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Abstract: This study examined both the between-subject and within-subject relationships between vowel duration and formant
variability during productions of both isolated words and connected speech by analyzing three existing datasets (N¼ 132). A posi-
tive between-subject correlation was observed in isolated words and, marginally, in connected speech. This finding is consistent
with the idea that individuals who are more variable rely more on feedback-based control for vowel production, as longer dura-
tions allow more time for online corrections. Conversely, no such correlation was found within speakers at the trial level, sugges-
ting that individuals do not modify their vowel duration online for each production.VC 2025 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

[Editor: Peggy Mok] https://doi.org/10.1121/10.0039754

Received: 28 August 2025 Accepted: 17 October 2025 Published Online: 4 November 2025

1. Introduction

Duration has long been a crucial feature when describing and analyzing vowel productions and is known to vary both across and
within speakers. For example, compared to healthy controls, slower speech rates (resulting in longer vowel durations) have been
reported in individuals with Down and Williams syndromes (Bunton and Leddy, 2011; Setter et al., 2007) and motor speech disor-
ders, including dysarthria (Kent et al., 1979; Liss et al., 2009) and apraxia of speech (Collins et al., 1983). Even when controlling for
speech rate, individuals differ in their vowel durations. Vowels produced by women are typically longer than those produced by
men during both isolated words (Hillenbrand et al., 1995) and sentence productions (Jacewicz et al., 2007). Developmentally, young
children normally exhibit longer average vowel duration than older age groups (Lee et al., 1999). Vowel duration also varies within
speakers, which has been studied primarily through the lens of linguistic structure. Vowel duration is influenced by several contex-
tual factors, including syllabic stress, pitch accent, the identities of adjacent segments, and the syllabic structure of a word (Van
Santen, 1992). For example, stressed vowels are produced with a longer duration than unstressed vowels (Fry, 1958), and vowels
preceding voiceless consonants are shorter than those preceding voiced consonants (Chen, 1970; Peterson and Lehiste, 1960).

While linguistic structure plays a large role in vowel duration, the duration of a single vowel produced by a sin-
gle speaker can vary substantially even when repeated in the same context. One possible source of this non-linguistic varia-
tion is that vowel duration is related to the precision of vowel production. When we speak, we continuously monitor the
resulting auditory feedback—the sound of our own voice. If there is a mismatch between the predicted and actual auditory
feedback (i.e., prediction error), speakers will adjust their motor behavior to correct the online speech error (Guenther,
2016; Parrell et al., 2019). Such an error-correction system operates in the presence of error induced by external perturba-
tions (e.g., masking noise) or internal changes (e.g., muscle fatigue), serving to correct for the motor variability observed in
our repetitive actions (Blustein et al., 2021; Houde and Jordan, 2002; Tang et al., 2022)

Previous studies have suggested that naturally occurring speech variability can elicit a prediction error signal: When
speakers produce the same word repeatedly, neural responses evoked by auditory feedback in auditory cortex were less suppressed
for productions that were farther away from the target in formant space (i.e., the center of the vowel distribution) than for those
closer to the target (Beach et al., 2024; Niziolek et al., 2013; Tang et al., 2025). This reduction in suppression is similar to the
responses observed during speech errors induced by external perturbations (Behroozmand and Larson, 2011; Chang et al., 2013;
Kim et al., 2025), suggesting that naturally occurring variability in vowel productions is treated like overt speech errors. If so, a
vowel token produced on the periphery of a speaker’s normal formant distribution may exhibit increased vowel duration in order
to provide sufficient time to correct ongoing speech and better approximate vowel production targets. Such a relationship between
vowel duration and formant variability could be a general property of individual speakers (e.g., speakers who are generally more
variable may produce longer vowels) or could be due to differences in online control within speakers (e.g., productions that are
initially farther from the vowel target may exhibit longer durations).
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Here, we tested these two non-exclusive possibilities. Specifically, we examined both the between-subject and within-
subject relationships between vowel duration and variability by analyzing existing datasets (N¼ 91) in which subjects repeatedly pro-
duced monosyllabic words with different vowel sounds (Parrell and Niziolek, 2021; Tang et al., 2022). We found a significant
between-subject correlation between vowel duration and variability during the production of isolated words. That is, individuals who
are more variable tend to produce longer vowels. While not conclusive, this positive correlation between vowel duration and formant
variability suggests that individuals who produce vowels with higher initial variability (and, as such, less accurate feedforward/predic-
tive control systems) may rely more on feedback control during vowel production, as longer durations provide longer time for
online articulatory adjustments and corrections. While increased weighting of feedback control has been suggested as a compensatory
mechanism for impairments in feedforward/predictive control in some speech motor disorders (Houde et al., 2019; Parrell et al.,
2017; Parrell et al., 2021), this result may suggest the same trade-off occurs in healthy speakers. Understanding this balance offers
valuable insights into the mechanisms underlying speech motor control and individual differences in speech production.

