condition (F(1,29) = 76.6, p < 0.0001) that was modulated by a 

significant group × condition interaction (F(1,29) = 6.15, p = .02). In this case, participants 

in both groups spoke at a slower rate in the metronome-paced condition, but this difference 

was larger for ANS (ANS normal: 4.0 ± 0.2 syl/sec, ANS metronome-paced: 3.6 ± 0.1 

syl/sec, AWS normal: 3.9 ± 0.2 syl/sec, AWS metronome-paced: 3.7 ± 0.1 syl/sec). To 

examine whether this reduction in rate led to increased fluency rather than the isochronous 

pacing, we tested for a correlation between the change in speech rate and the reduction in 

disfluencies. These two measures were not significantly correlated (Spearman's ρ = 0.10, p = 

.73). As expected, there was a significant effect of condition on CV-ISD (F(1,29) = 294.73, p 
< 0.0001), but no effect of group (F(1,29) = 0.53, p = .47) or interaction (F(1,29) = 0.41, p = 

.52). These results are also reported in Frankford et al. (under review).

3.3. F1 Perturbation

Figure 4 shows the time-normalized formant change responses to the F1 perturbation during 

the /ε/ in “steady” for each condition. There was a significant main effect of condition on 

the duration of the /ε/ in “steady,” where the vowel was longer in the metronome-paced 

condition than the normal condition (F(1,29) = 105.9, p < 0.0001), but no significant main 
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effect of group (F(1,29) = 3.3, p = .08) or group by condition interaction (F(1,29) = 1.3, p = 

.26).

To determine the effects of group and condition on formant change responses while 

controlling for vowel duration, a multivariate GLM was performed. There was no significant 

effect of group (F(3, 25) = 0.75, p = .54) or condition (F(3, 25) = 0.03, p = .99), but 

there was a significant group x condition interaction (F(3, 25) = 3.18, p = .04) on response 

magnitude. There was also no significant effect of either SSI-mod (F(3, 25) = 0.22, p = .88) 

or SSI-mod x condition (F(3, 25) = 0.82, p = .50). Finally, there was no significant effect 

of vowel duration (F(3, 25) = 1.22, p = .32) or a significant vowel duration by condition 

interaction (F(3,25) = 0.36, p = .78) on response. After substituting in disfluency rate from 

the experimental session for SSI-Mod, we re-ran the model. There was no significant main 

effect of disfluency rate (F(3, 25) = 0.81, p = .50) or disfluency rate by condition interaction 

(F(3, 25) = 1.60, p = .21; for complete results of this new model, see Supplementary Table 

1).

Colored bars in Figure 4 indicate the results of exploratory tests showing when each 

group’s response was different from 0 (uncorrected), and when the groups were significantly 

different (uncorrected). For the normal condition (Figure 4A), ANS exhibit an opposing 

response that begins approximately 80% of the way through the vowel and continues until 

the transition to the /d/. AWS do not show a similar response prior to the end of the /ε/ 

vowel. There is a brief period during which the difference between the groups is significant 

using an uncorrected threshold of p < 0.05. Conversely, in the metronome-paced condition 

(Figure 4B) AWS respond to oppose the perturbation beginning at approximately 70% of the 

way through the vowel until the end, while ANS do not show any response. This difference 

in response is reflected as a group difference between approximately 85% and 95% through 

the vowel.

4. Discussion

The present experiment examined whether pacing speech to an external metronome 

stimulus (which is known to improve fluency in AWS) alters formant auditory feedback 

control processes in AWS. While AWS did produce significantly fewer disfluencies in the 

metronome-paced condition, changes in perturbation responses were more complex. AWS 

showed a significant compensatory formant change response to the F1 perturbation in the 

metronome-paced condition (while they did not in the normal condition). At the same time, 

ANS exhibited a compensatory response in the normal condition, but no significant response 

to the perturbation in the metronome-paced condition. These results are discussed in further 

detail below with respect to the stuttering theories mentioned in the Introduction as well as 

prior literature.

