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ABSTRACT
Background: Speakers with apraxia of speech (AOS) usually pro-
duce segmental and prosodic errors that influence their speech 
intelligibility. Literature on AOS in tonal language speakers is sparse 
compared to that in non-tonal language. Also, the existing research 
often made static, isolated analyses, leaving the production and co- 
articulation between segments and suprasegmental entities in 
tonal languages under-investigated.
Aims: This preliminary study aims to fulfill the aforementioned 
research gaps by investigating vowel-tone interaction and tonal and 
vocalic co-articulation in Cantonese post-stroke speakers with AOS.
Methods: Five Cantonese adults with AOS post-stroke, five adults 
without AOS post-stroke, and five healthy controls performed the 
Tone Sequencing Task (TST), a task adapted from oral diadochoki-
netic tasks that required five rapid repetitions of 3-syllable items 
formed by three different Cantonese vowels and three different 
Cantonese tones. The quality of vowels was indexed by midpoint 
formant values and euclidean distances between the vowels. 
Within-speaker variation was assessed by coefficients of variance. 
Co-articulation was indexed by onset and offset formant or f0 
values. The effects of the participant groups, the positions of tone- 
syllable in the TST stimuli, and the tones carried by vowels/carrying 
vowels were evaluated with linear mixed effect models.
Results: Cantonese-speaking adults with AOS had difficulty in 
producing distinctive vowels and tones. They also showed large 
within-speaker variation in vowel production but reduced tone 
contrast, especially at the final positions. The disrupted anticipa-
tory co-articulation between vowels as well as between tones 
further suggested that the speakers with AOS could not 
sequence segments and suprasegments simultaneously.
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1. Introduction

Apraxia of speech (AOS) is a type of neurological speech disorder that can be acquired in 
adulthood following a brain injury (e.g., stroke) or neurodegenerative disease (Duffy,  
2020). Stroke is the most common cause of AOS (Duffy, 2020) and AOS commonly co- 
occurs with aphasia and/or dysarthria. Speakers with AOS have an impairment of motor 
planning of speech movement (van der Merwe, 2021), resulting in speech sounds and 
prosodic errors that influence speech intelligibility.

Some perceptually-related clinical features of AOS overlap with aphasia and dysarthria, 
making these features non-discriminative. For example, inconsistent variants of sound errors 
can be found in speakers with aphasia with co-existing AOS as well as in speakers with 
aphasia without co-existing AOS but with phonemic paraphasia (Duffy, 2020; K. L. Haley et al.,  
2021). In contrast, some clinical features are considered discriminative, and are summarised in 
clinical tools such as the Apraxia of Speech Rating Scale (ASRS; Strand et al., 2014).

1.1. Segmental performances

Segmental errors produced by speakers with AOS include sound distortions, distorted 
sound substitutions (i.e., phoneme errors that are phonetically distorted), and distorted 
sound or syllable additions, such as intrusive schwa (Duffy, 2020; Duffy et al., 2023; 
K. L. Haley et al., 2017). With regard to vowel production in particular, the existing studies 
have reported mixed results. While some studies showed that speakers with AOS pro-
duced vowels different from healthy controls, others reported comparable vowel produc-
tion between speakers with AOS and healthy controls. Kent and Rosenbek’s acoustic 
analysis (1983) of vowels produced by speakers with AOS in connected speech (i.e., 
conversations, picture descriptions, and readings) was more consistent with the early 
phonetic transcriptions and found a general imprecision of articulatory positioning of 
vowels (measured by acoustic parameters including vocalic formants, duration, and 
intensity). The authors suggested that listeners may have perceived small acoustic devia-
tions as distortions and large acoustic deviations as categorical substitutions. Similarly, 
some other research also suggested that some speakers with AOS and co-existing aphasia 
produced vowels with formant patterns that deviated from healthy controls, but the 
degree and nature of deviation varied across individuals, with trials showing large inter- 
and within-speaker variations (K. Haley, 2004; K. L. Haley et al., 2000, 2001). Furthermore, 
some studies also found that the height dimension (acoustic parameter, F1) of vowels is 
disrupted more often than frontness (acoustic parameter, F2) among speakers with AOS 
(K. Haley, 2004; K. L. Haley et al., 2000, 2001; Odell et al., 1991). By contrast, in Jacks et al. 
(2010), the vowels in six frequently occurring English words (i.e., hid, head, hat, hot, hub, 
hoot) produced by seven adults with AOS and co-existing aphasia did not differ from 
those produced by the healthy controls, in terms of absolute formant values, inter-vowel 
distance, and within-speaker trial-to-trial formant variability.

