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A B  S T  R  A  C  T  

Purpose: Previous studies have shown that individuals who stutter exhibit 
abnormal speech perception in addition to disfluent production as compared 
with their nonstuttering peers. This study investigated whether adult Chinese-
speaking stutterers are still able to use knowledge of statistical regularities 
embedded in their native language to recognize spoken words and, if so, how 
much acoustic information is needed to trigger this information. 
Method: Seventeen stutterers and 20 typical, nonstuttering controls participated 
in a gating experiment. All participants listened to monosyllabic words that con-
sisted of syllables and lexical tones and were segmented into eight successive 
gates. These words differed in syllable token frequency and syllable–tone co-
occurrence probability in line with a Chinese spoken word corpus. The correct 
syllable-only, correct tone-only, correct syllable–tone word, and correct 
syllable–incorrect tone responses were analyzed between the two groups using 
mixed-effects models. 
Results: Stutterers were less accurate overall than controls, with fewer correct 
syllables, tones, and their combination as words. However, stutterers showed 
consistent and reliable perceptual patterns triggered by statistical information of 
speech, as reflected by more accurate responses to high-frequency syllables, 
high-probability tones, and tone errors all in manners similar to those of non-
stuttering controls. 
Conclusions: Stutterers’ atypical speech perception is not due to a lack of sta-
tistical learning. Stutterers were able to perceive spoken words with phonolo-
gical tones based on statistical regularities embedded in their native speech. 
This finding echoes previous production studies of stuttering and lends some 
support for a link between perception and production. Implications of pathologi-
cal, diagnostic, and therapeutic conditions of stuttering are discussed. 

Stuttering is a neurodevelopmental disorder charac-
terized by audible or silent elementary repetitions or pro-
longations that disrupt the flow of speech (Etchell et al., 
2018; Wingate, 1978). The typical age of stuttering begins 
from 33 months after birth and is found in roughly 5%–8% 

of preschool children at that age (Bloodstein & Bernstein 
Ratner, 2008). Approximately 80% of these children can 
recover either with or without therapy (Yairi & Ambrose, 
2005). Stuttering in the teenage and adult populations is 
observed in about 1% where boys/men outnumber girls/ 
women with a gender ratio being around 4:1 (Craig et al., 
2002; Smith & Weber, 2017). In this study, we build on 
previous research related to stutterers’ speech processing 
of Mandarin Chinese—a language that requires pitch per-
ception for word meaning—in order to examine to what
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degree stutterers are able to track and make use of statisti-
cal information of Mandarin speech sounds. 

Stuttering Affects Speech Production 

Disfluencies in the flow of speech could occur at 
times in daily communications, yet stuttering-like disfluen-
cies are distinct from normal disfluencies produced by typ-
ically fluent individuals in both quantity and quality 
(Smith & Weber, 2017). There is a rich literature that has 
identified the unusual pattern of speech production in 
individuals who stutter (IWS) as compared with individ-
uals who do not stutter (IWNS). For example, Ambrose 
and Yairi (1999) were the first study to conduct a large-
scale detailed analysis of speech samples among those 
who do (n = 90) and do not (n = 54) stutter. The produc-
tion data were audio- and video-taped from two 1-week-
apart research sessions, where participants interacted with 
either their family members or the investigators. With the 
well-controlled observations, Ambrose and Yairi (1999) 
drew a conclusion that part-word repetition, single-syllable 
word repetition, dysrhythmic phonation (blocks, prolonga-
tions, and broken words), and repetition units were suffi-
cient for differentiation purposes (stuttering vs. nonstutter-
ing). This unusual pattern was divergent from normal dis-
fluencies, such as interjections of um and ah as well as 
phrase revisions (Yairi & Ambrose, 2005). 

Stuttering-like disfluencies with these features have 
consistently been reported in a large number of subsequent 
studies (e.g., De Nil et al., 2008; Lu et al., 2010; Smith et al., 
2012), with results further clarifying some specific and atypi-
cal production behaviors in stutterers: a higher percentage of 
stuttering for the initial consonant clusters whose phonemes 
were omitted, substituted, or distorted than the clusters with-
out such errors (Wolk et al., 2000); lower repetitions for 
single-syllable words than fluently produced words, part-
word repetitions, and sound prolongations (Anderson & 
Byrd, 2008); or the decreased accuracy in the nonword repe-
tition task based on behavioral and kinematic indices (Smith 
et al., 2012). There is broad agreement that stuttering-like 
disfluencies are connected with stutterers’ atypical control 
and coordination of their articulatory, respiratory, and 
laryngeal systems, disrupting the forward movement of 
speech (P. Howell et al., 2012; Lu et al., 2010; Walsh et al., 
2015; see a meta-analysis, Belyk et al., 2015). 

Stuttering Affects Speech Perception 

Although stuttering is commonly diagnosed accord-
ing to one’s atypical speech production, rapidly growing 
research has also shown that stutterers’ perceptual perfor-
mance, which is the focus of this study, is abnormal in 
tasks where the overt speech response was neither 

encouraged nor required (Bakhtiar et al., 2019; Corbera 
et al., 2005; Halag-Milo et al., 2016). For instance, Neef 
et al. (2012) tested the stability of phoneme percepts by 
analyzing listeners’ ability to identify voiced and voiceless 
stop consonants. In their study, two syllable continua 
(/dǝ/−/tǝ/ and  /bǝ/−/pǝ/) were synthesized based on voice 
onset time, the time interval of the burst and the beginning of 
glottal pulse in stop consonants (Cho & Ladefoged, 1999). 
Neef et al. (2012) found that in IWS, discriminatory perfor-
mance was weaker and less stable relative to IWNS, with pho-
neme boundaries located at longer voice onset times. Likewise, 
Basu et al. (2018) examined stutterers’ vowel–consonant 
speech syllable recognition (15 consonants paired with a vowel 
among /a/, /i/, or /u/) in quiet and conditions with masking 
noise. Results showed that speech syllable recognition in quiet 
and masked conditions was poor in stutterers. 

Furthermore, despite the relatively few studies to date, 
recent studies have identified that the degraded speech per-
ception at the segmental level can be generalized to the 
suprasegmental level among stutterers who speak a tone lan-
guage as their mother tongue (Bakhtiar et al., 2019, 2021; 
Shao et al., 2022). Tone languages (e.g., Mandarin, Canton-
ese, and Thai) make use of a speaker’s fundamental fre-
quency (fo), which corresponds to the reciprocal of vocal fold 
vibratory period during speech production (W. S. Y. Wang, 
1972), to convey lexical semantics in a pitch-to-meaning 
manner, similar to the linguistic function of segmental pho-
nemes (Gandour, 1983). For example, the syllable–tone 
combinations of “ma” bearing Tone 1 (T1, high-level tone), 
Tone 2 (T2, mid-rising tone), Tone 3 (T3, low-dipping tone), 
and Tone 4 (T4, high-falling tone) refer to “mother,” 
“hemp,” “horse,” and “scorn,” respectively, in Mandarin 
Chinese (Lee & Wiener, 2020). Ample evidence indicates 
that variable fo can be perceived as different but static cate-
gories (T1–T4) by typical, native speakers (Peng et al., 2010; 
Shen & Froud, 2019). However, results from studies using 
lexical tone to measure stutterers’ perception demonstrated 
that IWS had difficulty in categorizing linguistic or nonlin-
guistic (pure tone) pitch information, indexed by longer 
response time latency or lower perceptual accuracy, in quiet 
and masked conditions (Bakhtiar et al., 2019, 2021; Shao 
et al., 2022). Altogether, the aforementioned work docu-
mented IWS’s abnormally inferior performance to typically 
fluent controls in perceiving segmental and suprasegmental 
information of speech, pointing to an auditory-perceptual 
component in stuttering (Etchell et al., 2018; T. A. Howell & 
Bernstein Ratner, 2018; Neef et al., 2012). 

