
Review Article

A Preliminary Study of Speech Rhythm Differences
as Markers of Stuttering Persistence in
Preschool-Age Children
Aysu Erdemir,a Tedra A. Walden,b Sam Tilsen,c Antje S. Mefferd,a and Robin M. Jonesa

aDepartment of Hearing and Speech Sciences, Vanderbilt University Medical Center, Nashville, TN bDepartment of Psychology,
Vanderbilt University, Nashville, TN cDepartment of Linguistics, Cornell University, Ithaca, NY
A R T I C L E I N F O

Article History:
Received February 25, 2022
Revision received September 15, 2022
Accepted December 1, 2022

Editor-in-Chief: Cara E. Stepp
Editor: Julie D. Anderson

https://doi.org/10.1044/2022_JSLHR-22-00126
Correspondence to Aysu Erdemir: aysu.erdemir.1@vu
The authors have declared that no competing financ
interests existed at the time of publication.

Journal of Speech, Language, and Hearing Research • Vol
A B S T R A C T

Purpose: The purpose of this study was twofold: (a) to determine whether there
are speech rhythm differences between preschool-age children who stutter that
were eventually diagnosed as persisting (CWS-Per) or recovered (CWS-Rec)
and children who do not stutter (CWNS), using empirical spectral analysis and
empirical mode decomposition of the speech amplitude envelope, and (b) to
determine whether speech rhythm characteristics close to onset are predictive
of later persistence.
Method: Fifty children (3–4 years of age) participated in the study. Approxi-
mately 2–2.5 years after the experimental testing took place, children were
assigned to the following groups: CWS-Per (nine boys, one girl), CWS-Rec (18
boys, two girls), and CWNS (18 boys, two girls). All children produced a narra-
tive based on a text-free storybook. From the audio recordings of these narra-
tives, fluent utterances were selected for each child from which seven
envelope-based measures were extracted. Group-based differences on each
measure as well as predictive analyses were conducted to identify measures
that discriminate CWS-Per versus CWS-Rec.
Results: CWS-Per were found to have a relatively higher degree of power in
suprasyllabic oscillations and greater variability in the timing of syllabic rhythms
especially for longer utterances. A logistic regression model using two speech
rhythm measures was able to discriminate the eventual outcome of recovery
versus persistence, with 80% sensitivity and 75% specificity.
Conclusion: Findings suggest that envelope-based speech rhythm measures
are a promising approach to assess speech rhythm differences in developmen-
tal stuttering, and its potential for identification of children at risk of developing
persistent stuttering should be investigated further.
Developmental stuttering is characterized by fre-
quent occurrences of repetitions and prolongations of
sounds, syllables, or words that disrupt the rhythmic flow
of speech. The onset of developmental stuttering typically
occurs around the ages of 30–36 months, and approxi-
mately 5%–8% of preschool-age children meet the diag-
nostic criteria for stuttering at some point in early child-
hood (see the review by Yairi & Ambrose, 2013). While
up to 75%–85% of children who stutter (CWS) eventually
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recover from the disorder, the remaining 15%–25% con-
tinue to stutter into adulthood (i.e., persist), yielding a
prevalence of approximately 1% across the general popu-
lation (Yairi & Ambrose, 2005, 2013). Recovery rates
decline to 50%–60% by the time a child reaches the age of
5 years (Walsh et al., 2018, 2020; Yairi & Ambrose,
2005), and beyond the age of 7 years, stuttering children
are at significant risk for persistent stuttering with poten-
tially negative psychological and academic consequences
(Blumgart et al., 2010; Craig et al., 2009; Klein & Hood,
2004; O’Brian et al., 2011).

Developmental stuttering is a complex and multi-
faceted disorder (Conture & Walden, 2012; Smith, 1999;
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Yairi & Ambrose, 2005) affected by multiple, dynamic,
and interacting factors (Smith & Weber, 2017). To date,
research pinpoints various epidemiological, clinical, physio-
logical, and behavioral factors associated with stuttering
persistence and recovery in preschool-age children (for a
review, see Walsh et al., 2018). Among such factors are sex
(Reilly et al., 2009; Yairi & Ambrose, 2005), family history
of stuttering (Ambrose et al., 1997; Kidd et al., 1981), age
of onset (Yairi & Ambrose, 2005), time since onset (TSO;
Yairi & Ambrose, 2005), linguistic and/or phonological fac-
tors (Mohan & Weber, 2015; Singer et al., 2020; Spencer &
Weber-Fox, 2014; Yairi et al., 1996; Usler & Weber-Fox,
2015), speech motor skills (Spencer & Weber-Fox, 2014;
Usler et al., 2017), neuroanatomical characteristics (Garnett
et al., 2018), and emotional/temperamental differences
(Ambrose et al., 2015; Erdemir et al., 2018; Zengin-
Bolatkale et al., 2018). Although a variety of factors have
been found to be associated with stuttering persistence in
young children, empirical support of approaches to predict
risk of persistence is scarce and just beginning to emerge
(e.g., Singer et al., 2022; Walsh et al., 2021). These newer
reports point to a cumulative approach using a combination
of (possibly co-related) risk factors to help more accurately
predict whether a child’s stuttering will persist. However,
there is still a lack of well-established and strong predictors
of risk of persistence especially close to onset, and this con-
tinues to impact the clinical decision-making process, such as
determining when to initiate treatment with a young child
who stutters. Therefore, it is of utmost importance to suc-
cessfully identify the factors that may be easily utilized for
predicting the probability for persistence in children who
begin to stutter. The novel study was designed to contribute
to this body of research by investigating “speech rhythm”

as a potential predictor of risk for stuttering persistence.

Evidence of Deviant Timing Processes in
Developmental Stuttering

A growing body of recent neurophysiological and
behavioral research highlights the possibility of a dysfunc-
tional internal timing network as a core deficit underlying
developmental stuttering (Chang et al., 2016; Chang &
Zhu, 2013; Etchell et al., 2015; Hickok et al., 2011; Max
& Yudman, 2003; cf. Hilger et al., 2016). This theory and
related evidence are relevant to this study because such a
deficit could potentially affect the ability to sequence the
timing of speech movements. The basal ganglia-thalamo-
cortical network (also referred to as the “timing network”)
represents the neural circuitry thought to be involved in
internal generation of periodic timing signals and rhythm
processing (Grahn, 2009; Grahn & Brett, 2007; Grahn &
McAuley, 2009). This network is composed of the basal
ganglia, supplementary motor area, premotor, and audi-
tory regions. In support of a salient role in developmental
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stuttering, findings from functional and structural mag-
netic resonance imaging and electrophysiological studies
point to a neurophysiological deviance (e.g., weaker func-
tional connectivity or delayed beta-band oscillations) in
the cortical and subcortical regions of the timing network
in CWS (Chang et al., 2016; Chang & Guenther, 2020;
Chang & Zhu, 2013; Etchell et al., 2016). Furthermore,
based in part on these findings, theoretical perspectives
have proposed that a malfunction in these neural struc-
tures may represent the primary impairment underlying
stuttering (Chang & Guenther, 2020).

In the behavioral domain, empirical evidence on
timing processes in stuttering has come from studies using
a variety of nonspeech rhythm–related paradigms. For
example, CWS, compared to children who do not stutter
(CWNS), were shown to exhibit greater rhythmic timing
variability in their nonspeech lip movements (Howell
et al., 1997) and poorer accuracy when synchronizing
finger taps to periodic metronome and musical beats (Falk
et al., 2015). Of particular interest to this study, inferior
performance was noted in CWS that were eventually diag-
nosed as persisting (CWS-Per) compared to CWS that were
eventually diagnosed as recovered (CWS-Rec) and CWNS, in
a finger sequencing task (Tendera et al., 2020). Other
empirical evidence came from the work of Wieland et al.
(2015), who examined rhythm discrimination abilities of
CWS (aged 6–11 years) and found evidence of a rhythm
perception deficit in developmental stuttering, which may
result from an internal timing deficit.