1.2. Prosodic performances

With regard to prosody, speakers with AOS who speak non-tonal languages with 
lexical stress are characterised by slow speech rates, lengthened co-articulatory 
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transitions, reduced intensity variation across syllables, and inappropriate pause 
between sounds and syllables (Duffy, 2020; McNeil et al., 2017; Strand et al., 2014; 
Utianski et al., 2018). With regard to word stress production which involves simulta-
neous variations of pitch, loudness, and duration, speakers with AOS have been found 
to have difficulty in varying duration, while pitch and intensity produced by them are 
similar to those with aphasia only and healthy controls (K. L. Haley & Jacks, 2019; Vergis 
et al., 2014). However, on utterance-level, the disfluent articulation corrupts the regular 
rhythm and melody of speech. Difficulty of varying pitch was found in sentences 
produced by speakers with AOS. To be specific, compared to speakers without AOS, 
they have been found to produce utterances with reduced fundamental frequency (f0) 
contour as well as persistent terminal f0 falling (Boutsen & Christman, 2002; Kent & 
Rosenbek, 1983). The inconsistent findings may be attributed to the differences in 
pitch and loudness requirements between words and longer utterances. Specifically, 
single-word tasks in English may not necessitate distinct pitch and loudness contours, 
whereas phrases or sentences may.

1.3. Tone production in AOS

Although pitch variational measures were not promising in differentiating AOS in English 
speakers, that does not mean they are also minimally useful in other languages, such as 
tonal languages, where f0 is the primary cue to differentiate the meaning of words. Pitch 
variations were investigated in tonal language speakers with AOS or childhood apraxia of 
speech (a similar speech disorder with an onset in childhood; W. Chen et al., 2022; Wong, 
Wong, Chen, et al., 2024; Wong, Wong, & Velleman, 2024; Wong et al., 2021). W. Chen et al. 
(2022) study on tone and vowel productions in Mandarin speakers with AOS post-stroke 
reported that speakers with AOS had equally frequent errors in tones and vowels when 
producing monosyllabic words; however, larger acoustic deviations were found in tonal 
targets than in vowel targets. In perceptual analysis, native Mandarin-speaking listeners 
perceived deviated tones as more “correct” than deviated vowels. The authors discussed 
the possibility that such asymmetric tolerance may be due to the simple Mandarin tonal 
system (i.e., one level and three contour tones carried by fully-stressed syllables plus 
a neutral tone carried by unstressed syllables), compared to other tonal languages or 
dialects (e.g., Cantonese and Min Dialect). Wong, Wong, Chen, et al. (2024) investigated 
tone production in Cantonese, a tonal language with six contrastive tones: high-level tone 
(T1), high-rising tone (T2), mid-level tone (T3), low-falling tone (T4), low-rising tone (T5), 
and low-level tone (T6) (Figure 1). They reported degraded pitch-variations skills in 
Cantonese speakers with AOS post-stroke compared to healthy controls and those with 
aphasia and/or dysarthria but no AOS post-stroke. In particular, Cantonese speakers with 
AOS post-stroke have more difficulty in contour tones with a rising than falling pitch, 
which was not observed in the control groups. In fact, Sundberg (1979) argued that 
a falling f0 contour is physiologically less demanding than a rising contour, so that 
populations who are more sensitive to physiological constraints, like young children 
(e.g., Ballard et al., 2012; Snow, 2007), and speakers with AOS (Wong, Wong, Chen, et al.,  
2024) may show preference to falling contours when realising lexical tones or lexical 
stress.
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1.4. Tone-vowel interaction

Although W. Chen et al. (2022) and Wong, Wong, Chen, et al. (2024) investigated pitch 
performance, they did not investigate the interaction between vowels and tones, nor the 
co-articulation between vowels and tones. However, tone production is suggested as 
within a word’s motor programme instead of a prosodic feature in the Directions Into 
Velocities of Articulators (DIVA) model (Guenther, 2016), so that tones and vowels may 
either compete or cooperate with each other. Therefore, an investigation of vowels and 
tones and their interaction may add to the literature about the role of tone in the speech 
processing model.