Stuttering Behaviors Characterized by 
Statistical Regularities 

Previous studies have explored and developed multi-
ple elegant accounts for stuttering behaviors over the
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decades (Byrd et al., 2007; Corbera et al., 2005; Lescht 
et al., 2022). For instance, one of the widely accepted 
explanations referred to stutterers’ abnormal (delayed or 
disrupted) phonological encoding during speech processing 
(Coalson & Byrd, 2015; Pelczarski et al., 2019; for a 
review, see Sasisekaran, 2014), such that stutterers’ 
abstract phonological representation remained less robust 
in comparison to that of the controls (Neef et al., 2012; 
Shao et al., 2022). Importantly, there was an unstated 
assumption based on the stuttering data in several prior 
studies, which involved the possible effect of statistical 
regularities embedded in the language input on stuttering 
(Smith & Weber, 2017). 

As declared by Smith and colleagues (Smith, 1990, 
1999; Smith & Kelly, 1997; Smith & Weber, 2017), a com-
bination of neurological, genetic, linguistic, environmental, 
emotional, and speech motor factors contributes to stutter-
ing (Smith & Weber, 2017). The surrounding environment 
is filled with diverse statistical information, which can 
automatically be tracked by an individual in the absence 
of explicit feedback (Saffran, 2003; Saffran et al., 1996) in 
various domains, including speech (Saffran et al., 1996; 
Wiener & Ito, 2016), music (Peretz et al., 2012), and 
visual (Brady & Oliva, 2008) domains. The process of 
tracking these regularities involves statistical learning, 
which is fundamental to language acquisition (Saffran, 
2003; Thiessen, 2017). Among these regularities, word fre-
quency has been implied to play a role in stuttering in a 
handful of studies, though statistical learning was not pri-
marily measured (Anderson, 2007; Castro et al., 2017; 
Coalson & Byrd, 2015). Brundage and Bernstein Ratner 
(2022) indicated that the less frequent a word is in a lan-
guage, the more likely it will be stuttered or disfluent. For 
example, Anderson (2007) reported that low word fre-
quency has an effect on stutter events; likewise, Newman 
and Bernstein Ratner (2007) found that the magnitude of 
the response time difference was greater in IWS than 
IWNS when producing words of low versus high 
frequency (Coalson & Byrd, 2015). A recent study by 
Coalson and Byrd (2017) additionally revealed the fre-
quency effects on the suprasegmental feature of lexical 
stress, the relative prominence given to a syllable within a 
word (Teschner & Whitley, 2004). In English, the trochaic 
stress pattern occurs more frequently than the iambic 
stress pattern (e.g., IMport /ˈimpɔrt/ vs. imPORT /imˈpɔrt/; 
W. Choi et al., 2019). Correspondingly, Coalson and Byrd 
(2017) found that when no auditory-orthographic cues 
were provided, IWS were more accurate when recalling 
trochaic than iambic nonwords in terms of their verbal 
responses. Nonetheless, most of the mentioned studies 
were indirect investigations of stutterers’ use of knowledge 
about statistical information and mainly concentrated on 
their production behaviors, with few studies using word 

stimuli that contained phonological tone at the supraseg-
mental level of speech in a perception task. 

This Study 

Our goal was to fill the research gap by evaluating 
whether statistical regularities embedded in the language 
input would affect stutterers’ speech perception. The gat-
ing paradigm (Grosjean, 1980, 1996) provides a valuable 
opportunity for this assessment among stutterers. Firstly, 
the test stimuli were words from Mandarin Chinese 
because syllables with tones can map directly to a mor-
pheme or word and hence ensured the relatively straight-
forward examination of how speech input affects phonolo-
gical (syllable and tone) and lexical (syllable–tone combi-
nation as a word) processing (Wiener & Ito, 2016; Wiener 
et al., 2019). Two types of statistical regularities were 
manipulated using the Mandarin Chinese spoken word 
corpus SUBTLEX-CH (Cai & Brysbaert, 2010): syllable 
token frequency (syllable frequency) and syllable–tone co-
occurrence probability (tone probability; see more details 
in the Method section). 

Secondly, as shown in Figure 1, the gating task 
involves the auditory presentation of a stimulus with 
increasingly longer fragments/gates, through which lis-
teners are required to report the word in response to the 
heard token. Gating, therefore, allows for an investigation 
of how much acoustic information is needed for the lis-
teners to access the mental lexicon to correctly recognize 
the segments, tones, and their combination as words. 
Notably, in early gates when the acoustic information is 
insufficient for correct identification, gating forces listeners 
to draw on their previous language experience and predict 
likely syllables, tones, and their combinations, that is, 
draw on their knowledge of the statistical distribution of 
Chinese speech sounds (Zhu et al., 2022). 

Figure 1. The schematic illustration of the gating paradigm. The 
length of the colored bar represents the amount of stimulus 
acoustic information. The stimulus acoustic information extends 
with the increasingly longer gates from the syllable onset (Gate 1) 
to the full word (Gate 8), with the 40-ms incremental size for the 
intermediate gates (Gates 2–7).
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Wiener and Ito (2016) used the gating paradigm to 
test native Chinese speakers. The stimuli consisted of 
syllable–tone words that incorporated high and low sylla-
ble token frequencies paired with a tone that was either 
most or least likely to co-occur with the syllable, based on 
a Chinese spoken word corpus (SUBTLEX-CH; Cai & 
Brysbaert, 2010). Participants were required to type the 
perceived word using the Pinyin romanization system 
(which specified the syllable and tone number, e.g., “da2”) 
after listening to each stimulus. The first gate presented 
only the word onset, whereas Gates 2 through 7 presented 
the onset and successive 40-ms increments. The complete 
word was presented at Gate 8. Results in Wiener and Ito 
(2016) revealed that correct responses for high-frequency 
syllable–tone words outnumbered low-frequency syllable– 
tone words. Besides, the authors analyzed correct syllable– 
incorrect tone responses, reflecting enough acoustic infor-
mation for segmental identification but not suprasegmen-
tal identification. With the limited fo, listeners would 
report either an acoustically similar tone (e.g., T2 as T3; 
Moore & Jongman, 1997) or a more probable tone associ-
ated with the syllable (T2 more often than T4 on the sylla-
ble “ren”; Cai & Brysbaert, 2010). Wiener and Ito (2016) 
concluded that adult listeners immediately made use of 
the statistical regularities (i.e., syllable frequency informa-
tion and tone probability information) for spoken word 
recognition in order to overcome the truncated speech pre-
sented via gating. Similar findings were reported in differ-
ent populations, including learners of Chinese as a second 
language (Lee & Wiener, 2020; Wiener & Lee, 2020; 
Wiener et al., 2019) and individuals with congenital amu-
sia (also known as “tone deafness”; Peretz, 2016; Zhu 
et al., 2022). 