Relative to speech, difficulty with temporal processing
is also expected to result in poor coordination of interarticu-
latory movements (e.g., the spatiotemporal coupling of
upper and lower lip movements), which may explain find-
ings of immature articulatory movement patterns in CWS.
For example, in favor of a less refined and immature speech
motor coordination system, CWS, compared to CWNS,
were shown to have greater lip aperture trial-to-trial vari-
ability during fluent speech productions (MacPherson &
Smith, 2013; Walsh et al., 2015). Of particular interest to this
study, CWS-Per, compared to CWS-Rec and CWNS, were
shown to have increased trial-to-trial variability of articula-
tory movement patterns across sentence repetitions (Usler
et al., 2017) and inferior performance in a speech task com-
posed of consonant production and nonword repetition
(Spencer & Weber-Fox, 2014). This suggested a less refined
and mature speech motor coordination mechanism in
CWS-Per, where CWS-Rec were more like CWNS, entail-
ing that the speech motor system of children on the path-
way of recovery might resemble that of nonstuttering chil-
dren more closely than their nonfluent peers on the path-
way of persistence. Given the present evidence, whether the
presence of a motor timing deficit in CWS (which could
manifest itself in speech rhythm characteristics) may be an
early indicator of persistent stuttering is of great interest for
31–950 • March 2023



understanding developmental stuttering and its pathways
into persistence or recovery.

Evidence of Deviant Speech Rhythm in
Stuttering

Although speech rhythm is an understudied area in
stuttering in general, a limited number of studies also
point to deviant speech rhythm in adults who stutter
(AWS). These studies have documented the fluent speech
of AWS, compared to those of controls, to have a less
typical rate and be less rhythmic (Wendahl & Cole, 1961);
to have higher durational variability of vocalic and conso-
nantal intervals, indicative of greater timing variability
(Boutsen et al., 2000; Maruthy et al., 2017); and to be dif-
ferent in speech rhythm characterized by newer envelope-
based rhythm measures (Dechamma & Maruthy, 2018).
Another study found 6- to 8-year-old CWS, compared to
CWNS, to have increased variability of speech segments
at the sentence level (Dokoza et al., 2011). Although some
differences in speech timing and rhythm patterns in AWS
have been noted before, there is scarcity of research look-
ing into speech rhythm in young CWS, let alone looking
into its potential as an early risk marker of persistence—
at a time before years of learned coping behaviors and
therapeutic strategies have potentially shaped the way
speech is produced. Therefore, a novel investigation of
speech rhythm differences as potential predictors of risk
for stuttering persistence is required to fill this gap in our
knowledge.

Measures of Speech Rhythm

Speech production is inherently tied to time, and we
can define speech rhythm broadly as the arrangement of
speech sounds and movements in a way to alternate
between stressed and unstressed elements (for emerging
speech production models involving rhythm, see Poeppel
& Assaneo, 2020; Tilsen, 2019). However, despite a long
history of research that has focused on the measurement
of speech rhythm, there is still no consensus on exactly
how rhythm is encoded in speech. The oldest approaches
to define and quantify speech rhythm were driven by the
assumption that speech rhythm was encoded in duration
and involved analyzing the temporal regularity of linguis-
tic units (i.e., syllables, moras, or feet; Abercrombie, 1967;
James, 1940; Pike, 1945), followed by those that focused
on the durational variability of vocalic and consonantal
intervals, that is, so-called duration-based rhythm metrics
such as pairwise variability index (PVI; Dellwo, 2006;
Grabe & Low, 2002; Ling et al., 2000; Nolan & Jeon,
2014). Duration-based metrics have previously been used
to capture cross-linguistic rhythmic differences (stress-
timed vs. syllable-timed) in 2- to 6-year-old children
Erde
(Mok, 2013; Payne et al., 2012) and to examine acquisi-
tion of speech rhythm by monolingual versus bilingual 4-
to 5-year-old children (Bunta & Ingram, 2007). These
studies also found increased durational variabilities of
consonantal and vocalic intervals as a function of age
(Polyanskaya & Ordin, 2015) and language proficiency
(Ordin & Polyanskaya, 2015). On the other hand, when
intensity was taken into consideration, an opposite pattern
was observed—intensity variability was reduced (He,
2018), and coupling of speech articulators was increased
as a function of age and maturation (Smith & Zelaznik,
2004). Compared to durational measures, intensity mea-
sures were also shown to be more sensitive to between-
speakers rhythmic differences and supposedly play a more
important role in speech rhythm variability in general (He
& Dellwo, 2016). This suggested that the organization of
speech segments at duration dimension versus intensity
could represent processes that contribute to speech rhythm
in different ways.

Indeed, speech rhythm is a complex multidimen-
sional percept that is not amenable to the analysis of a
single dimension of the speech signal such as interval
durations or timing of events (Cummins, 2009; Kohler,
2009). Focusing solely on the timing of these prominences
would be misleading because percepts of duration are
known to interact with other variables of the speech signal
such as amplitude (Kohler, 2009) or fundamental fre-
quency (fo) modulations (Yu et al., 2010). It has also been
postulated that duration-based metrics might not be sensi-
tive enough to detect nuanced speech rhythm differences
in clinical populations because they were originally
designed to compare cross-linguistic differences (Liss
et al., 2010). Speech rhythm is influenced by characteris-
tics of the amplitude envelopes of energy between the
stressed locations (Morton & Chambers, 1976; Pompino-
Marschall, 1989), and quantifying the bursts and lulls via
amplitude envelopes could reveal the hierarchical temporal
structure of speech (e.g., phonemes, syllables, words,
phrases) more reliably (Ravignani et al., 2019). Durational
metrics neglect this type of acoustic energy that carries
important information about the periodicities in speech.
Duration-based metrics were also shown to display sub-
stantial interspeaker variability and to be very sensitive to
syllable complexity, making rhymical classification using
such metrics less reliable (Arvaniti, 2012). Other draw-
backs of these measures include that they are influenced
by speaking rate (White & Mattys, 2007) and that seg-
menting the speech signal into linguistic units (i.e., vocalic
and consonantal intervals) is labor intensive and challeng-
ing, especially when analyzing pathologic speech (Liss
et al., 2010).

Given the limitations of duration-based metrics, in
the last 2 decades, a newer approach called envelope spec-
tral analysis (ESA) has dominated the speech rhythm
mir et al.: Speech Rhythm Markers of Stuttering Persistence 933



research (Dechamma & Maruthy, 2018; Liss et al., 2010;
Tilsen & Arvaniti, 2013; Tilsen & Johnson, 2008). This
involves spectral analysis of amplitude envelopes (derived
from filtered speech waveform) that exhibit relatively slow
fluctuations of acoustic energy that tend to arise from alter-
nations between vowels and consonants (Tilsen & Arvaniti,
2013) as well as from alterations in voicing, frication noise,
bursts, and so forth (Liss et al., 2010). However, these slow
fluctuations do not correspond precisely to vocalic and con-
sonantal intervals; thereby, this approach is not based on
any linguistic assumptions. Empirical mode decomposition
(EMD) analysis (Tilsen & Arvaniti, 2013) extends ESA,
and it is based on an instantaneous frequency analysis of
signal components using a Hilbert transform rather than a
fast Fourier transform as used in ESA (Huang et al., 1998).
EMD extracts several functions from the amplitude envelope
that captures oscillations at various timescales that reflect
syllabic and suprasyllabic periodicities (Tilsen & Arvaniti,
2013). Ultimately, this approach provides metrics for various
dimensions of speech rhythm, such as (a) power distribution
metrics, which capture the relative contributions of syllabic
versus suprasyllabic oscillations in the envelope; (b) rate met-
rics, which capture the frequencies of these oscillations; and
(c) rhythmic stability metrics, which capture the stability or
variability of these oscillations. The most significant advan-
tages of the envelope-based approaches include the lack of a
priori assumptions about the relation of linguistic units to
rhythm as well as the lack of labor-intensive parsing of the
speech signal into consonants and vowels (Liss et al., 2010).

The application of the envelope-based metrics to
adult speech has shown that they are sufficiently flexible
to capture information about periodicities in speech that
likely correspond to different linguistic constructs such as
the syllable, foot, and phrase (Liss et al., 2010; Tilsen &
Arvaniti, 2013), and they have previously been used in
adult speech to categorize and differentiate dysarthria
(Liss et al., 2010), stuttering (Dechamma & Maruthy,
2018), and different languages (Tilsen & Arvaniti, 2013).
Although envelope-based metrics have not been used in
child speech before, they are arguably more valid for a
broader use in adult and child speech as well as in clinical
and nonclinical populations (Liss et al., 2010; Tilsen &
Arvaniti, 2013). This is because envelope-based metrics
primarily rely on fluctuations in acoustic energy resulting
from vocal fold vibration and the opening and closing of
jaw without reliance on any kind of linguistic construction
(i.e., phonemes, syllables), which likely mature throughout
the course of development and likely differ among clinical
populations.