In addition, the tones carried by vowels as well as the neighbouring vowels influence 
the articulatory positioning in vowel production and hence the formant patterns of 
vowels, but there was still a lack of report of the tone-vowel interaction and co- 
articulation in tone-language speakers with AOS. It is well established that tone produc-
tion involves laryngeal movement; namely, a tone with high f0 requires a raised larynx 
position, which further shortens a person’s vocal tract between the glottis and lips (see 
Ohala, 1973; Yip, 2002a). As a result, tones are found to influence the articulatory 
positioning in vowel production (Erickson et al., 2004; Hoole & Hu, 2004) and hence the 
formant patterns of vowels (Torng, 2000; Torng et al., 2000; Zee, 1980). Specifically, several 
studies reported that formants of vowels tended to be raised by high tonal targets, with 
F1 more susceptible to tonal impacts than F2 (Hombert et al., 1979; Hoole & Hu, 2004; Zee,  
1980). Research suggests that healthy speakers may compensate for the first two formants 
to retain the phonemic identity of vowels when there are great changes in f0 (Ainsworth,  
1975; Parmenter et al., 1933; Torng, 2000; Zee, 1980). However, speakers with AOS are 
unable to adjust the acoustic variables, resulting in more disrupted F1 than F2 (K. Haley,  
2004; K. L. Haley et al., 2000, 2001; Odell et al., 1991). It is reasonable to predict that tonal 
language speakers with AOS may have a great difficulty in vowel productions, given that 
they need to maintain the intelligibility of tone and vowels at the same time.

1.5. Co-articulation

In addition to the interaction between the tones and the carrying vowels, the neighboring 
phonemes and tonemes also induce changes in articulation and acoustic signals, which is 
referred to as co-articulation. Co-articulation can result from the activation of a single 
articulatory gesture or the interaction between articulatory gestures. It can be divided into 
anticipatory (i.e., preceding phonemes or tonemes influenced by the following ones) or 

Figure 1. Illustrative sketch of the f0 contours of the six Cantonese tones on the stave.
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carryover (i.e., following phonemes or tonemes influenced by the preceding ones). 
A commonly accepted view regarding co-articulation is that carryover effects are more 
dependent on mechanoinertial factors than anticipatory effects, while anticipatory effects 
reflect more speech planning (Lindblom & Studdert-Kennedy, 1967; Recasens, 1984; 
Whalen, 1990). This view has been empirically supported. For instance, research found 
that people suffering from motor planning difficulty such as AOS showed more problems 
in anticipatory co-articulation than in carryover co-articulation (Ziegler & von Cramon,  
1986). Furthermore, one of the discriminative features in speakers with AOS regarding co- 
articulatory skills is syllable segregation (Duffy, 2020), which is caused by reduced antici-
patory co-articulation. Ziegler and von Cramon (1986) found that their German-speaking 
patient with AOS lacked co-articulatory cohesion in speech, in particular a consistent 
delay in the initiation of anticipatory vowel gestures, resulting in syllable segregation. 
Southwood et al. (1997) also found that the anticipatory co-articulatory gestures of the 
English-speaking patient with AOS were delayed or distorted, regardless of words or 
speaking rates. It is worth noting, however, that saying that the carryover effects are more 
dependent on “mechanoinertial factors” does not deny that it may still involve some 
speech motor planning, namely, it is possible that planning of the following phoneme 
needs accommodation of the position or state of articulators from the preceding gesture. 
For instance, Ostry et al. (1996) found that both anticipatory and carryover jaw move-
ments correlated to the amplitude and duration of the preceding and following gestures, 
and they were influenced by both central control and muscle mechanics. Nevertheless, 
the widely reported asymmetry between anticipatory and carryover effects (i.e., carryover 
effects are usually stronger) may still suggest that, in addition to central control, mechan-
oinertial factors may exert a larger influence on carryover effects.