To summarize, the present gating study builds on 
prior work and adopts the gating stimuli from Wiener and 
colleagues (Wiener & Ito, 2016; Wiener et al., 2019; Zhu 
et al., 2022) to test stutterers’ spoken word recognition. 
Because previous studies showed that stutterers performed 
worse than typical individuals in speech perception at both 
segmental and suprasegmental levels (Corbera et al., 2005; 
Halag-Milo et al., 2016; Neef et al., 2012; Shao et al., 
2022), we hypothesized a lower accuracy in perceiving syl-
lables, tones, and/or syllable–tone words in stutterers ver-
sus nonstuttering controls. Meanwhile, as implied from 
the literature (Castro et al., 2017; Coalson & Byrd, 2015; 
T. A. Howell & Bernstein Ratner, 2018; Smith & Weber, 
2017), it may be the case that stutterers will be sensitive to 
statistical regularities embedded in the language. We hence 
expect that stutterers will exhibit a perceptual pattern sim-
ilar to the controls; that is, stutterers’ spoken word recog-
nition will also be affected by stimulus statistics in that 
high-frequency speech stimuli would be perceived more 
accurately than low-frequency stimuli. 

Method 

Participants 

Seventeen IWS and 20 IWNS were recruited for this 
gating study. The two groups were closely matched for 
age, gender, and education level, such as high school 
degree, bachelor’s degree, and graduate degree (Lescht 
et al., 2022). The demographic information is displayed in 
Table 1. All participants spoke Mandarin Chinese as their 
native language and were naïve to the purposes and 
methods of the study. None of them reported having any 
hearing, neurological, or psychological disorders. 

Following previous studies (e.g., Bakhtiar et al., 
2021; Halag-Milo et al., 2016; P. Howell et al., 2012), 
the Stuttering Severity Instrument–Third Edition (SSI-3; 
Riley, 1994) was used to confirm the stuttering status. The 
speech sample video-recorded for assessing stuttering 
severity encompassed an unstructured interview and a 
reading passage, each containing at least 600 words and 
independently evaluated by two research assistants major-
ing in speech therapy. The percentage of stuttered sylla-
bles, the average length of the three longest stuttering 
blocks, and the degree of physical concomitants were cal-
culated based on SSI-3 (Riley, 1994). A high consistency 
was achieved between the two raters as shown by the reli-
ability analysis (Cronbach’s α = .95). The severity of the 
IWS’s stuttering ranged from mild to very severe (SSI-3 
score: M = 15.88, SD = 7.01, range: 9–34). No IWNS 
demonstrated any stuttering-like disfluencies on the SSI-3 
(Riley, 1994). 

Using digit span tests in either forward or reverse 
order derived from Wechsler Adult Intelligence Scale– 
Revised by China (Gong, 1992), the participants’ working 
memory was also measured. The independent-samples t 
tests revealed that IWS did not differ from IWNS in age 
or working memory (both ps > .05). All participants were 
right-handed according to a handedness questionnaire 
adapted from a modified Chinese version of the Edinburgh 
Handedness Inventory (Oldfield, 1971). Each participant 
signed the consent form prior to the experiment and

Table 1. The demographic information of IWS and IWNS. 

Subject information IWS IWNS 

No. of participants (Male) 17 (12) 20 (12) 

Age in years, M (SD) 26.76 (4.42) 24.30 (3.73) 

Working memory, M (SD) 13.71 (2.57) 14.35 (0.99) 

Education (HS:BA:MA) 5:10:2 5:11:4 

Note. IWS = individuals who stutter; IWNS = individuals who do 
not stutter; HS = high school degree; BA = bachelor’s degree; 
MA = master’s degree.
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was paid for the participation. The study procedures were 
approved by the ethics review board at the School of 
Foreign Languages of Hunan University.

Stimuli 

The auditory stimuli were adapted from previous 
studies (Wiener & Ito, 2016; Wiener et al., 2019; Zhu 
et al., 2022). On the basis of Chinese phonology (W. S. Y. 
Wang, 1973), all these selected stimuli were legal Chinese 
monosyllabic words combined by syllables at the segmen-
tal level and lexical tones at the suprasegmental level. Cor-
respondingly, syllable token frequency and syllable–tone 
co-occurrence probability of each stimulus were manipu-
lated, following statistical distribution as determined in 
the 33.5-million spoken word corpus of SUBTLEX-CH 
(Cai & Brysbaert, 2010). 

In detail, a median common log frequency at 4.4 
was firstly obtained based on the calculation of all token 
occurrences of a particular syllable independent of tone in 
SUBTLEX-CH (Cai & Brysbaert, 2010). Then, a syllable 
whose log frequency was above 4.8 was considered high 
token frequency (F+; e.g., “da”), whereas a syllable whose 
log frequency was lower than 4.0 was considered low 
token frequency (F−; e.g., “niao”). There were 24 syllables 
including 12 F+ syllables (with a mean log frequency at 
5.08) and 12 F− syllables (with a mean long frequency at 
3.84). Likewise, tone probability, referring to the most 
probable (P+) or least probable (P−) tone, was defined by 
dividing the token count for a given syllable–tone word by 
the token count of that particular syllable irrespective of 
tone. The P+ tone occurred in more than 50% of the syl-
lables’ utterances (e.g., T2 on “pang”) in SUBTLEX-CH 
(Cai & Brysbaert, 2010), whereas P− tone occurred in less 
than 20% of the syllables’ utterances (e.g., T1 on “pang”) 
in this corpus. Each syllable carried both tones, resulting 
in a total of 48 syllable–tone words (24 F+/F− syllables × 
2 P+/P− tones) for this study. 

A female native speaker from Beijing, China, with 
no history of speech, language, or hearing disorders, 
recorded all the words at 44.1 kHz in a soundproof booth. 
Five Chinese natives then confirmed that these words and 
their constituent segments and lexical tones were correct 
and all sounded natural. These native speakers did not 
attend the main experiment. Gates were generated using 
Praat software (Boersma & Weenink, 2018). Each word 
was fragmented into eight gates, starting from the conso-
nant onset up to the beginning of the first regular period-
icity of the vowel (Gate 1). The intermediate gates were 
developed with six 40-ms gradual increments on the rhyme 
(Gates 2–7), with the last gate (Gate 8) being the full word 
(see Figure 1). Because a single talker uttered these words 
(different from the multitalker sounds; see Wiener & Lee, 

2020), some cues, including duration and intensity, of the 
words were not normalized such that they could be audi-
torily presented in their original form as the naturistically 
produced tokens. This serves the current research purpose 
by estimating effects of stimulus statistics instead of acous-
tic cues on speech perception. Besides, the 40-ms incre-
ment size for the intermediate gates was implemented, 
which made this study comparable to previous gating 
studies (e.g., Wiener & Ito, 2016; Wiener et al., 2019). In 
summary, there were 384 auditory items in this study (48 
words × 8 gates). 

Procedure 

Participants were told to give their responses by typ-
ing the perceived words using Pinyin, a Romanization sys-
tem taught in primary school, to specify the syllable and 
lexical tone. The four lexical tones were inserted as the 
numbers 1, 2, 3, and 4, whereby listeners felt comfortable 
and easy to type their answers using the computer key-
board, for example, for “tie3,” the number represented 
T3. The responses of Chinese characters were avoided 
because of the existing polyphonic characters with multi-
ple pronunciations (e.g., “薄” has three syllable–tone com-
binations of “bao2,” “bo2,” and “bo4”), which would oth-
erwise contaminate the results (Wiener & Ito, 2016). Both 
IWS and IWNS were told that the heard token might be 
a fragment instead of the entire word in order to avoid 
the potential floor effect, especially in early gates (Wiener 
et al., 2019). Moreover, since stutterers have difficulty per-
ceiving speech (Bakhtiar et al., 2019, 2021; Neef et al., 
2012), a pretest training was given for the participants to 
review the constituent initials and finals in a self-paced 
manner, following previous practice (Zhu et al., 2022). 
These word elements were listed on a paper handout, with 
none of the full syllable–tone combinations presented. 