Purpose

Thereby, this study serves as an initial and novel
investigation of speech rhythm in young CWS using
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envelope-based measures in an aim to identify those at
higher risk of developing persistent stuttering. Specifically,
we conducted this study to determine if acoustic features
of speech rhythm indexed by ESA and EMD can distin-
guish between speech rhythm of young CWS-Per and
CWS-Rec in the critical developmental age range when
stuttering begins and at an age close to onset before the
pathways for persistency versus recovery were established.
Method

Participants

Participants were part of a large-scale longitudinal
investigation of emotional and linguistic contributions to
childhood stuttering (e.g., Erdemir et al., 2018; Jones
et al., 2014; Zengin-Bolatkale et al., 2018) conducted by
Vanderbilt University’s Developmental Stuttering Project.
They included 50 preschool-age children between the ages
of 3;0 and 4;10 (years;months) at the initial visit. The
children were classified as CWS-Per (n = 10; nine boys,
one girl), CWS-Rec (n = 20; 18 boys, two girls), or
CWNS (n = 20; 18 boys, two girls) based on data from
diagnostic evaluations conducted over a 2- to 2.5-year
period (see the Classification and Inclusion Criteria sec-
tion for additional description). The experimental data
used in this study were from the initial visit of the longitu-
dinal study. The total possible number of CWS-Per partic-
ipants from the initial data was included. CWS-Rec and
CWNS groups were formed to be approximately similar
to the persistent group in age and sex distribution as well
as other relevant speech-language variables (described
below). Chronological age did not significantly differ across
the three groups as determined by one-way analysis of vari-
ance, F(2, 47) = 1.82, p = .173, and across each pair of
groups as determined by subsequent pairwise comparisons
(p = .20, CWS-Rec vs. CWS-Per; p = .09, CWS-Rec vs.
CWNS; p = .76, CWS-Per vs. CWNS). All participants
were monolingual English speakers. They demonstrated
normal hearing on a bilateral hearing screening at pure-tone
frequencies of 1000, 2000, and 4000 Hz at 20 dB HL with
no parental reports of neurological disorders. Participants
were paid volunteers whose parents were informed about
the study via advertisement in a local monthly parent maga-
zine, local health providers, or self-referrals/professional
referrals referral to the Vanderbilt Bill Wilkerson Center.

Classification and Inclusion Criteria

For talker group classification, the children were
evaluated by a speech-language pathologist (SLP) as they
engaged in a conversational free-play prior to experimen-
tal testing. A conversational speech sample of 300 words
31–950 • March 2023



was elicited, and stuttered and nonstuttered disfluencies
were counted (in line with Conture, 2001; Conture &
Walden, 2012; Jones et al., 2017; Meyers, 1986; Riley,
1994; Tumanova et al., 2014; Yaruss, 1997a, 1997b; Yaruss
et al., 1998). The participants were classified as CWS by
the SLP if (a) they exhibited three or more stuttering-like
disfluencies (SLDs; i.e., sound/syllable repetitions, mono-
syllabic whole-word repetitions, audible and inaudible
sound prolongations) per 100 words of conversational
speech (Conture, 2001; Jones et al., 2017; Tumanova et al.,
2014; Yaruss, 1997a, 1997b; Yaruss et al., 1998), (b) they
scored 11 or higher (i.e., severity equivalent of at least
“mild”) on the Stuttering Severity Instrument for Children
and Adults–Third Edition (Riley, 1994) and the Stuttering
Severity Instrument for Children and Adults–Fourth Edition
(Riley, 2009; both editions hereinafter referred to as SSI), and
(c) a parental concern for stuttering was reported. Partici-
pants were classified as CWNS (a) they exhibited two or
fewer stuttered disfluencies per 100 words of conversational
speech, (b) they scored 10 or lower on the SSI (i.e., severity
equivalent of less than “mild”), and (c) no parental concern
for stuttering was reported.

Persistence and recovery status were based on diag-
nostic evaluations that took place 4–5 times (time points),
each approximately 8 months apart, over a 2- to 2.5-year
period. Participants were classified as CWS-Per if they
met the “stuttering” criteria (as described above) at the
initial and final diagnostic evaluations and parental con-
cern of continued stuttering was reported at the final time
point. Participants were classified as CWS-Rec if they
were classified as CWS at the initial diagnostic evaluation
and as CWNS at subsequent diagnostic evaluations and
no parental concern of continued stuttering was reported
at the final time point. Finally, participants were classified
as CWNS if they met CWNS criteria at all the time points
and no parental concern of stuttering was reported at any
of the time points. In the case of a discrepancy between
parental report and SLP evaluation based on speech sam-
ple, the participant was excluded from the study.

There is a possibility that stuttering severity and the
total duration of time since onset (TSO) of stuttering may
Table 1. Mean and standard deviation of age, frequency
ing Severity Instrument (SSI) scores from the initial scre
reported by the parent at the initial visit in each group.

Variable Age (in months) SLD per 100 w

CWS-Per 46.2 (4.6) 9.9 (6.5)
CWS-Rec 43.5 (5.5) 8.7 (4.0)
CWNS 46.5 (6.3) 1.1 (0.5)

Note. CWS-Per = children who stutter that were eventu
who stutter that were eventually diagnosed as recovered
aSee Riley (1994, 2009).

Erde
impact speech rhythm differences between CWS-Per and
CWS-Rec groups; therefore, we aimed to achieve similar
severity and TSO at the time of measurement of speech
rhythm for the two stuttering groups. TSO information
for CWS was obtained from parents using a bracketing
technique described by Yairi and Ambrose (1992) and
Anderson et al. (2003). Accordingly, using independent t
tests, we confirmed that there were no significant differ-
ences in the frequency of SLDs, t(28) = 0.67, p = .50; SSI
scores, t(28) = −0.25, p = .81; or TSO of reported stutter-
ing, t(28) = 0.46, p = .65, at the initial diagnostic visit
between the two groups. Table 1 represents participants’
age, gender, frequency of SLDs, and SSI scores from the
initial screening, as well as TSO of stuttering reported by
the parent at the initial time point.

The participants were administered several standard-
ized speech-language assessments. The children who
scored below the 16th percentile (approximately 1 SD
below the mean) on any test were not included in the
study to avoid any potential confounds with clinically sig-
nificant speech-language concerns.

Care was also taken to avoid any potential between-
groups differences in speech-language skills since differ-
ences in speech-language skills (such as expressive lan-
guage and articulation) might be interacting with speech
rhythm differences. Statistical testing did not reveal any
significant between-groups findings across each pair of
groups for scores of standardized speech and language
assessments of articulation (Goldman-Fristoe Test of
Articulation–Second Edition; Goldman & Fristoe, 2000;
p = .11, CWNS vs. CWS-Per; p = .35, CWS-Rec vs.
CWNS; p = .34, CWS-Per vs. CWS-Rec), receptive vocabu-
lary (Peabody Picture Vocabulary Test; Dunn & Dunn,
2007; p = .92, CWNS vs. CWS-Per; p = .07, CWS-Rec vs.
CWNS; p = .19, CWS-Per vs. CWS-Rec), expressive vocab-
ulary (Expressive Vocabulary Test–Second Edition;
Williams, 1997; p = .39, CWNS vs. CWS-Per; p = .08,
CWS-Rec vs. CWNS; p = .56, CWS-Per vs. CWS-Rec),
and receptive (p = .42, CWNS vs. CWS-Per; p = .56, CWS-
Rec vs. CWNS; p = .23, CWS-Per vs. CWS-Rec) and expres-
sive language (Test of Early Language Development–Third
of stuttering-like disfluencies (SLDs) and Stutter-
ening, and time since onset (TSO) of stuttering as

ords SSIa score TSO (in months)

19.3 (6.8) 10.6 (4.9)
19.9 (5.9) 9.7 (5.5)
6.7 (1)

ally diagnosed as persisting; CWS-Rec = children
; CWNS = children who do not stutter.

mir et al.: Speech Rhythm Markers of Stuttering Persistence 935



Edition; Hresko et al., 1999; p = .73, CWNS vs. CWS-Per;
p = .86, CWS-Rec vs. CWNS; p = .69, CWS-Per vs. CWS-Rec)
at the initial diagnostic evaluation.