4.1. The effect of metronome-timed speech on auditory feedback control

The presence of a compensatory formant change for AWS in response to the F1 

perturbation during the metronome-paced condition makes it tempting to suggest that 

speaking isochronously corrects the disturbance in auditory-motor transformation or makes 

this process more efficient. Previous work has shown that speaking along with a metronome 
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reduces neural activation differences between AWS and ANS (Toyomura et al., 2011; 

although see Frankford et al. [2021] who did not find this). Furthermore, delayed auditory 

feedback, which also reduces disfluencies, causes pre-speech neural suppression in AWS 

to become more similar to ANS (Daliri & Max, 2018). Assuming that pre-speech neural 

suppression corresponds to speech motor control processes (Max & Daliri, 2019), this 

finding implicates a change in the forward modeling processes needed for error detection. A 

similar process could be accompanying fluency in the present study.

Alternatively, responding to feedback perturbations during the metronome-paced condition 

may reflect a sudden freeing of neural resources in AWS due to the timing of the sequence 

being preplanned. If the speech timing system, which is thought to be disrupted in AWS 

(e.g., Chang & Guenther, 2020), requires more neural resources to generate phoneme 

initiation cues during normal speech, there may be reduced resources available to make 

corrections for spectral feedback errors. When suprasyllabic timing is predetermined as 

in the metronome-paced condition, these resources can be redirected to spectral auditory 

feedback control as well as fluent speech production.

There may also be a simpler explanation for this finding: speaking isochronously led to 

an increase in the average duration of the /ε/ in “steady.” If AWS take longer to generate 

corrective movements to feedback errors due to inefficient sensorimotor transformations as 

previously hypothesized (Hickok et al., 2011; Max et al., 2004; Neilson & Neilson, 1987) 

and supported by auditory feedback perturbation studies (Bauer et al., 2007; Cai et al., 2014; 

Loucks et al., 2012), the correction may only be registered when the vowel is sufficiently 

long. Differences in vowel duration across conditions were at least partially accounted for by 

including vowel duration difference scores in the GLM, however this makes the assumption 

that the relationship between vowel duration and response is linear. In fact, the relationship 

is likely more complex; we would not expect any response if the vowel is shorter than the 

minimum auditory feedback processing delay. As such, this change in response between the 

normal and metronome-paced conditions may be a secondary effect of isochronous speech 

rather than directly related to the “rhythm effect.”

An additional surprising result of this study was that ANS did not show any response 

to the formant perturbation during the metronome-paced condition. Because this is the 

first experiment to examine responses to formant perturbation during isochronous speech 

in ANS, there is no prior literature to aid in interpretation. This may reflect a general 

change in the balance of auditory feedback versus feedforward control for spectral cues 

during the metronome-paced condition, where ANS are more concerned with precise 

control of the timing aspects of the sentence. From this, it may be expected that during 

isochronous speech, ANS do not make spontaneous adjustments to formants (as in Niziolek 

et al. [2013]). Future research will need to examine this relationship further to determine 

why ANS respond to formant perturbations during normal (non-paced) speech but not 

metronome-paced speech, whereas AWS show the opposite pattern.

At the same time, while these interpretations are potentially compelling, care should be 

taken in relating the present results to the underlying mechanisms of stuttering. The 

presently discussed findings, along with most studies of auditory feedback control in 
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stuttering, only include AWS who have had many years to develop adaptive behaviors that 

could influence these results. Indeed, the only two auditory feedback manipulation studies 

including both children who stutter (CWS) and AWS found that while AWS consistently 

demonstrate diminished adaptation to a repeated formant perturbation, CWS responses are 

less consistent across studies (Daliri et al., 2018; Kim et al., 2020). This may indicate 

that impaired sensory-motor transformation abilities found in spectral perturbations are 

secondary rather than core components of stuttering and may develop slowly over time. 