We then examined whether this between-subject correlation also holds in connected speech (sentence-level) by
analyzing another existing dataset (N¼ 41) in which subjects produced 40 different sentences that varied markedly in
length, vocabulary, and grammar (Beach et al., 2024). The results revealed only a marginally significant positive correlation
between vowel duration and formant variability at the subject level during productions of connected speech. In contrast,
we did not find evidence of a within-subject correlation between these measures during productions of either isolated or
connected speech, suggesting the relative weighting of feedforward and feedback control remains relatively stable and is
unlikely to change on a production-by-production basis.

2. Method

2.1 Participants

We analyzed data (N¼ 91; see Table 1) from two previous studies (Parrell and Niziolek, 2021; Tang et al., 2022) to exam-
ine both the between- and within-subject relationships between duration and formant variability in isolated words. Data
from a third study (N¼ 41; see Table 1) were analyzed to examine the between-subject relationship between duration and
formant variability in connected speech (Beach et al., 2024). All participants were native speakers of American English and
reported no history of speech, hearing, or neurological disorders.

2.2 Speech production experiments

Data from study 1 (N¼ 25) and three experiments in study 2 (N¼ 66) were included in the analyses for isolated words. In each
experiment, one of the three monosyllabic English words (“bead,” “bad,” and “bod,” containing the vowels /i/, /�/, and /A/,
respectively) was pseudorandomly selected and displayed on a computer screen for 1.5 s, one at time. The interstimulus interval
(ISI) was randomly jittered between 0.75 and 1.5 s to reduce anticipatory responses. Participants were instructed to read each
word aloud as it appeared. Speech was recorded at 16kHz via either a head-mounted microphone (AKG C520; AKG,
Hofgeismar, Germany) or a desktop microphone (Sennheiser MKE 600; Sennheiser, Wedemark, Germany) and played back to
participants with a short delay (�18ms) via closed-back circumaural headphones (Beyerdynamic DT 770; Beyerdynamic,
Heilbronn, Germany). The speech playback volume varied with the volume of participants’ speech and was calibrated to be
approximately 80dB sound pressure level (SPL); this playback was mixed with speech-shaped noise at a volume of approximately
60dB SPL. The aims of studies 1 and 2 were to investigate how speakers modify their vowel productions in response to novel
auditory perturbations. Accordingly, each experiment consisted of several phases, including baseline, ramp, hold, washout, and
retention [see Parrell and Niziolek (2021) and Tang et al. (2022) for method details], with formant perturbations applied to par-
ticipants’ auditory feedback during both the ramp and hold phases. The current study analyzes only data from the baseline phase
(120 trials), during which participants received normal (unaltered) auditory feedback.

Table 1. Summary of the included studies.