Vowel-to-vowel coarticulation refers to the coarticulatory effects of one vowel on 
another across one or more intervening consonants. Acoustically, vowel-to-vowel co- 
articulation is manifested as the assimilation of the F1 and F2 values of a vowel to its 
neighboring vowels due to overlap between lip and tongue gestures, and the co- 
articulatory effects are usually stronger at vocalic edges than midpoints across various 
languages (Magen, 1997; S. Y. Manuel & Krakow, 1984; P. P. Mok, 2012, 2013; Recasens,  
1984). In other words, a vowel preceding or following a high front vowel tends to have 
a higher offset or onset, namely, an offset or onset produced with a more closed mouth, 
a higher and more front tongue body, as well as a smaller F1 and a larger F2. The degree of 
vowel-to-vowel coarticulation varies across languages, and the existence of secondary 
articulation and the phonemic inventory size of vowels have been used to explain such 
variations (e.g., Choi & Keating, 1991; S. Manuel, 1999). However, P. P. Mok (2013) found 
that the relatively crowded phonemic vowel space did not reduce the strength of vowel- 
to-vowel co-articulation in Cantonese when compared to Mandarin, and she reported 
stronger carryover effects in both F1 and F2 of [i], [a], and [u] than anticipatory effects.

Given that vowel performance can be influenced by tone, as mentioned, another 
important aspect that requires investigation in Cantonese speakers with AOS is tone-to- 
tone co-articulation. Tones produced in sequences also tend to adapt to their adjacent 
tones at edges, and there are usually greater co-articulatory effects between antagonistic 
tones than compatible tones. Tonal co-articulation differs from segmental co-articulation in 
several ways. Firstly, tonal co-articulation is usually restricted to contiguous tones (Gu & 
Lee, 2009; B. Li et al., 2020; Shen, 1990), whereas vowel-to-vowel co-articulation may extend 
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from one vowel to another across intervening consonants or even medial schwa in 
unstressed syllables (Magen, 1997; S. Y. Manuel & Krakow, 1984; P. P. Mok, 2013; 
P. K. P. Mok & Hawkins, 2004; Recasens, 1984). In many languages, carryover co- 
articulation between tones tends to be more prominent than anticipatory effects (see Xu,  
1997 for Mandarin; see Han & Kim, 1974 for Vietnamese; see Potisuk et al., 1997 for Thai), 
though in some dialects like Malaysian Hokkein (Chang & Hsieh, 2012) and Nanjing 
Mandarin (S. Chen et al., 2018), anticipatory co-articulation is of comparable applicability 
and strength to carryover co-articulation. In Cantonese, B. Li et al. (2020) found that the 
strength of carryover co-articulation depends on the type of preceding tone. For instance, 
the carryover co-articulation triggered by the low tone carried throughout the entire tonal 
contour, but the co-articulation triggered by the high tone did not. In addition, although 
anticipatory co-articulation between most tones is assimilatory like that between segments, 
a following low tone tends to raise its preceding tone, resulting in “pre-low raising” (see Xu,  
1997 for Mandarin; see J. Gandour et al., 1996; A. Lee et al., 2021 for Thai; see Gu & Lee,  
2009; A. Lee et al., 2021 for Cantonese). Moreover, such anticipatory co-articulation 
between tones, though often less prominent, can be more fixed and extended to the 
onset of the whole sonorant part of the preceding syllables rather than affecting the edges 
only (Brunelle, 2009; Gu & Lee, 2009; Shen, 1990). Perceptually, native Cantonese speakers 
are also found to use anticipatory rising but not pre-low raising in pitch contours to resolve 
lexical competition (Qin & Zhang, 2022); nevertheless, such findings still indicate that tonal 
co-articulation plays a relatively important role in Cantonese speech communication.

1.6. Purposes and hypotheses

The present study aims to fill in the aforementioned gaps by investigating the tone-vowel 
interaction, vowel-to-vowel, and tone-to-tone co-articulation in Cantonese speakers with 
AOS and co-existing aphasia post-stroke in comparison with matched patients without 
AOS but with aphasia post-stroke, and healthy adults. Based on the previous studies, we 
made the following hypotheses:

H1. Producing vowels with tones in sequences will be more difficult for speakers with 
AOS, particularly for vowel height (F1).