Procedure

As part of the experimental visit at the initial time
point, participants were seated in front of a computer
monitor and engaged in a narrative task. The task
involved telling a story based on the pictures from a “text-
less” storybook displayed on the monitor. Each child told
a story about a boy, a dog, and a frog by the author Mercer
Mayer (e.g., Frog, Where Are You?; Mayer, 1969). A lapel
microphone placed on the shirt of the child acquired the
audio signal on a desktop computer using a sampling rate
of 48 kHz and 16 bits. The elicited narratives varied in
length depending on the number of utterances children gen-
erated during this task. Research on speech rhythm has tra-
ditionally involved reading or sentence repetition tasks with
the advantage that linguistic factors can be controlled
(Dechamma & Maruthy, 2018; Liss et al., 2009, 2010). On
the other hand, use of conversational and narrative speech
has the advantage of being highly naturalistic and more
ecologically valid (Tilsen & Arvaniti, 2013). The ability to
use such tasks is particularly critical for the purpose of this
study because the participants were of preschool age and
not able to read.

Measures

Transcriptions of the Utterances
A trained SLP watched the audio/video recordings

of children’s speech and identified fluent utterances that
had no perceptible disfluencies—including both stuttered
and nonstuttered disfluencies—from the narrative samples
of each participant. The use of only fluent utterances pro-
vided an unbiased representation of speech rhythm in the
three groups, since the presence of speech disfluencies would
potentially bias the speech rhythm measures. Following
Tilsen and Arvaniti’s (2013) conservative approach, any
utterance that included pauses > 100 ms was not included in
the analyses since pauses interrupt rhythmicity and therefore
affect the reliability of the rhythmic measures.

Speech rhythm measures are known to rely on dura-
tion (Liss et al., 2010; Tilsen & Arvaniti, 2013). Short
utterances are problematic due to not containing enough
stressed syllables to provide rhythmic information, and
long utterances likewise are problematic for containing a
mixture of rhythmic patterns resulting in more variable
and complex rhythmicity (Tilsen & Arvaniti, 2013). Fol-
lowing Tilsen and Arvaniti (2013), we have included utter-
ances between 1 and 3 s in duration in the analyses. This
utterance length allowed us to include enough utterances
per participant to conduct reliable spectral power analyses.
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Based on this selection criterion, the mean utterance dura-
tion was 1.79 s (SD = 0.13) for nonstuttering, 1.80 s
(SD = 0.15) for persisting, and 1.81 s (SD = 0.11) for
recovered children. Mean utterance durations did not dif-
fer among the three pairs of groups.

ESA and EMD
The speech rhythm measures used in this study were

directly adopted from the study by Tilsen and Arvaniti
(2013). Our approach is called “envelope-based” where
rhythm is conceptualized as periodicity in the envelope of
the speech signal, and it is based on analysis of amplitude
envelopes derived from filtered speech waveforms. Two
envelope-based approaches have been developed in an aim
to quantify speech rhythm: ESA (Liss et al., 2010; Tilsen
& Johnson, 2008) and EMD (Huang et al., 1998; Tilsen &
Arvaniti, 2013).

As a first step, the “amplitude envelope” was
extracted from the speech signal using the following steps:
(a) The speech signal was bandpass-filtered (fourth-order
Butterworth) using cutoff values of [450, 4500] Hz. The
cutoff values were slightly higher than the ones used in
the work of Tilsen and Arvaniti (2013) based on an
exploratory analysis of the fo distribution of the current
data as well as the knowledge that children have higher fo
and formant frequencies compared to adults (Hillenbrand
et al., 1995). (b) A fourth-order Butterworth filter with a
10-Hz cutoff was applied to obtain an envelope that varies
on a syllable timescale—implying that the duration of a
syllable was expected to be no less than 100 ms. (c)
Finally, the envelope was normalized, down-sampled, and
windowed using a Tukey window (r = .2) to aid subsequent
spectral analyses of ESA and EMD.

ESA is based on a discrete Fourier transform (DFT)
of the envelope of the speech waveform, which exhibits
relatively slow fluctuations of acoustic energy that tend to
arise from alternations between vowels and consonants
(Tilsen & Arvaniti, 2013) as well as from alterations in
voicing, frication noise, bursts, and so forth (Liss et al.,
2010). It was calculated by taking the squared magnitude
of the fast Fourier transform of a zero-padded processed
envelope. In contrast to the complex sinusoid basis func-
tions of the DFT, EMD extracts orthogonal basis func-
tions from an empirical signal, using a sifting algorithm.
These basis functions are called intrinsic mode functions
(IMFs). Subsequently, a Hilbert transform was applied
to each IMF to characterize its instantaneous phase and
frequency (Huang et al., 1998). To further mitigate the
effects of rapid changes in instantaneous phases, the
phases were unwrapped where jumps occurred, each data
point was smoothed by averaging over nearest neighbors,
and extreme frequencies were trimmed on both lower and
higher ends using 1.5 times the interquartile range crite-
rion. To further avoid window-related edge effects, the
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first and last 100 ms of frequencies were also excluded.
IMFs represent an oscillation in the signal at various time-
scales. We focus on the first two IMFs in this study since
the first two IMFs have been observed to reflect syllabic
(the fastest timescale of oscillation—IMF1) and suprasylla-
bic (the next fastest timescale of oscillation representing foot,
phrase, etc.—IMF2) fluctuations in the envelope, respec-
tively (Tilsen & Arvaniti, 2013). Figure 1 depicts an exam-
ple speech waveform and the resultant ESA and EMD
components. Finally, to quantify the multidimensional and
complex nature of speech rhythm, seven rhythm measures
have been derived using ESA and EMD analysis. These
measures represent three power distribution metrics, two
rate metrics, and two rhythm stability metrics.

Power distribution metrics. The relative amount of
power in the amplitude envelope on syllabic versus supra-
syllabic timescales is quantified via power distribution
metrics. The first two of the power distribution metrics are
derived from the envelope spectrum: (a) Spectral band power
ratio (SBPr) is computed by taking the ratio of the amount
of spectral power in the 1.5- to 3-Hz band (suprasyllabic
oscillations) to power in the 3.5- to 10-Hz band (syllabic
oscillations); (b) envelope spectral centroid (CNTR; spectral
center of gravity) is computed by taking the weighted mean
of frequencies calculated over 1–10 Hz. The third variable is
derived from empirical mode functions: (c) IMF ratio (IMFr)
is computed by taking the ratio of power in IMF2 (suprasyl-
labic timescale oscillations) to IMF1 (syllabic timescale oscil-
lations). These three metrics represent the relative amount of
power in suprasyllabic (longer, lower frequency) and syllabic
(shorter, higher frequency) timescale periodicities.

Rate metrics. The oscillations in the speech envelope
are quantified using IMFs at the syllabic (IMF1) and
Figure 1. A sample speech waveform and the resultant empirical spect
The waveform of a sample utterance from the data set “He jumped int
envelope (top) and the power spectrum from envelope spectral analysis (
empirical mode decomposition of envelopes. Right: Corresponding instan

Erde
suprasyllabic (IMF2) timescale. These constructs can be
conceptualized as the fastest timescale of oscillation in the
envelope containing syllable timescale oscillations (IMF1)
and the next fastest oscillation containing suprasyllable
timescale (e.g., foot, phrase) oscillations (IMF2). The mean
frequency of IMF1 and IMF2 represents the rate metrics of
ω1 and ω2, respectively.

Rhythm stability metrics. The variability of periodic-
ities in the envelope is quantified by calculating the variance
of IMF frequencies at the syllabic (var.ω1) and suprasyllabic
(var.ω2) timescales. These measures quantify variability of
the frequency of envelope oscillations within an utterance
and can be conceptualized as the degree to which rhythmic
oscillations stay consistent throughout a stretch of speech.
Variability of IMF frequencies quantifies temporal varia-
tion on syllabic and suprasyllabic timescales within a phrase
or sentence production, and thereby, they can be thought of
as indexing rhythmicity at the syllabic and suprasyllabic
levels (higher variability entailing less stability and rhyth-
micity). Table 2 defines each of the seven variables obtained
from the power spectra and the amplitude envelopes that
are thought to define various aspects of speech rhythm.