Future studies of auditory feedback perturbations should examine responses in CWS as well 

as AWS in order to disentangle these possibilities.

4.2. Additional considerations

It should be noted that this is only the third study to examine online auditory feedback 

control of formants during a multisyllabic speech utterance and at syllable rates comparable 

to conversational English. Formant perturbations are generally applied during prolonged 

vowels (Purcell & Munhall, 2006) or consonant-vowel-consonant syllables (Niziolek & 

Guenther, 2013; Purcell & Munhall, 2006; Tourville et al., 2008), which is helpful for 

measuring responses because of the time it takes to process the speech signal and generate 

the appropriate corrective motor command (on the order of 100-150 ms; Guenther, 2016). At 

the same time, these studies are not as ecologically valid regarding the role of auditory 

feedback during normal speaking situations. Cai et al. (2011, 2014) achieved higher 

ecological validity by embedding perturbations during the course of a multisyllabic phrase. 

This is especially important for examining feedback control in AWS, as stuttering is more 

likely to occur during longer phrases compared to single words (e.g., Coalson et al., 

2012; Soderberg, 1966). However, Cai et al. (2011, 2014) used stimuli comprised only 

of vowels and semivowels. The perturbation results in this study upheld the prior results 

within a phrase including a mixture of vowels, stop consonants, and fricatives, indicating 

that auditory feedback does indeed play a role in speech motor control during naturalistic 

utterances.

A potential limitation of this study was the effect of global hardware and software delays 

needed to alter feedback online. While these delays were modest (24-32ms), such delayed 

auditory feedback (DAF) is known to have a fluency-enhancing effect in AWS (Kalinowski 

et al., 1996), and may have led to the low overall level of stuttering in the present study. 

Furthermore, there was a discrepancy in global feedback latency between the perturbed trials 

(24ms delay) and non-perturbed trials (32ms delay). While this discrepancy was quite small, 

it is possible that the condition with greater delay led to a reduced speaking rate overall 

(Chon et al., 2021; Kalinowski et al., 1993; Stuart et al., 2002), increased fluency in AWS 

(Kalinowski et al., 1993, 1996), and decreased fluency in ANS (Stuart & Kalinowski, 2015). 

Differences in speech rate could have potentially affected which portions of the formant 

trajectories are compared between the perturbed and non-perturbed conditions. However, all 

formant trajectories in the present study were time-normalized at the individual trial level 

which should have mitigated any effect of speech rate. Regarding fluency, no difference in 

unambiguous stutters was found between feedback conditions (AWS: sign-rank test: W = 

17.5, p = 1; ANS did not produce enough stutter-like disfluencies to make a meaningful 

comparison). One could argue that even if trials with unambiguous stutters were removed 
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from analysis, some aspect of speech motor control associated with this (dis)fluency was 

affected. Chon and colleagues found that across both AWS and ANS, 50ms DAF can lead 

to greater kinematic variability across trials compared to 25ms DAF, while within trial 

kinematic stability is similar (Chon et al., 2021). If greater trial-to-trial variability were 

an issue in the present study, averaging the formant trajectories across trials in perturbed 

and non-perturbed conditions should have removed this potential confound. Finally, because 

the difference in feedback delays was much smaller than any comparisons studied in the 

literature, it is difficult to conclude whether this difference would meaningfully change the 

results. In follow-up work, it will be necessary to carefully match feedback delays between 

perturbed and non-perturbed conditions to ensure that the discrepancy included here did not 

have an important effect on the results.

Another potential limitation of the present study was the inclusion of two different 

auditory feedback perturbations interspersed among trials (the F1 perturbation and the 

temporal perturbation not described here). In general, with altered feedback paradigms 

that measure responses to unexpected perturbations, care must be taken to ensure that cross-

trial adaptation (i.e. error-based learning) is minimized. When more than one perturbation 

is applied, it is even more important to make sure there are no interactions across 

perturbations. In the present study, design choices were made to mitigate these effects. 