H2. Speakers with AOS will have disrupted anticipatory co-articulation when compared 
to the two control groups; to be specific, the offset of the preceding vowels or tones would 
hardly be similarized to the following ones in height and frontness in the AOS group.

H3. Speakers with AOS will not have disrupted carryover co-articulation, relative to the 
two control groups; namely, the onset of the following vowels or tones would be 
similarized to the preceding ones in height and frontness in all three groups.

2. Methodology

This study was approved by the PolyU Institutional Review Board (reference number: 
HSEARS202103300007).
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2.1. Participants

Five adults with AOS post-stroke (AOS) and co-existing aphasia, five adults without AOS 
but with aphasia post-stroke (nAOS) and five neurologically typical participants (HC) 
participated in the study. Five of the participants (three from the AOS and two from the 
nAOS groups) also had mild co-existing dysarthria. The control groups (nAOS and HC) 
were age-matched with the participants in the AOS group. Participants in the AOS and 
nAOS groups were mainly recruited from the university speech-language pathology clinic 
while the participants in the HC groups were recruited from the caregivers or family 
members of the participants, as well as open recruitment within the university. All the 
participants provided written consent before joining the study. The clinical and demo-
graphic information of the participants is summarised in Table 1.

2.2. Procedure

All the participants received a three-hour speech and language assessment by two master 
speech-language pathology students under supervision of a registered speech-language 
pathologist (SLP) (author: EW). In particular, the two student clinicians provided assess-
ment to 11 (4 in the AOS group, 5 in the nAOS group, and 2 in the HC group) and 4 
participants (1 in the AOS group and 3 in the HC group), respectively. The assessment 
protocol included case history taking, speech sample collection, the Cantonese Aphasia 
Battery (CAB) (Yiu, 1992), the Computerized Revised Token Test-Cantonese (CRTT- 
Cantonese) (Bakhtiar et al., 2020), the unofficial translated Cantonese version of the 
Frenchay Dysarthria Assessment-2 (FDA-2) (Enderby & Palmer, 2008, translated by SLP 
clinical educators who work at a university with no report of its psychometric properties), 
and the Cantonese Tone Identification Test (K. Y. S. Lee, 2012). The sessions were video- 
recorded. The diagnosis of aphasia was confirmed if the participant fell below the cut-off 
point for CAB Aphasia Quotient (<96.4).

Two experienced SLPs who were independent to the study and blinded to the 
participants’ speech and language diagnoses participated in this study to confirm AOS 
diagnoses in the participants. The SLPs reviewed the video-recorded assessment sessions 
and completed the Apraxia of Speech Rating Scale (ASRS) 3.0 (Utianski et al., 2018) 
independently before the online meeting, which aimed to produce a single consensus 
rating to be used in all further analysis. The assessment results of the participant are 
presented in Table 1.

The dysarthria diagnoses were confirmed by the author EW, through reviewing the 
videos of the assessment sessions, in particular, the performances on the unofficial 
translated version of the FDA-2. Though mild dysarthria was reported in three participants 
with AOS post-stroke, the results of the laryngeal subtest of the FDA-2 showed that these 
participants had no abnormality in pitch gliding (i.e., sing a scale with at least six notes). 
Their difficulties in laryngeal functions included reduced sustained phonation, limited 
loudness variation, and atypical voice quality.