Study 1 (Parrell and Niziolek, 2021) Study 2 (Tang et al., 2022) Study 3 (Beach et al., 2024)

No. of participants included
in analysis (gender)

25 (21 females, 4 males) 66 (47 females, 19 males):
24 in experiment 1
22 in experiment 2
20 in experiment 4

41 (31 females, 10 males):
14 in younger group

14 in middle-aged group
13 in older group

Participants’ age Mean 20.46 2.9 years Experiment 1: mean
28.86 12.3 years

Experiment 2: mean
25.96 9.7 years

Experiment 4: mean
286 12.9 years

Younger group:
mean 20.26 2 years
Middle-aged group:
mean 42.16 8.4 years
Older group: mean
66.5.16 5 years

No. of stimuli (vowels in a particular
context) included in the final analysis

3 3 30 (see Table S1 in the
supplementary material)
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In study 3, instead of isolated words, the stimuli were 40 phonetically balanced sentences selected from the
Harvard sentences (IEEE, 1969). Similar to the isolated words task, stimuli were displayed on a computer screen one at a
time. Participants were instructed to read the item aloud as it appeared. Each sentence was presented for 4.5 s, with the ISI
randomly jittered between 0.75 and 1.5 s. The apparatus and setup used for acoustic recording were similar to those used
in studies 1 and 2 [see Beach et al. (2024) for method details]. Study 3 was a two-visit study in which participants com-
pleted one session with and one without altered auditory feedback. The current analyses only included data from the ses-
sion without altered auditory feedback, which involves 440 total productions of 40 unique sentences (11 repetitions each),
containing 14 vowels (/A/, /�/, /ˆ/, /O/, /aU/, /aI/, /E/, / T̆/, /eI/, /I/, /i/, /oU/, /U/, and /u/) across 30 individual stimulus
contexts (see Table S1 in the supplementary material).

2.3 Acoustic analysis

Isolated words. The values of the first two vowel formants (F1 and F2, resonances of the vocal tract that distinguish different vow-
els) were tracked offline using wave_viewer (Niziolek and Houde, 2015), a MATLAB GUI interface for formant tracking using PRAAT

(Boersma and Weenink, 2019). Linear predictive coding (LPC) order (i.e., the number of coefficients used to estimate the for-
mants) and preemphasis values (i.e., adjustments to spectral tilt to improve formant estimation) were set for each participant at
values that generally provided smooth formant tracks and were adjusted if necessary for individual trials where large jumps in
formant values were visible. The detection of vowel onset and offset was automatically performed using a participant-specific
amplitude threshold, and any errors were manually corrected using the waveform and spectrogram. Vowel onset was identified as
the point where the waveform showed periodicity and the formants were visible in the spectrogram. Vowel offset was identified
as the point where formants, particularly F2 and higher, were no longer visible. In general, across the two studies, an average of
1.6% of trials were excluded due to production errors or unresolvable errors in formant tracking.

Connected speech. Sentence data were first automatically segmented into component phonemes using the
Montreal Forced Aligner (McAuliffe et al., 2017). Trained research assistants reviewed the segmentation and manually
adjusted the vowel boundaries when needed, using the waveform and spectrogram [see Beach et al. (2024) for details].
After participants’ productions had been accurately marked, F1 and F2 of the vowels in the sentences were tracked offline
following the same procedure used in isolated words (Parrell and Niziolek, 2021; Tang et al., 2022).

Variability for each trial was measured as the two-dimensional (2D) distance in F1/F2 space between production
of a vowel and the center of the distribution for that vowel, measured over the first 50ms of the vowel (Fig. 1). For con-
nected speech, each instance of a vowel appearing in the same contextual environment (i.e., the same location within the
same sentence) was analyzed separately. For example, the vowels in the words “holes” and “rows” were treated as different
“vowels,” despite being represented by the same phoneme, /oU/. Our goal was to capture movement variability within a
context, rather than variability due to coarticulation. Only stressed vowel contexts in the sentence productions were
included in these analyses, with the aim of having vowel durations of more than 50ms. In order to obtain a reliable
formant distribution for each vowel context, only those vowel contexts that were produced at least nine times by a given
participant were included for further analyses (average of 29.056 1.76 tokens). In total, data from 30 stimuli (vowels in a
particular context; see Table S1 in the supplementary material) were included in the sentence-level analysis.