The main experiment began after the roughly 15-min 
pretest training. Each participant was seated in a quiet 
room and listened to the tokens over headphones, which 
were randomly presented in a duration-blocked fashion 
(i.e., blocks from Gate 1 to Gate 8) via E-Prime 2.0 
(Schneider et al., 2002). The order of gates from the first 
to the last gates was fixed to avoid the carryover effect 
of speech recognition from full to fragmented acoustic 
information (Wiener & Ito, 2016). Crucially, this study 
served as an untimed task with no time limit designated in 
each trial because a task with time pressure could affect 
IWS in numerous ways (see discussions in Lescht et al., 
2022). Meanwhile, we did not provide an experimenter-
generated set of targets/answers. Hence, both IWS and 
IWNS had to self-select items from their mental lexicon, 
which could benefit the estimation of the use of statistical 
knowledge when listeners encountered the truncated
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speech (Lescht et al., 2022; Wiener & Ito, 2015, 2016). 
Participants could familiarize themselves with the proce-
dures by doing practice trials that did not contain the 
stimuli occurring in the main experiment. In total, the 
whole experiment lasted approximately 40–50 min. 

Data Preparation Before Analysis 

Illegal responses that violated Chinese phonology 
(nonwords, e.g., “mau1” and “biy2”) were firstly excluded 
(1%, cf. 4% in Wiener & Ito, 2016). With this criterion, a 
total of 14,019 responses were eligible for data analysis. 
To comprehensively clarify how statistical regularities of 
syllables, tones, and their combination as words affected 
listeners’ typing answers, a manual check was done for 
each trial in order to identify correct syllable-only 
responses (e.g., the response “qi3” to the stimulus “qi2”), 
correct lexical tone–only responses (e.g., “gang1” to 
“pang1”), and correct syllable–tone word responses (e.g., 
“zhou2” to “zhou2”). 

Each response was additionally checked if it was 
incorrect with lexical tone, that is, tone errors. These tone 
errors were defined as correct syllable–incorrect tone 
responses by stutterers and nonstuttering controls. Two 
types of tone errors were further separated, namely, 
acoustic-based errors and probability-based errors, in line 
with the preceding studies (Wiener & Ito, 2016; Wiener 
et al., 2019; Zhu et al., 2022). Acoustic-based errors 
involved reporting an acoustically similar tone given the 
two tones’ similar fo cues. For example, T1 and T4 both 
start from the high pitch register, and native and nonna-
tive listeners commonly confuse this tone pair, especially 
in early gates where short fragments contained high fo 
(Wiener & Ito, 2016; Wiener et al., 2019). Similarly, T2 
and T3 could be confused with each other due to their ini-
tial acoustic ambiguity (Moore & Jongman, 1997). For 
example, the response “wu3” to the stimulus “wu2” was 
coded as an acoustic-based error. The other error type 
was probability-based errors, which stemmed from report-
ing the statistically more probable tone associated with 
the perceived syllable. These errors could occur in spite of 
the two tones’ acoustic dissimilarity. As an instance, the 
response “da4” to the stimulus “da2” was regarded as a 
probability-based error, given that these tones started in 
opposite registers and were not acoustically similar. The 
responses that did not belong to the two types of errors 
(e.g., “hong3” to “hong4”) or happened to be either 
acoustic-based or probability-based error (e.g., “bin1” to 
“bin4”) were not further analyzed (Wiener & Ito, 2016). 

With the formula of log[(probability error + 0.5)/ 
(acoustic error + 0.5)], the empirical log of the error ratio 
was computed for each participant at each gate as a func-
tion of syllable frequency (F+ and F−). A positive log 

ratio reflected that a listener made more probability-based 
errors than acoustic-based errors, but a negative value 
indicated that a listener made more acoustic-based errors 
than probability-based errors (Wiener & Ito, 2016; Wiener 
& Lee, 2020; Wiener et al., 2019). 

Data Analysis 

The data were analyzed by constructing generalized 
(accuracy) or linear (error log ratio) mixed-effects models 
with the lme4 package (Bates et al., 2015) in R (R Core 
Team, 2021). The response to each trial was coded as 0 
(incorrect) or 1 (correct) for each participant. Gate-by-
gate analyses were carried out to identify the locus of 
speech statistics effect on speech perception at both seg-
mental and suprasegmental levels. To increase power and 
reduce the number of models run, gates were collapsed 
into four windows (e.g., Window 1 by Gates 1 and 2, 
Window 2 by Gates 3 and 4, Window 3 by Gates 5 and 
6, and Window 4 by Gates 7 and 8; Wiener & Ito, 2016; 
Wiener et al., 2019; Zhu et al., 2022). 

For the analysis of correct responses, the models 
were built with group (IWS and IWNS), syllable fre-
quency (F+ and F−), and tone probability (P+ and P−) 
acting as fixed factors, with the dependent variables being 
syllable-only accuracy, lexical tone–only accuracy, or 
syllable–tone word accuracy in the four windows. For the 
analysis of tone errors, the models were built with group 
(IWS and IWNS), syllable frequency (F+ and F−), and 
window (Windows 1–4) acting as fixed factors, with 
empirical log ratio as the dependent variable. Two-way 
and three-way interaction terms were also included as the 
fixed effects in the models. By-subject and by-item ran-
dom intercepts and slopes for all possible fixed factors 
were included in the initial model (Barr et al., 2013). 
Using the analysis of variance function in lmerTest pack-
age (Kuznetsova et al., 2017), the initial model was com-
pared with a simplified model that excluded a specific 
fixed factor for both accuracy and error analyses. Pairwise 
comparisons with Tukey adjustment were calculated using 
the lsmeans package (Lenth, 2016). 

Results 

Accuracy Results 

Figure 2 exhibits the mean syllable accuracy, tone 
accuracy, and syllable–tone word accuracy by IWS and 
IWNS at different gates. It shows the gate-by-gate 
improvement across the test tokens for both groups of lis-
teners: More acoustic information of the stimuli led to 
higher accuracy. At each gate, the same pattern occurred:
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Tones were identified most accurately, followed by sylla-
bles and syllable–tone combinations; besides, IWS were 
less accurate in general than IWNS. The between-group 
differences as a function of statistical regularities were fur-
ther analyzed and reported below. 

Figure 2. Mean correct tone, syllable, and syllable–tone word responses by individuals who stutter and individuals who do not stutter at 
each gate. 