First, each perturbation was applied to a different part of the stimulus sentence (the temporal 

perturbation was applied to the /s/ in “steady” while the F1 perturbation affected the /ε/). 

Second, each perturbation only occurred on 20% of the total trials, limiting expectancy of 

either perturbation. Third, at least one trial without a perturbation always separated trials 

with any perturbation. Each of these design features served to make the perturbations 

unpredictable so that cross-trial adaptation or interactions between perturbations were 

minimized. Furthermore, these perturbations were quite subtle - participants were largely 

unaware that there were any perturbations and even less aware of what the perturbations 

actually were. Therefore, it is also less likely that participants consciously altered their 

speech in response to the perturbations. Nonetheless, it is still possible that the presence 

of one perturbation affected responses to the other. As such, researchers should take these 

issues into consideration when designing auditory feedback perturbation experiments with 

more than one type of perturbation.

Finally, the training that participants received prior to the experiment may have altered 

participants’ natural speech. It is possible that including such training may prime 

participants to attend to their speech more than usual and potentially increase responses 

to the perturbation. However, this effect would be constant across all participants and should 

not have affected comparisons between groups and conditions. The primary aim of the 

training procedures was to better control speech parameters like loudness and speaking rate 

in order to minimize unintended effects on responses. This tradeoff between experimental 

control and ecological validity is certainly an important consideration for any behavioral 

study. It will be beneficial for future sensory feedback perturbation research to explore 

the effects of natural variability in these parameters during testing. This will help clarify 

whether and how altering speech variability for the sake of experimental control affects 

outcomes in this type of research.
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5. Conclusion

The present study demonstrated that metronome-timed speaking may alter the processes 

involved in responding to spectral auditory feedback perturbations. Specifically, while 

perturbations of F1 led to a compensatory response in ANS when speaking with natural 

timing, AWS did not show a significant response. However, during the metronome-timed 

speech condition, AWS did show a significant response while ANS do not. As stuttering is a 

developmental speech disorder that generally emerges in early childhood and all participants 

included herein were adults, it is important to consider that the results of this study may 

reflect either primary characteristics of stuttering or secondary behaviors developed to 

compensate for or adapt to these primary characteristics. Future research examining the 

mechanisms of online auditory feedback processes in children who stutter will be necessary 

to clarify the roles of disrupted sensorimotor transformations in persistent developmental 

stuttering.
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Appendix

Equations for reference:

The onset of the /ə/ in the word “the” was detected using an adaptive short-time signal 

intensity root-mean-square (RMS) threshold determined by

tℎresℎ ∕ ə ∕ =
q90(minRMS ∕ ðə ∕ ) + q10(maxRMS ∕ ðə ∕ )

2 (Equation A1)

where minRMS/ðə/ is the set of lowest RMS values from previous trials during production 

of “the”, maxRMS/ðə/ is the set of the highest RMS values from previous trials during 

production of “the”, and qx is the xth quantile of the distribution of values. Note that RMS 

was computed in successive 32-sample (2ms) frames.

The onset and offset of the /s/ in the word “steady” were detected using an adaptive RMS 

threshold determined by
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tℎresℎ ∕ s ∕ =
q90(minRAT ∕ ə ∕ ) + q10(minRAT ∕ st ∕ )

2 , (Equation A2)

where minRAT/ə/ is the set of lowest values from previous trials of the ratio between 

pre-emphasized RMS and non-filtered RMS during production of the /ə/ (in the word 

“the”), minRAT/st/ is the set of lowest values from previous trials of the ratio between 

pre-emphasized RMS and non-filtered RMS during production of /st/ (in the word “steady”), 

and qx is the xth quantile of the distribution of values.