2.4 Statistical analysis

The primary goal was to test the relationship between vowel duration and formant variability (i.e., the distance from the
center of a vowel’s distribution) at both between- and within-subject levels. For isolated words, both the between- and
within- subject correlations were quantified in a linear mixed-effects (LME) model: duration � distance þ meanDistance

Fig. 1. Example from a representative participant showing how formant variability was measured. The initial distance for each trial was mea-
sured as the 2D distance in F1/F2 space between each production of a vowel (small gray dots) and the center of the distribution for that vowel
(black star) during the first 50ms of the vowel. Variability was then calculated as the average of these distances (purple line).
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þ vowel_�meanDistance þ vowel_imeanDistance þ vowel_iDistance þ vowel_�Distance þ (1þvowel_�jsubject)
þ (1þvowel_ijsubject) þ (1þdistancejsubject). Distance is a subject centered distance variable defined by the difference
between the trial level distance and the subject mean distance (meanDistance). Two dummy (binary) variables (vowel_ae
and vowel_i) were created coding for two of the vowels against a reference vowel (/A/). At the subject level (between-
subject correlation), we additionally calculated Pearson’s correlation coefficient (r) between vowel duration (i.e., the average
duration of each vowel for a given participant) and variability (i.e., the average trial-wise distance of each vowel production
from the center of that vowel’s distribution for that participant) for each vowel. Moreover, to assess if individuals are con-
sistent in the correlation across the three vowels, we first converted the average vowel durations and formant distances of
each participant and vowel into z-scores. These z-scored points were then projected onto the correlation line, with positive
projections indicating contributions toward the higher end (above the mean) and negative projections indicating contribu-
tions toward the lower end (below the mean). Subsequently, we computed the intraclass correlation coefficient (ICC) using
a two-way mixed-effects model on these projections (Koo and Li, 2016). At the trial level (within-subject correlation),
Pearson’s r was calculated for each participant and vowel. A Fisher transformation was used to convert the correlation
coefficients into z-scores, which were then compared against zero using one-sample t tests. We then tested whether any
between-subject correlation occurred during productions of connected speech by conducting an LME model using data
from study 3: duration � meanDistance þ SenDuration þ (1jvowel) þ (1jsubject), where SenDuration is the subject mean
sentence duration. Pearson’s r (between-subject correlation) was calculated for each vowel.

3. Results

3.1 Between-subject relationship in isolated words

As shown in Fig. 2, we found a significant positive correlation between vowel duration and formant distance (meanDistance,
b¼ 0.026, t¼ 3.42, p< 0.001), such that speakers with larger formant variability produced longer vowels. Significant correlations
were observed for each vowel individually (bad [/�/], r¼ 0.294, p¼ 0.005; bod [/A/], r¼ 0.289, p¼ 0.005; bead [/i/], r¼ 0.293,
p¼ 0.005), with no difference across vowels. To further evaluate individual consistency across the three vowels, we calculated the
ICC (based on a two-way mixed-effects model) of the individual participants’ duration/variability locations within each vowel’s
distribution, using the projections onto each vowel-specific trend line. The across-vowel ICC was 0.83, representing a very good
individual consistency across vowels; essentially, participants who tended to produce longer durations and greater formant vari-
ability in one vowel were also higher along the trend line in the other vowels.