Correct Syllable–Tone Combinations 
Figure 3 plots the mean syllable–tone word accuracy 

in IWS and IWNS as faceted by syllable frequency and 
tone probability at different windows, with error bars 
showing 1 standard error (SE). The figure shows that IWS 
were more accurate as more acoustic information was 
provided, but their performance remained poorer than 
that of their nonstuttering peers. The mixed-effects models 
revealed the significant main effects of group, χ2 (1) = 
5.14, p < .05; syllable frequency, χ2 (1) = 26.10, p < .001; 
and tone probability, χ2 (1) = 6.73, p < .01, with their 
three-way interaction, χ2 (1) = 3.95, p < .05, at Window 1. 
Further analysis of this interaction showed that IWNS 
(M = 0.12; SD = 0.33) were more accurate than IWS 
(M = 0.04; SD = 0.20) when listening to F− syllables 
combined with P− tones (β = 1.18, SE = 0.47, t = 2.54, 
p < .05). Besides, P− tones were recognized less accurately 
than P+ tones when presented on F− syllables for both 
IWS (β = −2.21, SE = 0.59, t = −3.73, p < .001) and 
IWNS (β = −1.39, SE = 0.55, t = −2.54, p < .05). 
Regardless of tone probability and group, F− syllables 
were always identified less accurately than F+ syllables 
(ps < .05). At Window 2, the models revealed a significant 

main effect of syllable frequency, χ2 (1) = 18.13, p < .001, 
as well as an interaction between syllable frequency and 
tone probability, χ2 (1) = 3.87, p < .05. Further analysis of 
this interaction showed that as compared with P+ tones, P

Figure 3. Mean correct syllable–tone word responses as faceted 
by syllable frequency and tone probability by individuals who stut-
ter and individuals who do not stutter at each window (error bar = 
±1 SE). SE = standard error.
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− tones were less accurate when they co-occurred with F− 
syllables (β = −1.64, SE = 0.68, t = −2.39, p < .05);  more-
over, both IWS and IWNS less accurately recognized F− 
syllables than F+ syllables in combination with P− tones 
(β = −3.23, SE = 0.69, t = −4.68, p < .001).

There was a significant main effect of group at Win-
dow 3, χ2 (1) = 6.13, p < .05, which revealed that IWNS 
(M = 0.76; SD = 0.42) had a higher accuracy than IWS 
(M = 0.66; SD = 0.47). There were also a significant main 
effect of syllable frequency, χ2 (1) = 13.11, p < .001, and 
an interaction between syllable frequency and tone proba-
bility, χ2 (1) = 6.71, p < .05. Further analysis of this inter-
action showed that P− tones were less accurately identi-
fied than P+ tones with F− syllables (β = −1.65, SE = 
0.57, t = −2.88, p < .01) and F− syllables were less accu-
rate than F+ syllables when carrying P− tones (β = −2.67, 
SE = 0.58, t = −4.62, p < .001) by both groups with or 
without stuttering. Similar to Window 3, the models 
revealed a significant main effect of group, χ2 (1) = 5.44, p 
< .05, at the last window, which demonstrated that IWS 
(M = 0.79; SD = 0.41) had a lower accuracy than IWNS 
(M = 0.88; SD = 0.32) for the test tokens regardless of 
their statistical characteristics. The significant main effect 
of syllable frequency, χ2 (1) = 19.75, p < .001, and interac-
tion between syllable frequency and tone probability, 
χ2 (1) = 6.97, p < .01, were found. Further analysis of this 
interaction showed that F− syllables were less accurately 
identified than F+ syllables with P− tones (β = −2.43, 
SE = 0.46, t = −5.30, p < .001) and P− tones were less 
accurately recognized than P+ tones on F− syllables (β = 
−1.20, SE = 0.44, t = −2.76, p < .01). Other effects did 
not reach significance (ps > .05). 

In summary, results of syllable–tone word accuracy 
revealed that IWS were outperformed by IWNS when 
either the fragments or the entire words were heard, par-
ticularly for the tokens of infrequent syllable and improb-
able tone with minimal acoustic information provided at 
Window 1. This manifested IWS’s reduced spoken word 
recognition relative to IWNS. Besides, analogous to 
IWNS, IWS more accurately identified P+ tones on F− 
syllables (as compared with P− tones) and P− tones on 
F+ syllables (as compared with F− syllables) across the 
four windows, regardless of how much acoustic informa-
tion was auditorily presented. This finding revealed that 
similarly to the nonstuttering controls, stutterers’ percep-
tion was affected by statistical regularities embedded in a 
language with phonological tone. Next, correct syllable-
only responses were analyzed and reported below. 

Correct Syllable-Only Responses 
Figure 4 depicts the mean syllable-only accuracy in 

IWS and IWNS as faceted by syllable frequency and tone 
probability at different windows, with error bars showing 

1 SE. This figure shows the rising accuracy in both IWS 
and IWNS when acoustic information increased from the 
first to the last windows, but IWS showed a lower average 
accuracy than IWNS. The mixed-effects models revealed 
that at Window 1, there were significant main effects of 
group, χ2 (1) = 6.14, p < .05, and syllable frequency, 
χ2 (1) = 37.15, p < .001, which demonstrated the higher 
accuracy in IWNS (M = 0.50; SD = 0.50) than IWS (M = 
0.41; SD = 0.49) independent of stimulus statistical char-
acteristics; besides, both groups more accurately recog-
nized F+ syllables than F− syllables co-occurring with 
either P+ or P− tones. The models revealed a significant 
main effect of syllable frequency, χ2 (1) = 33.71, p < .001, 
and an interaction between syllable frequency and tone 
probability, χ2 (1) = 3.91, p < .05, at the second window. 
Further analysis of this interaction showed that both 
groups performed less accurately when listening to F− syl-
lables than F+ syllables with either P− tones (β = −3.97, 
SE = 0.64, t = −6.24, p < .001) or P+ tones (β = −2.17, 
SE = 0.63, t = −3.46, p < .001), and they less accurately 
recognized P− tones than P+ tones on F− syllables (β = 
−1.34, SE = 0.62, t = −2.16, p < .05) but not F+ syllables 
(β = .46, SE = 0.64, t = 0.72, p = .47). 

Figure 4. Mean correct syllable-only responses as faceted by syl-
lable frequency and tone probability by amusics and typical lis-
teners at each window (error bar = ±1 SE). SE = standard error. 

At Window 3, the models uncovered a significant 
main effect of syllable frequency, χ2 (1) = 23.46, p < .001, 
and an interaction between syllable frequency and tone 
probability, χ2 (1) = 7.58, p < .01. Further analysis 
of this interaction showed that as compared with P+ tones, 
P− tones were recognized less accurately on F− syllables
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(β = −1.61, SE = 0.62, t = −2.60, p < .01); besides, F− 
syllables were less accurately recognized than F+ syllables 
with P− tones (β = −3.74, SE = 0.65,  t = −5.78, p < .001).  
The similar main effect of syllable frequency, χ2 (1) = 21.10, 
p < .001, and interaction between syllable frequency and 
tone probability, χ2 (1) = 8.74, p < .01, were revealed at 
Window 4. Further analysis of this interaction showed that 
both groups less accurately identified P− tones than P+ 
tones on F− syllables (β = −1.62, SE = 0.55,  t = −2.98, 
p < .01)  and F− syllables than F+ syllables as bearing P− 
tones (β = −3.56, SE = 0.69,  t = −5.18, p < .001). Other 
effects were not significant (ps > .05). 

In summary, results of syllable-only accuracy dem-
onstrated reduced accuracy by IWS compared to IWNS in 
terms of syllable identification at Window 1. Besides, both 
groups more accurately perceived F+ syllables than F− 
syllables regardless of tone probability at Windows 1 and 
2, yet as acoustic information further extended, F+ sylla-
bles were more accurately recognized than F− syllables 
with co-occurrence of P− tones alone. Correct lexical 
tone–only responses were next analyzed and reported. 