The offset of the /ε/ in the word “steady” was detected when both 1) the RMS slope was 

negative for a duration determined by

dur ∕ ε ∕ off = mean(maxDurnegRMSslp)
2 (Equation A3)

and 2) the cumulative sum of the RMS slope exceeded a value determined by

int ∕ ε ∕ off =
q90(intRMSslp ∕ εd ∕ ) + q10(intRMSslp ∕ di ∕ )

2 (Equation A4)

where maxDurnegRMSslp is the set of the maximum duration of negative RMS slope intervals 

from previous trials during production of /di/ in “steady,” intRMSslp/εd/ is the integral of 

the RMS slopes from the longest negative RMS slope intervals during /εd/ in “steady”, 

intRMSslp/di/ is the integral of the RMS slopes from the longest negative RMS slope 

intervals during /di/ in “steady,” and qx is the xth quantile of the distribution of values.
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Figure 1. 
A schematic diagram showing the setup for the experiment. Following the presentation of 

an orthographic stimulus sentence and a condition cue (“Normal” or “Rhythm”), participants 

read the sentence according to the cue. Participants’ speech signals were recorded and fed 

to an experimental computer running Audapter. On perturbed trials, detection of the onset 

of /ε/ in “steady” was used to initiate the pre-programmed auditory perturbation which was 

fed back to the participant via insert earphones. Both the perturbed and unperturbed signals 

were recorded for further analysis.
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Figure 2: 
Example spectrograms of “The steady bat” during a formant perturbation trial generated 

from the recorded microphone signal (top) and headphone signal (bottom). The first and 

second formant traces during the word “steady” are displayed. In the headphone signal 

spectrogram, the original formant traces are displayed in black and the shifted formant traces 

are overlaid in blue. Note that only the first formant is perturbed. Phoneme boundaries and 

international phonetic alphabet symbols are indicated above the microphone signals. F1 = 

first formant, F2 = second formant, Hz = hertz.
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Figure 3. 
Disfluency rate in the normal and metronome-paced conditions for AWS. Circles represent 

individual participants.

Frankford et al. Page 20

J Fluency Disord. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Time-normalized formant responses to the F1 perturbation during the /ε/ in “steady” in 

the normal (A) and metronome-paced (B) conditions. Solid curves indicate the average 

difference in F1 frequency between the perturbed and non-perturbed conditions for ANS 

(blue) and AWS (orange). Dashed lines indicate mean formant change response +/− standard 

error of the mean. The blue bars indicate intervals of significant responses in ANS (p < 

0.05, uncorrected). The orange bars represent intervals of significant responses in AWS (p 
< 0.05, uncorrected). The magenta bars indicate intervals of significant differences between 

ANS and AWS (p < 0.05, uncorrected). Duration of the non-normalized /ε/ response curves 

(averaged between perturbed and non-perturbed trials and across subjects) for each group 

and speaking condition are included to the right of the response curves for reference.
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Table 1.

Descriptive and inferential statistics for speaking rate and CV-ISD. Error estimates indicate 95% confidence 

intervals. Significant effects are highlighted in bold. ANS = adults who do not stutter, AWS = adults who 

stutter, ISD = intersyllable duration, CV-ISD = coefficient of variation of the ISD within a trial.

Measure
ANS AWS Main effect of

Group:
Main effect of

Condition: Interaction:
Normal Paced Normal Paced

Speaking 
rate (ISD/

sec)
4.0 ± 0.2 3.6 ± 0.1 3.9 ± 0.2 3.7 ± 0.1 F(1,29) = 0.19, p = 

.67
F(1,29) = 76.60, p < 

.0001
F(1,29) = 6.15 p = 

.02

CV-ISD 0.27 ± 0.06 0.10 ± 
0.02 0.26 ± 0.05 0.10 ± 

0.02
F(1,29) = 0.53, p = 

.47
F(1,29) = 294.73, p < 

.0001
F(1,29) = 0.41 p = 

.52
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