3.2 Within-subject relationship in isolated words

While vowel duration increased with average variability across subjects, we found no evidence for a similar relationship between
duration and formant distance within subjects at the trial level (distance, b¼ 0.000, t¼ –0.84, p¼ 0.4). Figure 3(A) shows the
within-subject correlations from four representative participants as well as the between-subject correlation across all participants.
Pearson’s r was calculated for individual participants and vowels. Pearson’s r (after Fisher z-transformation) did not differ from
zero for any of the three vowels (bad [/�/], mean z¼�0.026, p¼ 0.174; bod [/A/], mean z¼�0.028, p¼ 0.144; bead [/i/], mean
z¼ 0.012, p¼ 0.522), consistent with no within-subject relationship between vowel duration and variability [Fig. 3(B)].

Fig. 2. Between-subject correlations between vowel duration and formant variability [distance (dist.)] during productions of isolated words.
Each data point represents the average of one speaker’s production of a single stimulus word: bad (blue triangles, left), bod (yellow squares,
middle), and bead (green circles, right). Significant (�) correlations are indicated by dashed lines.
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3.3 Between-subject relationship in connected speech

We further examined whether the relationship between vowel duration and average formant variability across speakers that
we observed in isolated word production also held in connected speech. The results revealed a similar positive correlation
between vowel duration and formant distance in sentence productions, although the statistical significance was marginal
[b¼ 0.56, t¼ 1.82, p¼ 0.077) [Fig. 4(B)]. At the level of individual vowel contexts, significant between-subject correlations
between vowel duration and formant distance were only observed in a subset of six vowel contexts (shown in color in Fig. 4),
all showing the expected positive relationship (lead [/i/], r¼ 0.347, p¼ 0.03; plead [/i/], r¼ 0.31, p¼ 0.049; tend [/E/], r¼ 0.34,
p¼ 0.03; wrote [/oU/], r¼ 0.38, p¼ 0.015; up [/ˆ/], r¼ 0.53, p< 0.001; crawled [/O/], r¼ 0.33, p¼ 0.034).

4. Discussion

In the current study, we tested both the between-subject and within-subject relationships between vowel duration and vari-
ability during productions of both isolated words and connected speech. We found a positive between-subject correlation
in isolated words, suggesting individuals who are more variable tend to produce longer vowels.

Speech production, one of the most complicated motor behaviors, requires joint efforts of both feedforward and feed-
back control (Guenther, 2016; Houde and Nagarajan, 2011; Parrell et al., 2019). Feedforward control relies on prior experience
and memory to make predictions and guide speech movements, enabling rapidity in speech but lacking the ability to monitor
and correct errors in speech output. In contrast, feedback control uses sensory information from ongoing speech to make real-
time adjustments to the motor commands, playing a critical role in maintaining stability in the presence of noise, although it
tends to be slower and less accurate when sensory feedback is delayed or unreliable. Both feedforward and feedback control are

Fig. 3. Between-subject and within-subject correlations in isolated words. (A) Within-subject correlations for four representative participants
and between-subject correlation across all participants. Small dots represent trial data, and colored solid lines indicate within-subject correla-
tions across those trials. Different colors indicate different participants. The black solid line represents the significant between-subject correla-
tion across all participants, with the shading representing the 95% confidence intervals. (B) Histogram of Fisher z-transformed within-subject
correlation coefficients in different vowels during productions of isolated words.
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essential for speech production, but the relative weighting of feedforward and feedback control can vary, depending on a range of
factors, such as age and language proficiency (Guenther et al., 2006; Liu et al., 2010; Cai et al., 2020). For example, as children’s
speech production skills develop and their speech becomes faster, it is thought that they gradually shift from being mainly reliant
on feedback control to being primarily reliant on feedforward control (Guenther et al., 2006; Liu et al., 2010), a pattern also found
in upper limb control (Malone et al., 2025). A recent study demonstrated the influence of language proficiency on the relative
weighting of feedforward and feedback control, showing that compared to L1 (the first language), L2 (the second language)
speech production may rely more on feedback control (Cai et al., 2020). The significant positive correlation between vowel dura-
tion and formant variability observed in the current study indicates that individuals who produce vowels with higher initial vari-
ability may rely more on feedback control for vowel production, with longer vowel durations allowing for more time to make
online articulatory adjustments and corrections. This is consistent with findings in people with motor speech disorders:
Individuals with apraxia of speech and individuals who stutter both exhibit longer vowel durations compared to fluent controls
(Collins et al., 1983; Riley and Ingham, 2000), potentially due to compromised feedforward control and a subsequent increased
weighting of feedback control (Maas et al., 2015; Max et al., 2004).