Correct Lexical Tone–Only Responses 
Figure 5 displays the mean lexical tone–only accu-

racy in IWS and IWNS as faceted by syllable frequency 
and tone probability at different windows, with error bars 
showing 1 SE. The figure shows that the starting point of 

mean lexical tone–only accuracy was about 50%, higher 
than mean syllable–tone word and syllable-only accura-
cies, pointing to the relative ease of tone identification; 
other patterns were similar in that more acoustic informa-
tion led to higher accuracy, and IWS showed their lower 
perceptual accuracy than IWNS. 

Figure 5. Mean correct lexical tone–only responses as faceted by 
syllable frequency and tone probability by individuals who stutter 
and individuals who do not stutter at each window (error bar = ±1 
SE). SE = standard error. 

The mixed-effects models revealed no significant 
main or interaction effects involving group, syllable fre-
quency, and tone probability at Window 1. There was a 
marginally significant main effect of group, χ2 (1) = 2.97, 
p = .09, at the second window, which demonstrated a 
trend that IWS (M = 0.81; SD = 0.39) were outperformed 
by IWNS (M = 0.83;  SD = 0.38). At Window 3, a signifi-
cant main effect of group, χ2 (1) = 5.91, p < .05, was found, 
suggesting that IWNS (M = 0.93;  SD = 0.26) had a higher 
accuracy than IWS (M = 0.88;  SD = 0.33) irrespective of 
speech statistics relating to syllable and tone. The main 
effect of group was again uncovered, χ2 (1) = 4.87, p < .05, 
at Window 4, which reflected that IWS (M = 0.93;  SD = 
0.26) had a lower accuracy than IWNS (M = 0.97;  SD = 
0.17). Other effects were not significant (ps > .05).  

In summary, results of mean lexical tone–only accu-
racy exhibited that IWS were poorer than IWNS in tone 
perception mainly at Windows 3 and 4, where the acoustic 
information in the auditory item gradually approximated 
the full word. This hinted that IWS’s abnormal speech 
perception also existed at the suprasegmental level of lexi-
cal tones, even though the complete fo cues were available. 
Next, incorrect responses of correct syllable–incorrect tone 
errors were reported below. 

Correct Syllable–Incorrect Tone Errors 

Following Wiener and colleagues (Wiener & Ito, 
2016; Wiener et al., 2019; Zhu et al., 2022), the correct 
syllable–incorrect tone responses were analyzed using the 
mixed-effects models. This involved the cases of enough 
acoustic information for correct identification of the sylla-
ble, but not necessarily sufficient acoustic information for 
fo categorization of the tone. Listeners were hence forced 
to use the limited fo information, which led to an 
acoustic-based error, or rely on their statistical knowledge 
of the most probable tone associated with the heard sylla-
ble, which resulted in a probability-based error. 

Figure 6 portrays the mean log ratio of errors in 
IWS and IWNS as faceted by syllable frequency at differ-
ent windows, with error bars showing 1 SE. The figure 
shows that the log ratio approximated zero as gates 
became longer, indicative of the gradually equal (and lim-
ited) number of both types of tone errors as stimulus 
acoustic information increased; besides, more negative log 
ratios for frequent than infrequent syllables were exhibited
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for both IWS and IWNS. The mixed-effects models firstly 
revealed a significant main effect of group, χ2 (1) = 4.55, p < 
.05, and an interaction between group and syllable fre-
quency, χ2 (1) = 5.22, p < .05. Further analysis of this interac-
tion showed that IWS (M = −0.40; SD = 0.43) had a more 
negative log ratio than IWNS (M = −0.19; SD = 0.41) when 
listening to F+ syllables (β = .22,  SE = 0.07,  t = 3.01,  p < 
.01); besides, IWS had a more negative log ratio for tones 
carried by F+ syllables than F− syllables (β = −.21, SE = 
0.04, t = −4.80, p < .001). The models also revealed the sig-
nificant main effects of syllable frequency, χ2 (1) = 15.80, p < 
.001, and window, χ2 (1) = 22.14, p < .001, with their two-
way interaction, χ2 (1) = 18.01, p < .001. Further analysis of 
this interaction showed that both groups had a more nega-
tive log ratio for tones on F+ syllables than F− syllables at 
Window 1 (β = −.26, SE = 0.05, t = −5.13, p < .001), Win-
dow 2 (β = −.17, SE = 0.05, t = −3.36, p < .001), and Win-
dow 3 (β = −.11, SE = 0.05, t = −2.27, p < .05). This sug-
gested listeners’ reliance on syllable token frequency infor-
mation. In addition, as tones co-occurred with F+ syllables, 
the log ratio was more negative at Window 1 than other 
later Windows 2, 3, and 4, respectively (ps < .05); likewise, 
for F− syllables, the log ratio was more negative at Win-
dow 1 than at Window 3 and at Window 2 than at Window 
3, respectively (ps < .05). This demonstrated that listeners 
were less likely to make acoustic-based tone errors with 
increased acoustic signal. Other effects were not significant 
(ps > .05). 

Figure 6. Mean empirical log ratio of tone errors as faceted by syllable frequency by individuals who stutter and individuals who do not stut-
ter at each window (error bar = ±1 SE). SE = standard error. 

Collectively, the results of the mean log ratio of 
errors showed that both IWS and IWNS primarily made 
acoustic-based errors on F+ syllables (as compared with F− 

syllables), but IWS were more likely to make acoustic-
based errors on F+ syllables (as compared with IWNS). 
These errors became less common as the stimulus acoustic 
information increased. 

Discussion 

This study examined stutterers’ spoken word recog-
nition in the face of impoverished acoustic input using a 
gating paradigm (Grosjean, 1980, 1996; Wiener & Ito, 
2016). The auditory words varied in syllable token fre-
quency and syllable–tone co-occurrence probability, in line 
with the Chinese spoken word corpus of SUBTLEX-CH 
(Cai & Brysbaert, 2010). These syllable–tone words were 
played in increasing gates to IWS in order to examine 
whether statistical regularities in the auditory input affect 
their spoken word recognition behavior. Their perfor-
mance, including both accuracy and tone errors, was com-
pared with that of a control group of IWNS and analyzed 
with mixed-effects models. Notably, syllable–tone word 
accuracy, syllable-only accuracy, tone-only accuracy, and 
correct syllable–incorrect tone errors were all analyzed to 
systematically evaluate whether stutterers’ abnormal speech 
perception co-occurred at both the segmental and supraseg-
mental levels. We reported two key findings. 

First, we corroborated that there was an auditory-
perceptual component in stuttering (Halag-Milo et al., 
2016; T. A. Howell & Bernstein Ratner, 2018; Smith & 
Weber, 2017), with IWS showing poorer speech perception 
than IWNS for either segments or suprasegmentals
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(Bakhtiar et al., 2021; Basu et al., 2018; Corbera et al., 
2005). This finding was robust as the IWS were less accu-
rate than IWNS across comparisons of statistical analyses. 
This finding held for the first window of syllable-only 
analysis, suggesting that when minimal acoustic informa-
tion was provided (onset and up to 40 ms of the vowel), 
IWS struggled to recognize the syllable. For the lexical 
tone–only analysis, this finding held for Windows 2, 3, 
and 4 (onset and 80 ms or more of the vowel), which indi-
cated that tone categorization was problematic for IWS 
even when the majority of fo information was available 
(Bakhtiar et al., 2019, 2021; Shao et al., 2022). For the 
syllable–tone word analysis, IWS again showed less accu-
rate identification than IWNS at all windows except Win-
dow 2. The correct syllable–incorrect tone analysis addi-
tionally revealed that for F+ syllables, IWS were more 
likely to make acoustic-based tone errors than IWNS 
across the four windows. Taken together, these findings 
underline the difficulty that IWS have with speech percep-
tion as compared with typical individuals and that diffi-
culty occurs not only in recognizing syllables and lexical 
tones but also in recognizing syllable–tone combination as 
words (Bakhtiar et al., 2019, 2021; Neef et al., 2012; Shao 
et al., 2022). 