Statistical Analysis

We used seven linear mixed-effects models (Diggle
et al., 2013; Pinheiro & Bates, 2000; West et al., 2006)
with cubic regression splines to test for a possible effect of
stuttering status (CWS-Per, CWS-Rec, CWNS) on each
one of the speech rhythm measures gathered from the
individual utterances. All analyses were conducted using
the software R (R Core Team, 2020) with the lmerTest
package (Kuznetsova et al., 2017). The models included
ral analysis and empirical mode decomposition components. Left:
o the water.” Middle left: Corresponding vocalic energy amplitude
bottom). Middle right: Intrinsic mode functions (IMFs) obtained from
taneous frequencies of the IMFs.
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Table 2. Types of envelope modulation metrics, descriptions, and interpretations (after Tilsen & Arvaniti, 2013).

Type Metric Description Interpretation

Power distribution
metrics

SBPr3.5 Ratio between power in envelope spectrum
bands (1/3.5/10 Hz)

Relative amount of spectral power in suprasyllabic vs.
syllabic timescale oscillations

CNTR1-10 Envelope spectrum centroid calculated over
1- to 10-Hz band

Spectral center of gravity over a range of suprasyllabic
to syllabic timescale oscillations

IMFr12 Ratio between IMF2 and IMF1 Relative amount of power in suprasyllabic vs. syllabic
timescale envelope oscillations

Rate metrics ω1 Mean within-utterance instantaneous
freq. of IMF1

Rate of syllabic oscillations

ω2 Mean within-utterance instantaneous
freq. of IMF2

Rate of suprasyllabic oscillations

Rhythmic stability
metrics

var. ω1 Variance of within-utterance instantaneous
freq. of IMF1

Variability of syllabic oscillations

var. ω2 Variance of within-utterance instantaneous
freq. of IMF2

Variability of suprasyllabic oscillations

Note. SBPr = spectral band power ratio; CNTR = envelope spectral centroid; IMFr = intrinsic mode function ratio; freq. = frequency.
one of the seven speech rhythm measures (SBPr, CNTR,
IMFr, ω1, ω2, var.ω1, and var.ω2) as the dependent vari-
able and talker group (CWS-Per, CWS-Rec, CWNS) and
duration as the independent variables. Since utterance
duration was known to significantly interact with metric
values (Tilsen & Arvaniti, 2013) and we were interested in
the way the speech rhythm interacts with duration for the
three groups, it was used as a fixed factor in the models.
We used restricted cubic splines with three knots (at
default fixed distribution percentiles of .05, .5, and .95) to
assess flexible nonlinear associations of duration with the
outcome. Splines were used to represent the flexible (non-
linear) relationship between utterance duration and speech
rhythm measures, and three knots were used to be placed
within the data range due to the small sample size and to
avoid overfitting. Cubic polynomials are used in many
forms of regression analysis (Desquilbet & Mariotti, 2010;
Durrleman & Simon, 1989; Grajeda et al., 2016), and they
offer sufficient flexibility to capture the shape of most data.
Using cubic splines as opposed to using standard linear
terms improved the model fits significantly for all of the
measures. Since each child contributed a different amount
of utterances, we have also included the total number of
utterances as a covariate. Participant-level random inter-
cepts were included in the models to account for within-
subject correlation of utterances collected on a particular
child. The assumptions for linear mixed-effect models were
visually examined using the sjPlot package from R
(Lüdecke et al., 2019), which revealed violation of normal-
ity of the residuals for three measures: SBPr, IMFr, and
var.ω2. The Kolmogorov–Smirnov and Shapiro–Wilk tests
were employed as a measure of normality, and we used log-
arithms to transform variables that were not normally dis-
tributed. Model predictions were transformed back to the
response scale (package emmeans) in the figures.

In the second part of the analysis, we conducted a
prospective analysis using a binary logistic regression
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model to examine whether there was a statistically signifi-
cant relationship between the speech rhythm measures and
stuttering outcome for the stuttering group (CWS-Per vs.
CWS-Rec). This analysis was limited to utterances with
longer duration (higher than the .75th percentile of the
duration distribution) because duration interacted with the
speech measures significantly in most cases and more pro-
nounced differences were observed for longer utterances in
retrospective analyses. A stepwise function was used
for model selection with an objective to minimize the
Akaike information criterion (AIC) value. Odds ratios
were calculated from logits and transformed into probabil-
ities for ease of visualization and interpretation. Weights
were used to account for the unequal class numbers. A
receiver operating characteristic (ROC) curve analysis was
also employed to reveal the diagnostic ability of the
speech rhythm measures to classify persistence and recov-
ery by providing the trade-off between sensitivity and
specificity. A confusion matrix was generated from the
predictions of the fitted logistic regression model, using a
threshold value gathered from the ROC curve.
Results

Group Differences on Speech Rhythm
Measures

Power Distribution Metrics
For SBPr, we found significant main effects for

group, F(2, 1470) = 8.08, p < .001, and duration, F(2,
1566) = 5.33, p < .01, and a significant interaction
between duration and group, F(4, 1565) = 4.39, p < .01.
We found CWS-Per to have significantly higher SBPr
scores than both CWS-Rec (β = −.37, SE = .17, t =
−2.23, p < .05) and CWNS (β = −.68, SE = .17, t =
−3.929, p < .0001) overall. Following up the interaction
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Figure 2. Marginal effects plots of the regression models, depicting
the power distribution metrics of (a) spectral band power ratio (SBPr),
(b) envelope spectral centroid (CNTR), and intrinsic mode function
ratio (IMFr) as a factor of duration for children who stutter that were
eventually diagnosed as persisting (CWS-Per), children who stutter
that were eventually diagnosed as recovered (CWS-Rec), and chil-
dren who do not stutter (CWNS). The estimates are depicted as the
solid line with the confidence interval depicted as the shaded region.
effects, multiple comparisons were performed at short,
moderate, and long utterance lengths corresponding to the
duration percentiles of .05, .5, and .95 and utterance
durations of 1.11, 1.76, and 2.78 s, respectively. CWS-Per
had significantly higher SBPr scores than both CWS-Rec
and CWNS at short durations (CWS-Per vs. CWS-Rec,
β = .92, SE = .33, t = 2.76, p < .05; CWS-Per vs. CWNS,
β = 1.08, SE = .32, t = 3.3, p < .01, Tukey adjusted) and
long durations (CWS-Per vs. CWS-Rec, β = 1.24, SE =
.46, t = 2.67, p < .05; CWS-Per vs. CWNS, β = 1.48,
SE = .46, t = 3.2, p < .01, Tukey adjusted), whereas the
CWS-Rec and CWNS did not differ from one another at
any duration point. However, it should be noted that
CWS-Per tended to score higher than CWS-Rec at moder-
ate duration (β = .56, SE = .25, t = 2.27, p = .06).

A consistent pattern was observed for CNTR. We
found significant main effects for group, F(2, 1466) =
9.91, p < .0001, and duration, F(2, 1566) = 10.38, p <
.0001, and a significant interaction between duration and
group, F(4, 1564) = 5.12, p < .0005. CWS-Per overall had
significantly lower CNTR scores than both CWS-Rec (β =
.63, SE = .29, t = 2.12, p < .05) and CWNS (β = 1.27,
SE = .29, t = −4.28, p < .0001). Follow-up of the interac-
tion effect indicated that CWS-Per had significantly lower
CNTR scores than both CWS-Rec and CWNS at short
duration (CWS-Per vs. CWS-Rec, β = −.32, SE = .10, t =
−2.97, p < .01; CWS-Per vs. CWNS, β = −.41, SE = .10,
t = −3.90, p < .001, Tukey adjusted) and long duration
(CWS-Per vs. CWS-Rec, β = −.39, SE = .12, t = −2.51,
p < .05; CWS-Per vs. CWNS, β = −.30, SE = .96, t =
−3.17, p < .01, Tukey adjusted), whereas CWS-Rec and
CWNS did not differ from one another at any duration
point.

Results on IMFr strongly resembled that of SBPr,
although the effects were observed to a lesser degree and
not reaching statistical significance for most comparisons.
A main effect of duration was observed, F(2, 1573) =
3.92, p < .05, and CWS-Per had higher IMFr scores than
CWS-Rec (β = .33, SE = .15, t = 2.22, p < .05) at long
duration only, whereas no significant difference was
observed between CWS-Per and CWNS (β = .26, SE =
.14, t = 1.75, p = .07), although CWS-Per still tended to
have higher scores than CWNS.