However, it is important to note that the observed relationship between vowel variability and duration is correla-
tional and does not imply causation or a specific directional effect. In other words, the current analyses cannot determine
whether increased variability leads to longer duration, or vice versa. Further research is necessary to examine these poten-
tial mechanisms. Moreover, while our results suggest that individuals who produce vowels with higher initial variability
may rely more on feedback-based control for vowel production, feedback control was not directly assessed in the current
study. Further research is needed to directly examine this hypothesis, such as testing whether individuals with longer vowel

Fig. 4. Between-subject correlations in connected speech. (A) Distribution of the 30 vowel contexts included in the connected speech analysis.
Colored vowels indicate vowel contexts with a significant positive between-subject correlation between vowel duration and formant variability.
No significant negative correlations were found. (B) Significant between-subject correlations in different vowel contexts. Small dots represent
trial data. Different colors indicate different vowel contexts. The black solid line represents the significant between-subject correlation across
all participants and all vowels, with the shading representing the 95% confidence intervals.
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duration exhibit increased compensatory responses to unpredictable auditory formant perturbations. Another limitation to
consider is the relatively atypical speaking environment. Participants received auditory feedback—specifically, playback of their
own speech mixed with speech-shaped noise—through closed-back circumaural headphones. This unusual speaking setting may
have influenced the results, as speaking with noise has been shown to lead to increased vowel durations (Rostolland and Parant,
1974; Summers et al., 1988); while this is unlikely to have led directly to the correlation found between variability and vowel
duration, if durations were increased, this may have amplified the strength of the observed correlation.

In the current study, we further examined whether the positive between-subject relationship observed during produc-
tion of isolated words also held in more ecologically valid connected speech. Compared to isolated words, connected speech
imposes greater processing demands due to the need for simultaneous planning, monitoring, and correction of numerous speech
sounds. Connected speech is also associated with increased variability of oral motor patterns and related acoustic signals. These
factors might weaken the relationship between vowel duration and variability observed in isolated words. Our results showed
that the positive relationship between vowel duration and variability held only in a subset of the vowels analyzed in our con-
nected speech data (see Fig. 4 and see Table S1 in the supplementary material). In general, findings from study 3 should be
interpreted with caution. First, the overall correlation between vowel duration and variability was weaker and only reached mar-
ginal significance during connected speech production compared to isolated words. Second, several factors that can influence
vowel duration were not well-controlled. In study 3, the included words (see Table S1) differed in word length (monosyllabic vs
disyllabic words) and sentence position (sentence initial vs medial). These differences could potentially affect vowel duration and
help explain why significant correlations were observed only in certain vowels within specific contextual environments. For
example, the expected positive correlation was observed when participants produced the vowel /i/ in the word “lead,” but not
when they produced the same vowel in the word “beach.” Further research is needed to clarify how the relationship between
vowel duration and variability may vary across vowels and context during productions of real-world connected speech.

Conversely, we did not find a significant within-subject correlation between vowel duration and formant variabil-
ity. That is, speakers did not adjust their vowel duration on a production-by-production basis to account for changes in
initial formant values. It is worth mentioning that our results do not suggest that the relative weighting of feedforward and
feedback control is stable and cannot be changed. Previous work has demonstrated the dynamic nature of the weighting of
feedforward and feedback control (Scheerer and Jones, 2014). Rather, our findings suggest that the relative weighting of
feedforward and feedback control is unlikely to change on a production-by-production basis.

Supplementary Material

See the supplementary material for Table S1.
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