Second, we found that in our syllable-only and 
syllable–tone word analyses, IWS made use of the statisti-
cal information to correctly recognize high-frequency (F+) 
syllables more accurately than low-frequency (F−) sylla-
bles. This finding held for both IWS and IWNS across all 
the four windows in both analyses involving syllable. This 
strengthens the claim that the syllable plays an important 
role in Chinese speech perception (and production) for 
native speakers, including IWS (Chen et al., 2002; You 
et al., 2012). Given the roughly 400 unique syllables in 
Mandarin Chinese (Duanmu, 2007), more frequent sylla-
bles are “privileged” than less frequent syllables during 
lexical processes (Lee & Wiener, 2020). 

This syllable result relates to a recent study that also 
required participants to respond in a typed mode (Lescht 
et al., 2022). Lescht et al. reported that while IWS gener-
ated fewer words than IWNS in letter fluency perfor-
mance, they showed a pattern of generating more words 
with fewer syllables because shorter words (e.g., bat, cat, 
and mat) more frequently occur than longer words (e.g., 
elephant and elegant) in a cluster sharing similar pho-
nemes in English. 

More importantly, we found novel evidence that 
stutterers were able to perceive the syllable–tone words 
according to syllable–tone co-occurrence probabilities. 
Similar to IWNS, IWS were more likely to make acoustic-
based tone errors on F+ syllables than F− syllables from 
Windows 1 to 3 (onset and up to 200 ms of the vowel) in 

our analysis of correct syllable–incorrect tone errors, given 
that F+ syllables were easier to predict than F− syllables 
(Zhu et al., 2022). Crucially, the most prominent instance 
was that in our analysis of syllable–tone word accuracy, 
the interaction between syllable frequency and tone proba-
bility emerged in both groups across the windows, irre-
spective of the stuttering status and the amount of acous-
tic information. The results showed that both IWS and 
IWNS more accurately recognized F+ syllables with P− 
tones as compared with F− syllables and F− syllables 
with P+ tones as compared with P− tones. This again cor-
roborated previous findings from gating (typical Chinese 
speakers: Wiener & Ito, 2016; learners of Chinese as a sec-
ond language: Wiener & Lee, 2020, Wiener et al., 2019; 
individuals with congenital amusia: Zhu et al., 2022; spo-
ken word recognition in noise: X. Wang et al., 2023) and 
word reconstruction experiments (Wiener, 2020; Wiener & 
Turnbull, 2016). 

This result is also in line with several speech produc-
tion studies in the stuttering literature, which indirectly 
connected statistical information of speech with stuttering 
(Anderson, 2007; Bernstein Ratner et al., 2009; Brundage 
& Bernstein Ratner, 2022). For example, word frequency 
had an effect on the occurrence of stutter events and 
affects the length of reaction time in word production 
(Anderson, 2007; Newman & Bernstein Ratner, 2007). 
More recently and relatedly, Coalson and Byrd (2015, 
2017) additionally demonstrated that accuracy of verbal 
responses by IWS was also impacted by the frequency 
effects even for the suprasegmental unit of lexical stress in 
English (more frequent trochaic stress pattern vs. less fre-
quent iambic stress pattern). However, Coalson and Byrd 
(2015, 2017) used nonword stimuli whose word-likeness 
was rated as “unlike a word” and “neutral,” with the fre-
quency of syllable (at the segmental level) being invariant 
(Baayen et al., 1995). 

Taken together, our study revealed a typical pattern 
of statistical regularities in atypical speech perception 
among stutterers. That is, statistical regularities embedded 
in the language input impacted on how IWS perceived the 
syllable–tone words, despite their fewer correct responses 
as compared with their fluent peers. The aforementioned 
results relating to stimulus statistical characteristics hence 
demonstrated that statistical regularities, for either seg-
ments or suprasegmentals, could be a moderating factor 
in stutterers’ speech perception. Furthermore, a potential 
link between speech perception and production could be 
supported, given statistical information affects speech per-
ception and production in IWS despite their abnormal 
speech processing (Anderson, 2007; Brundage & Bernstein 
Ratner, 2022; Castro et al., 2017; Coalson & Byrd, 2015, 
2017). In our perceptual study, IWS showed inferior perfor-
mance to IWNS across the between-group comparisons;

Zhu et al.: Stuttering and Statistical Regularities of Speech 11

Downloaded from: https://pubs.asha.org Carnegie Mellon University on 09/04/2023, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



•

however, they could recognize a word based not only on its 
syllable token frequency but also on the syllable–tone co-
occurrence probability, presumably due to their lifetime 
exposure to their native language. Previous studies have 
shown that listeners are able to involuntarily track the 
embedded patterns from their surrounding environment 
without explicit instruction, such as the three-syllable lin-
guistic (Omigie & Stewart, 2011; Saffran et al., 1996) or 
three-motif music word segmentation (Peretz et al., 2012; 
Saffran et al., 1999) from a nonpause, continuous sound 
flow. Likewise, in the absence of active feedback, listeners 
can build a phonological category for a mental lexicon 
because they automatically capture the frequency and vari-
ability of the heard sounds (Escudero & Williams, 2014; 
Maye et al., 2002; Zhu et al., 2023). This process of sublim-
inally computing the regularities is important in statistical 
learning (Erickson & Thiessen, 2015). Although our study 
did not focus on statistical learning by IWS, the results 
could indicate their preserved statistical knowledge that was 
accumulated implicitly via their everyday experience with 
Chinese. This might contribute to their comparable pattern 
in perception as IWNS. The recent evidence showing IWS’s 
spared implicit learning further suggested that IWS could 
manage to perceive speech in a statistical manner despite 
their degraded speech perception (Alm, 2021; Höbler et al., 
2022; Smits-Bandstra & Gracco, 2013). For example, 
Smits-Bandstra and Gracco (2013) argued that although 
IWS showed less implicit sequence learning relative to 
IWNS, their slower reaction times were found only for 
early but not late learning trials, which implied delays but 
not deficiencies in general learning. It was thus likely to 
conclude that IWS perceived the gated tokens by drawing 
on their implicit knowledge of statistical information, that 
is, syllable frequency and tone probability, in their native 
language. 