The three power distribution metrics were also
found to be highly correlated (SBPr vs. CNTR, r = −.8;
SBPr vs. IMFr, r = .56; CNTR vs. IMFr, r = −.49, p <
.0001). Higher SBPr and IMFr along with lower CNTR
observed for CWS-Per indicate a relatively higher degree of
low-frequency (suprasyllabic) periodicity, that is, more
power/energy on the lower end of the spectrum—in supra-
syllabic oscillations—especially for shorter and longer
utterances. See Figure 2 for the marginal effects plots of the
models on power distribution metrics—generated using the
sjPlot’s “plot_model” function (Lüdecke et al., 2019).
Erde
Rate Metrics
Results on the rate metrics (ω1 and ω2—instantaneous

frequencies of IMF1 and IMF2, respectively) did not yield
significant between-groups differences overall; however, a
significant Group × Duration interaction was observed for
ω2, F(2, 1574) = 3.88, p < .01. Follow-up comparisons
revealed that CWS-Per had lower suprasyllabic rates (ω2)
compared to CWNS at lower durations (β = −.26, SE =
.08, t = −3.20, p < .01). CWS-Per were also slightly slower
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than CWS-Rec, but it did not reach statistical significance.
A similar trend was observed for ω1 at lower durations, but
none of the comparisons reached statistical significance. At
lower durations, there was a trend for CWS-Per to be
slightly slower at both syllabic and suprasyllabic time
scales—see Figure 3. The rate metrics were also found to be
moderately correlated (r = .47, p < .0001).

Rhythmic Stability Metrics
Rhythmic stability metrics correspond to the within-

utterance variance of ω1 and ω2, which represent the insta-
bility of the instantaneous frequencies of IMF1 and IMF2,
respectively. Results on var.ω1 revealed a significant main
effect for duration for both var.ω1, F(2, 1532) = 9.62, p <
.0001, and var.ω2, F(2, 1532) = 59.00, p < .0001, and a mar-
ginally significant interaction between duration and group,
F(4, 1534) = 2.2, p = .06, for var.ω1 only. The children in
general exhibited higher syllabic and suprasyllabic variabil-
ity with increased duration whereby the instantaneous fre-
quencies became more variable in longer utterances, which
was in line with Tilsen and Arvaniti (2013). CWS-Per had
Figure 3. Marginal effects plots of the regression models, depict-
ing the rate metrics of (a) ω1 and (b) ω2 as a factor of duration for
children who stutter that were eventually diagnosed as persisting
(CWS-Per), children who stutter that were eventually diagnosed as
recovered (CWS-Rec), and children who do not stutter (CWNS).
The estimates are depicted as the solid line, with the confidence
interval depicted as the shaded region.

940 Journal of Speech, Language, and Hearing Research • Vol. 66 • 9
significantly higher var.ω1 scores than both CWS-Rec and
CWNS at long duration only (CWS-Per vs. CWS-Rec, β =
.70, SE = .30, t = 2.31, p < .05; CWS-Per vs. CWNS, β =
.94, SE = .31, t = 3.02, p < .01), indicative of greater vari-
ability in the timing of syllabic rhythms when the utterances
are long. The three groups did not differ from one another
on var.ω2 at any duration point. See Figure 4.

Predicting Persistence Based on the Speech
Rhythm Metrics

The final binary logistic model to predict the likeli-
hood that a child would be classified as persistent or
recovered was selected from a stepwise procedure with an
objective to minimize the AIC value. This model included
two predictor variables, SBPr, and var.ω1. These measures
were also found to have meaningful group-based differ-
ences at longer durations in the retrospective analysis.
This analysis was limited to utterances longer than 2.14 s
(with a maximum length of 3 s), which corresponds to the
Figure 4. Marginal effects plots of the regression models, depict-
ing the rhythm stability metrics of (a) var.ω1 and (b) var.ω2 as a fac-
tor of duration for children who stutter that were eventually diag-
nosed as persisting (CWS-Per), children who stutter that were
eventually diagnosed as recovered (CWS-Rec), and children who
do not stutter (CWNS). The estimates are depicted as the solid
line, with the confidence interval depicted as the shaded region.
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Figure 5. Predictor effect plots for the fitted regression model with the two predictor variables of spectral band power ratio (SBPr) and
var.ω1. The y-axis represents the probability of stuttering persistence, a value of 1 represents a probability of 100% for being classified as
children who stutter that were eventually diagnosed as persisting. The shaded areas are pointwise confidence intervals for the fitted values
(based on standard errors computed from the fitted regression coefficients).

Figure 6. Receiver operating characteristic curve of the two
speech rhythm measures (blue line) to discriminate eventual stut-
tering recovery and persistence. Sensitivity (true-positive) is plotted
along the y-axis against 1 – specificity (false-positive) along the
x-axis. The 45° diagonal line serves as null reference denoting no
discrimination.
75th percentile of the duration distribution from the two
stuttering groups. This subset of data was selected based
on the retrospective analysis results revealing that duration
interacts with most of the speech measures and more pro-
nounced differences are present for longer utterances.
Results indicated that SBPr predicted persistence (B =
1.28, 95% CI [0.46, 2.37], p < .01), indicating that for each
one-unit increase in SBPr, the log odds of persisting
increases by 1.28, and that var.ω1 predicted persistence
(B = 1.97, 95% CI [0.53, 3.87], p < .05), indicating that
for each one-unit increase in var.ω1, the log odds of per-
sisting increases by 1.97. Figure 5 displays a graphical
summary of a predictor effect plot (Fox & Weisberg,
2018), which provides a graphical summary for the fitted
regression model with the two predictor variables.

The corresponding ROC curve, which represents
sensitivity (proportion of children with persisting stuttering
who are correctly identified as CWS-Per) and specificity
(proportion of recovered children who are correctly identi-
fied as CWS-Rec), of the model is shown in Figure 6. The
area under the ROC curve for predicting persistence was
0.87, which revealed that speech rhythm measures had a
discriminative ability of 87% between stuttering children
who were eventually diagnosed as persisting from those
eventually diagnosed as recovered. Values between 0.80
and 0.89 are considered “good” predictive validity accord-
ing to Carter et al. (2016) and “excellent” predictive valid-
ity according to Mandrekar (2010), while a value of 0.5
suggests no discriminative ability. Walsh et al. (2021)
reported a predictive probability cutoff value of .4 as most
appropriate for identifying persistence based on various
clinical risk factors given that an identified persistence risk
Erde
of 40% or higher resulted in better diagnostic validity. A
cutoff value of .4 would mean that if a child’s risk of per-
sistence was 40% or higher, then that child would be con-
sidered a candidate for immediate intervention. Sensitivity
is also often prioritized over specificity because failing to
identify a true persisting child could have profound nega-
tive consequences, whereas recommending treatment for a
child who would recover would not have as adverse of
effects (Walsh et al., 2021). The visual inspection of the
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ROC curve (see Figure 6) in our data set also identified a
cutoff value of .4 as meaningful to calculate the predictive
probabilities and report the accuracy measures for the
model. This cutoff value yielded a sensitivity value (true
positive) of 80% (correctly predicted to be CWS-Per) and
a specificity value of 75% (correctly predicted to be CWS-
Rec). A 1 − specificity value of 25% refers to the propor-
tion of CWS-Rec incorrectly identified as CWS-Per (false
positive). This threshold value prioritizes the rate of true
positives over false positives while also trying to maximize
true positives and minimize false positives. The model was
able to correctly classify 80% of CWS-Per (eight out of 10
were correctly classified) and 75% of CWS-Rec (15 out of
20 were correctly classified), for an overall success rate of
76.6% (see Table 3). The ROC analysis and the confusion
matrix provide evidence for the robustness of a model
using speech rhythm measures in predicting whether a pre-
school child’s stuttering will persist.
Discussion

Speech rhythm is known to be complex and multi-
dimensional, thereby not amenable to a simple analysis
(Tilsen & Arvaniti, 2013). One of the most significant
challenges in the research of speech rhythm is that there is
no a priori or universally agreed scientific definition of
speech rhythm from which a ground truth measure of
speech rhythm could be extracted. Despite this, there is a
common intuition that, for signals that represent recurring
events, such signals can vary in the extent to which those
events recur in a regular pattern. Envelope-based analysis
has been developed to quantitatively characterize speech
rhythm more comprehensively than traditional acoustic
metrics derived from durational relations of linguistic
units (e.g., PVI). They have been more heavily used in the
last decade than duration-based metrics since they have
the utility of capturing fluctuations (temporal regularities)
in acoustic energy emerging from the movement of articu-
latory gestures without dependence on constructional lin-
guistic units, which likely mature throughout the course of
development (especially after children start to read) and
Table 3. Confusion matrix for predicting stuttering outcome using
the logistic regression model with a cutoff value of .4.