Stutterers’ degraded speech perception appears to be 
primarily attributed to their aberrant lexical access to the 
mental lexicon (Lescht et al., 2022; McGill et al., 2016; 
Newman & Bernstein Ratner, 2007). The gating experi-
ment delicately controls the length of each gate and evalu-
ates the amount of acoustic information needed to access 
the mental lexicon (Grosjean, 1996; Wiener & Ito, 2016). 
Our study followed previous gating studies with the same 
test tokens and replicated the finding in terms of the per-
formance profile in typical, healthy individuals (Wiener & 
Ito, 2016; Wiener & Lee, 2020; Wiener et al., 2019). How-
ever, IWS were outperformed by the nonstuttering con-
trols with their fewer correct responses; besides, they were 
more likely to make acoustic-based tone errors on F+ 
syllables. This could reflect that IWS’s processing of stim-
ulus acoustic signal was diminished (Basu et al., 2018; 
Corbera et al., 2005); hence, they required more acoustic 
input to access the mental lexicon and correctly identify 

the syllable–tone word as compared with IWNS. Mean-
while, there are multiple functions, such as conceptualiza-
tion, selection, and determination of a lexicon (Levelt, 
2001; Levelt et al., 1999), involved in lexical access. 
Although not measured directly, some cognitive functions 
related to lexical access could remain abnormal in IWS 
(Maxfield et al., 2015; McGill et al., 2016; Pellowski, 
2011), especially considering their poorer performance 
than IWNS when the full word was played in this study. 
For example, it has been articulated that IWS have diffi-
culties in selecting a target word among a cohort of candi-
date words (Lescht et al., 2022; Maxfield, 2020). The lim-
ited lexical selection in IWS was partially ascribed to their 
abnormal inhibitory control system, which refers to the 
capacity to plan and suppress inappropriate responses 
under instructions or in novel or uncertain situations (D. 
Choi et al., 2013) and afflicts both child and adult stut-
terers (Eggers et al., 2010; Maxfield, 2020). Relatedly, 
Anderson and Wagovich (2017) found that IWS’s inhibi-
tory control abilities were different from IWNS in sup-
pressing a dominant response while executing a conflicting 
response, manifesting a “less controlled response style” 
(Eggers et al., 2013; for a meta-analysis, see Ofoe et al., 
2018). Consequently, IWS were graded lower than IWNS, 
as exhibited in the current auditory-perceptual gating 
study. In addition to aberrant inhibitory control of lexical 
selection, future experiments may want to define whether 
other subcomponent(s) of lexical access or executive func-
tions in stutterers could be divergent from typical individ-
uals, which interferes with their word retrieval among the 
stored lexical items and reduces the efficient operation of 
their lexical access skills (Etchell et al., 2018; Lescht et al., 
2022; Maxfield et al., 2012). 

An alternative account referred to IWS’s poor pho-
nological processing abilities (Byrd et al., 2007; Halag-
Milo et al., 2016; Sasisekaran, 2014). Previous studies 
have consistently found the group differences in phonolo-
gical categorization of speech sounds, including segmental 
phonemes and suprasegmental lexical tones, between IWS 
and IWNS. For example, Neef et al. (2012) uncovered 
that IWS perceived categories of phonemes less distinctly 
(Basu et al., 2018). The recent studies replicated Neef 
et al.’s results and further revealed that although being 
native tonal-language speakers, IWS still had difficulty in 
categorizing lexical tones (e.g., Bakhtiar et al., 2019, 2021; 
Shao et al., 2022). These studies identified that in categori-
cal perception, between-category comparisons were dis-
criminated more easily than within-category comparisons 
by both groups; however, a significantly lower score 
obtained by IWS than IWNS was observed in processing 
between-category comparisons, which indicated IWS’s less 
robust phonological representation than IWNS (Bakhtiar 
et al., 2019, 2021; Shao et al., 2022; see Xu et al., 2006,
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for discussions). Our study did not give a pool of 
experimenter-generated targets for listeners to select a 
response (e.g., Lescht et al., 2022); instead, both IWS and 
IWNS self-selected the items from their mental lexicon 
(Grosjean, 1996; Wiener & Ito, 2016). It was likely that 
IWS’s unstable phonological representation led to their 
greater ambiguity in speech perception (Neef et al., 2012; 
Shao et al., 2022), as shown by the current findings of 
IWS’s worse performance than IWNS. 

With respect to ramifications for clinical interven-
tion, our finding of preserved statistical knowledge of lan-
guage in stutterers is informative for researchers, clini-
cians, and speech therapists to design the training pro-
grams to rehabilitate stuttering. Emotional or tempera-
mental factors, such as negative quality of mood (Johnson 
et al., 2010), are tightly connected with stuttering. Two 
stages can be divided in terms of treatment efforts: At the 
early stage, stutterers could practice using high-frequency 
speech stimuli more often so as to build their confidence 
(i.e., due to their higher accuracy or fluency), but at the 
later stage, there could also be the low-frequency speech 
materials with which stutterers have severer problems. By 
harnessing the statistical information embedded in speech, 
the training efforts may firstly guide IWS to learn to 
perceive/produce the high-frequency words, or design 
some situations where the conversational speech contains 
the high-frequency words as many as possible. Corre-
spondingly, statistical characteristics of speech elements, 
including segments and suprasegmentals, may be cau-
tiously considered because they interacted with each other 
as shown in our analyses (e.g., IWS more accurately iden-
tified F+ syllables with P− tones but not P+ tones, as 
compared with F− syllables). With this “statistical” train-
ing method, the accurate speech perception/production 
that IWS might achieve is beneficial to soften their anxiety 
of making errors and establish their confidence, possibly 
reducing their avoidance behaviors in the challenging situ-
ations (with low-frequency or stuttered tokens) and reach-
ing more communication effectiveness (Byrd et al., 2022). 
Future studies or intervention programs with a component 
relating to stimulus statistical regularities (e.g., separating 
or choosing stimuli based on their statistics) could be wor-
thy of a try in an aim to mitigate stuttering. 

We conclude by noting the limitations of the study. 
Firstly, our study did not record participants’ response 
time. Response time serves as an important index of the 
efficiency of how listeners process the tokens (Strange, 
2011), which has been widely used for between-group 
comparisons between IWS and IWNS in the stuttering lit-
erature. After controlling the typing speed (e.g., with base-
line typing tasks; Lescht et al., 2022), the introduction of 
response time into data analysis would draw a more com-
prehensive picture, such as the speed–accuracy trade-off 

(Bakhtiar et al., 2019; T. A. Howell & Bernstein Ratner, 
2018), of stuttering behaviors. Secondly, our stimuli were 
not produced by different speakers. Future studies may 
want to exploit the gated tokens that were uttered by both 
male and female speakers (e.g., Wiener & Lee, 2020) to 
improve the ecological validity of the lab-based setting and 
better mimic the real-life speech situations. Thirdly, as stim-
ulus acoustic cues play a significant role in speech percep-
tion, it would be interesting to explore how stimulus statis-
tical and acoustic information interact to influence stut-
terers’ perceptual performance, as compared with nonstut-
tering controls. A study manipulating both types of infor-
mation benefits such an estimation. Lastly, our study did 
not design a production task in addition to the perception 
task. Further experiments may employ both tasks so as to 
directly evaluate the effects of statistical information on 
speech processing and address the perception–production 
link in IWS more clearly. Besides, with the aid of brain 
imaging tools, the cerebral correlates of this link are 
expected to be uncovered. This is crucial to the under-
standing of the pathology of stuttering as a multifaceted 
disorder involving both speech perception and production 
(Smith & Weber, 2017) and is heuristic for the treatment 
efforts to remediate stuttering in that IWS’s perception 
skills also need to improve as their production abilities. 

In conclusion, IWS showed degraded speech per-
ception for Chinese spoken words. They showed lower 
accuracy for Chinese syllables, tones, and their combination 
as syllable–tone words; moreover, they were more likely to 
make acoustic-based tone errors. Nevertheless, despite 
their impoverished performance, stutterers exhibited the 
reliable pattern similar to typical, nonstuttering control 
listeners, indicative of their preserved statistical knowl-
edge of tracking regularities embedded in speech. In all, 
our findings manifest an auditory-perceptual component 
involving phonological tone in stuttering, but there 
remains a typical pattern in stutterers’ atypical speech 
perception in relation to statistical information of speech. 
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