Predicted group
membership

Observed group membership

CWS-Per CWS-Rec Overall

CWS-Per 80% (8) 20% (2) 76.6%
CWS-Rec 25% (5) 75% (15)

Note. CWS-Per = children who stutter that were eventually diag-
nosed as persisting; CWS-Rec = children who stutter that were
eventually diagnosed as recovered.
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likely differ among various clinical populations. Although
more studies are needed to verify envelope-based mea-
sures’ utility in use across different age groups and clinical
populations, they can be arguably more useful for broader
applications in both adult and child speech as well as in
clinical and nonclinical populations due to the lack of lin-
guistic assumptions (Liss et al., 2010; Tilsen & Arvaniti,
2013). Therefore, this study used ESA and EMD methods
(adapted from Tilsen & Arvaniti, 2013) to examine the
speech rhythm characteristics of young children in an aim
to improve our understanding of developmental stuttering
and its persistence, and it revealed interesting contrasts
especially between the speech rhythm of CWS-Per and
CWS-Rec at a time when they were both still stuttering
and their final stuttering status was not yet identified.

EMD measures used in the study involved power
distribution metrics, which capture the relative power in
syllabic versus suprasyllabic oscillations in the envelope;
rate metrics, which capture the frequencies of those oscil-
lations; and rhythmic stability metrics, which capture the
stability (i.e., variability) of these oscillations. Results on
the power distribution metrics overall showed that persist-
ing children exhibited (a) relatively more spectral power in
the lower frequency band (1.5- to 3-Hz band) compared
to higher frequency band (3.5–10 Hz; SBPr)—indicative of
relatively more low-frequency timescale oscillations, (b)
higher ratio of power in IMF2 relative to IMF1 (IMFr)—
indicative of relative influence of stress timescale periodic-
ity, and (c) lower centroid (CNTR)—indicative of an
overall concentration of frequencies toward the lower end
of the spectrum (low-frequency periodicity). These trends
collectively point to a relatively higher degree of supra-
syllabic timescale periodicity in the speech of CWS-Per,
while no differences were observed between CWS-Rec and
CWNS. These differences were more pronounced for espe-
cially shorter and longer durations (i.e., utterances of less
typical length), suggesting that the speech rhythm differ-
ences of CWS-Per might lie more in the utterances in
upper and lower ranges of the duration distribution. This
could arise from a difference in the phonetic manifesta-
tions of prominence (in terms of intensity and duration) at
the suprasyllable level for short and long utterances in the
case of CWS-Per. Alternatively, there could be distinct
explanations for the between-groups differences observed
at relatively short and long utterances. Shorter utterances
likely involve a single prosodic phrase, in which case a
phrase-level rhythm cannot be established, thereby increas-
ing attention to suprasyllabic periodicity. In contrast, longer
utterances are likely to involve several phrases, which may
make the maintenance of a phrase-level rhythm more com-
plex and challenging, also increasing attention to supra-
syllabic periodicity. Medium-duration utterances could
be less prone to exhibiting rhythmic differences between
groups because they reflect a compromise as they allow a
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phrase-level rhythm to be established but do not require
that rhythm to be maintained for more than a couple
phrases.

It was previously suggested that rate metrics (instan-
taneous frequencies of IMF1 and IMF2) do not capture
the same kind of information as power distribution met-
rics, because several languages have shown different pat-
terns for power distribution metrics and rate metrics
(Tilsen & Arvaniti, 2013). In this study, unlike the power
distribution metrics, no meaningful differences were
observed for rate of syllabic (ω1) and suprasyllabic (ω2)
periodicities, except the lower suprasyllabic rates (ω2)
observed in shorter utterances of CWS-Per. One likely
explanation for this observation is that there could be
more demand on the motor or semantic/conceptual plan-
ning processes for short utterances for CWS-Per, which
could translate into lower suprasyllabic rates, but then it
is less clear why longer utterances did not result in such
similar decrease when a similar increase in motor or lin-
guistic demand would be expected.

Rhythmic stability metrics reflect the degree to which
instantaneous frequency of IMFs remain constant through-
out a stretch of an utterance, indexing the stability of syl-
labic and suprasyllabic rhythms within utterances. CWS-
Per displayed a higher degree of variability in the timing of
syllabic rhythms (IMF1), indicative of a lower degree of
rhythmicity in syllabic timescale oscillations for longer
utterances. This might reflect a higher degree of variation
in syllable duration when the utterances are long. On the
other hand, the finding of no group-based differences in
variability at the suprasyllabic level indicates that the chil-
dren did not differ in the regularity with which stresses
appear in speech (stress-related periodicity). Given that rate
metrics did not display group-based differences, unlike the
rhythmic stability metric at the syllable level, this indicates
that it was the variability of repeating syllabic oscillations
and not the rate at which they occurred that differentiated
CWS-Per from the other two groups. When the instanta-
neous frequency of IMF1 (mu.Ω1) is constant but the vari-
ability of the frequency of IMF1 (var.ω1) is relatively
higher, a lower degree of rhythmicity can be assumed. In
line with Tilsen and Arvaniti (2013), both IMFs were more
variable as the utterance length increased, which suggests
decreased rhythmicity with increased utterance length. The
increase of variability (decrease of rhythmicity), however,
was significantly more pronounced for CWS-Per than
CWS-Rec and CWNS, whereas CWS-Rec and CWNS per-
formed in a similar fashion.

The model focusing on long utterances has shown
that both SBPr and var.ω1 were associated with stuttering
persistence—specifically, more low-frequency power on
the suprasyllabic level and higher variability of syllabic
oscillations were associated with an increased probability
of persistence. Exactly how increased low-frequency power
Erde
on the suprasyllabic level might be related to higher vari-
ability of syllabic oscillations is less clear and is subject to
future research. However, one possible explanation is that
when speakers devote more effort or attention to regulat-
ing suprasyllabic timing, they may sacrifice consistency in
the regulation of syllable timing. A similar idea has been
proposed in the context of models of speech rhythm in
which coupled syllable- and foot-timescale oscillators gov-
ern syllable timing (O’Dell & Nieminen, 1999; Saltzman
et al., 2008).

In this study, unlike CWNS or CWS-Rec, CWS-Per
displayed a higher degree of syllabic variability (instabil-
ity) in longer sentences. CWS tend to stutter more on lon-
ger and syntactically more complex utterances (Buhr &
Zebrowski, 2009; Logan & Conture, 1995; Sawyer et al.,
2008) where length and complexity are usually correlated.
Longer utterances likely place more demand on speech
motor planning and execution processes due to more com-
plex linguistic and grammatical programming (Maner
et al., 2000; Yaruss, 1999). Speech motor stability of CWS
is known to decrease when the length and syntactic com-
plexity of utterances increase—resulting in increased artic-
ulatory coordination variability in repeated productions as
assessed by kinematic approaches (Smith et al., 2012;
Usler et al., 2017; Walsh et al., 2015; cf. Max & Yudman,
2003). Using acoustic measures, Dokoza et al. (2011) also
documented such increase in acoustic variability of vari-
ous speech segments (i.e., voice onset times and syllables)
on sentence level in 6- to 8-year-old CWS. Greater kine-
matic (i.e., lip aperture) variability in speech production
was previously found to be associated with stuttering per-
sistence in 5- to 7-year-old children (Usler et al., 2017),
and lip aperture was shown to correlate with its corre-
sponding acoustic signal intensity (Chandrasekaran et al.,
2009; He & Dellwo, 2017). On the other hand, from a
developmental perspective, syllable intensity variability
was found to decrease as a function of age—indicative of
maturation of articulatory motor control (He, 2018),
which might also be a consequence of decreased lip aper-
ture variability (He & Dellwo, 2017). Accordingly, higher
variability in the syllabic level in the speech of persisting
children could be related to such kinematic variabilities
and speech motor vulnerabilities observed in other studies,
and it may be indicative of a vulnerable speech–motor sys-
tem that is especially susceptible to and taxed by the lin-
guistic demands required to produce longer and more
complex sentences.

One explanation for why the speech rhythm of
CWS-Rec was more like CWNS (than CWS-Per) is that
the speech motor mechanism of children who are on the
pathway of recovery is already more refined and mature
than that of children whose stuttering would later persist
into adulthood. If such deviances in speech motor coordi-
nation and timing can indeed be shown to be a reliable
mir et al.: Speech Rhythm Markers of Stuttering Persistence 943



predictor of persistent stuttering, this might lend support
for the notion that particularly persistent stuttering is more
closely associated with a timing/rhythm deficit. Indeed, the
notion of differential developmental pathways in persistent
and recovered stuttering is not new (Ambrose et al., 2015;
Yairi & Ambrose, 2013). Such a view indicates that the
mechanisms that lead to stuttering in children who eventu-
ally recover and in children whose stuttering persists oper-
ate differently at the epidemiology (Yairi & Ambrose,
2005), language (Watkins & Yairi, 1997; Yairi & Ambrose,
2005), motor control (Spencer & Weber-Fox, 2014), and/or
temperamental/emotional (Ambrose et al., 2015; Erdemir
et al., 2018) domains. Despite the growing empirical sup-
port for reliable distinctions between persistent and recov-
ered groups as subtypes, the relative prominence of epide-
miological, linguistic, motor, or emotional factors pertain-
ing to the differentiation of their developmental pathways
is still not clear. However, given that natural recovery (at
least partially) is linked to maturation of the neural mecha-
nisms of speech motor control (Forster & Webster, 2001), it
is plausible that neuromotor patterns facilitating fluent
speech develop conversely in CWS-Per, which in turn
would be expected to align with the characteristics of per-
sistent stuttering in adults.

Given the multifactorial nature of developmental
stuttering, it is also possible that processes such as phonol-
ogical (e.g., reduced nonword repetition and rhyming abil-
ities; Spencer & Weber-Fox, 2014; Usler & Weber-Fox,
2015) and/or coarticulatory (e.g., differences in second for-
mant transition rates; Chang et al., 2002; Subramanian
et al., 2003) shown to be associated with stuttering persis-
tence affect the way speech rhythm manifests. Especially
difficulties with phonological and/or coarticulatory pro-
cesses would result in overall lower frequency oscillations
on both syllabic and suprasyllabic timescales (i.e., slower
pace). In this study, no significant speech rate differences
were observed across groups, except for the lower supra-
syllabic rates of CWS-Per for the short utterances only—
which might potentially be related to such vulnerabilities.
In theory, phonological and/or coarticulatory differences
could also interact with the sonority of coarticulatory ges-
tures, effecting the speech amplitude envelope and its tem-
poral variation at syllabic or suprasyllabic timescales to
some degree. However, understanding how phonological
processing and/or coarticulation impacts speech rhythm
measures used in this study requires future research with a
highly controlled set of stimuli. Moreover, even if such
differences exist between the speaker groups, this is a
chicken-or-the-egg problem and an open theoretical ques-
tion as to whether they are the cause or effect of rhythmic
differences observed. Ultimately, the speech motor system
cannot be viewed in isolation and separate from auditory,
linguistic, cognitive, and emotional processes. Auditory
and other forms of feedback are crucial aspects of motor
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control, higher level cognitive/semantic representations
govern the behavior of the motor system, and the motor
system of speech production undoubtedly shapes the lan-
guage structure and mediates the way it is perceived. In
this respect, language and motor development are inher-
ently tied, and they may play a collective role in speech
rhythm.

Along these lines, there is growing evidence suggest-
ing that atypical motor development could also serve as a
risk factor for various speech/language disorders such as
dyslexia (Capellini et al., 2010; Gooch et al., 2014) and
developmental language disorder (DiDonato Brumbach &
Goffman, 2014; Finlay & McPhillips, 2013; Flapper &
Schoemaker, 2013; Jäncke et al., 2007). Converging evi-
dence also supports the presence of comorbidities between
speech/language disorders and motor disorders in children
and has suggested that certain motor impairments have
been associated with difficulties in language processing
(Lense et al., 2021; Mirabella et al., 2017) and stuttering
(Pruett et al., 2021). One possible explanation for such
association is that deviant rhythm and/or timing processes
represent a common underlying biological risk factor that
may lead to comorbid impairments in speech/language
processing, including developmental stuttering (see Atypi-
cal Rhythm Risk Hypothesis by Ladányi et al., 2020).
Indeed, it has been proposed that internal timing deficits
could result in not only impaired processing of rhythmic
structures but also impaired syntactic processing of lan-
guage where speech-language processing, rhythm process-
ing, and/or motor impairments are all associated with one
another (Fiveash et al., 2021; Ladányi et al., 2020). Future
research should continue to consider the complex nature of
these rhythm and timing processes and their potential con-
tributions to speech-language development and disorders.

Limitations

It must be emphasized that this study was designed
as an initial exploratory study, and so, it has notable limi-
tations and considerations. One major limitation of this
study is its relatively small sample size, particularly for
those children whose stuttering persisted. Although this
may be a limiting factor for generalizing the findings to
the broader population, a low number of CWS-Per was
expected based on typical persistence and recovery rates
where typically only 15%–25% of CWS continue to persist
(for a review, see Yairi & Ambrose, 2005, 2013). This is a
challenge faced by most empirical research focusing on
stuttering persistence in developmental stuttering. This
study included all the children identified as persistent from
a larger group of stuttering children in the study, but
going forward, a larger sample would permit a more
robust comparison between the speech rhythm characteris-
tics of persistent and recovered children.
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A second concern is about the length of tracking
for stuttering status, where each child was tracked for 4–5
times over a 2- to 2.5-year period until about age 6–
6.5 years. Although it is possible that a child classified as
persisting in this study went on to recover following par-
ticipation, based on past work, the chances are relatively
small given that the highest rates of recovery happen dur-
ing the first 12–24 months post onset and most of natural
recovery takes place within 3–4 years post onset and
before the age of 7 years, after which the chance of recov-
ery drops to 5% (Yairi & Ambrose, 1999, 2005).

A third limitation is related to the narrative speech
task that might have involved the risk of a confounding
impact from linguistic factors (language and phonology),
which might differ among different groups. We controlled
for this to a certain degree by asking the children to talk
about the same story (rather than speaking freely) and
accounting for utterance length in our analyses; however, it
is still possible that linguistic factors contributed to the differ-
ential trends observed for the three groups at least partially.

Fourth, this study focuses on speech rhythm in isola-
tion of other risk factors—such as stuttering severity
and linguistic factors—known to be predictive of stuttering
persistence when assessed cumulatively (e.g., Singer et al.,
2022; Walsh et al., 2021). In an aim to isolate speech
rhythm qualities, we matched the three groups on stuttering
and speech-language abilities. Although, this way, we may
have avoided the confounding effects of stuttering severity
and linguistic factors on speech rhythm, we may also have
concealed some of the naturally occurring differences in
speech rhythm across the groups. Given the multifactorial
nature of developmental stuttering, higher stuttering sever-
ity and/or lower speech-language abilities may be associ-
ated with more pronounced speech rhythm differences if
left to freely vary. Additional studies need to be conducted
where multiple risk factors are taken into consideration col-
lectively, compared to factors in isolation, to account for
interactions and to yield to more ecologically valid and pos-
sibly stronger predictions of stuttering persistence.

Finally, given the novelty of the approach, we did
not have specific hypotheses about which sets of measures
from the envelope-based measures would be most discrim-
inative of persistent stuttering, and thereby the study is
exploratory in nature. It has yet to be established how
these metrics correlate with duration-based speech rhythm
metrics or perceptual judgments of rhythmicity, which
would help to develop a comprehensive understanding of
the rhythmic qualities of speech in persistent stuttering.
Conclusions

This review article has presented a new method for
characterizing speech rhythm in young CWS-Per, CWS-
Erde
Rec, and CWNS based on ESA and EMD of the vocalic
energy amplitude envelope. This study is a critical first
step in establishing speech rhythm differences in an aim to
predict risk of stuttering persistence. The speech rhythm
of CWS who are later identified as persistent was different
from that of recovered or nonstuttering children. Two
measures provided high accuracy in classifying CWS and
persist versus those who recover, supporting the notion
that there appears to be important rhythm-related infor-
mation in the speech of these children. Future research is
warranted to further explore envelope-based measures for
identifying speech rhythm in children and establishing a
systematic association with stuttering persistence. If robust
associations could be established, efforts could also be
directed toward the development of clinically relevant
approaches. Ultimately, these results should also be con-
sidered within the multifactorial nature of developmental
stuttering to establish a comprehensive understanding of
the factors that contribute to its onset and development.
Speech rhythm could be a strong potential candidate used
to determine an individual child’s risk for stuttering persis-
tence in young CWS before the pathways for recovery
and persistence are established.
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