All participants performed the Tone Sequencing Task (TST) in the same day after the 
assessment session. The TST was adopted from the oral diadochokinetic (DDK) task, which 
requires participants to repeat items as fast as they could. The participants in this study 
were asked to repeat the items once as baseline and then five times even when their 
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baseline performances were incorrect. The TST was modified based on Wong et al. (2021). 
There were 108 items, which were formed with early acquired initial consonants (i.e., [m, j, 
t, n]) and vowels (i.e., [a, ɔ, i, ɛ]), as well as three early acquired Cantonese tones, including 
high-level tone (T1), high-rising tone (T2), and low-falling tone (T4). T1, T2, and T4 are 
chosen among the six Cantonese tones because they involve the upper and lower limits 
of tone (i.e., the high and low tones) and all three tone contours in Cantonese (i.e., level, 
rising, and falling). The vowels are chosen because they represent different vowel height 
and frontness in Cantonese phonology. The TST comprised three sets, including (1) V and 
CV monosyllabic words and non-words, (2) V and CV trisyllabic non-words, and (3) 
trisyllabic words and non-words (the full stimulus list is attached as a supplementary 
file). Only the pure vowels (V) in the second set were analyzed in this study. The pure 
vowels in the second set included 36 items, which were derived from three V structures 
(i.e., [a], [ɔ], [ɛ]) and three Cantonese tones (i.e., T1, T2, T4). Vowel [ɛ] rather than [i] was 
selected as the high front vowel because [i] is also a high frequency vowel as [a] and [ɔ] in 
Cantonese (J. S. Li et al., 2023). If all high frequency vowels are included, it may raise the 
risk of overusing particular phonemes in the participants. Each item included all three 
tones, forming six different tone sequences: (1) T1T2T4, (2) T1T4T2, (3) T2T1T4, (4) T2T4T1, 
(5) T4T1T2, and (6) T4T2T1. All data collection sessions were conducted in sound-proof 
booth with the use of Audio-technica (model: AT2035) or Shure (model: SM48) micro-
phones and Steinberg (Model: UR22mkll) or M-AUDIO (Model: M-Track Plus II) interfaces. 
The average time of completing the TST was about 45 minutes. Breaks were given to the 
participants upon request during the tasks.

2.3. Data analysis

The audio recordings were imported into Praat (Boersma & Weenink, 2022) for analysis. 
Following the procedure suggested by Ma et al. (2006), each vowel was identified manually 
from a wide-band spectrogram and an amplitude waveform visually displayed in the 
software. Segmentation and annotations were performed by a trained research assistant 
and a trained undergraduate student who were studying speech and language sciences. 
All of them received a two-hour training from a trainer, another research assistant, who had 
extensive experience in the acoustic analysis of Cantonese speakers. Before the annotators 
started independent analyses, all of them were required to obtain more than 0.80 on the 
Intraclass Correlation Coefficient (ICC) with the trainer on the f0 values of an adult post- 
stroke (not included in this study) performing the TST. The ICC values obtained for training 
were 0.83 (95% CI: 0.82, 0.83, p < .001) and 0.85 (95% CI: 0.85, 0.86, p < .001), which were 
good reliability (Koo & Li, 2016). Intra- and inter-rater reliabilities on annotation were 
calculated with around 10% of total re-annotations performed by the annotators using 
two-way random effects, ICC (2, 1). The measurement variable was the f0 values extracted 
from the annotation using the ProsodyPro (Xu, 2013), a custom-written f0 analysis script for 
Praat. Excellent inter- (0.91 [95% CI: 0.91, 0.91, p < .001]), and intra-rater reliabilities (0.99 
[95% CI: 0.99, 0.99, p < .001] and 0.96 ([95% CI: 0.96, 0.96, p < .001]) were obtained.

2.3.1. Vowel
F1 and F2 values were extracted using FormantPro (Xu & Gao, 2018), a custom-written 
formant analysis script for Praat. Midpoint formant values (i.e., F1 and F2 values extracted at 
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50% of the vowel duration) as well as the pairwise Euclidean distance between the 
midpoint of the three vowels (i.e., [ɛ]-[a], [ɛ]-[ɔ] and [ɔ]-[a]) to index static vocalic quality 
and vowel distinctiveness. Euclidean distance was calculated as the mean distance 
between two vowels on a two-dimension coordinate system using F1 and F2 values as 
axes. Within-speaker variation was assessed by coefficients of variance (CoVs), that is, to 
divide the standard deviation by the mean value of multiple repetitions of a given vowel by 
a participant for each tone and vowel sequences (Rogan et al., 1977). These measures test 
the influence of tones on vowel production (H1). Offset and onset formant values (i.e., F1 
and F2 values extracted at 80% and 20% of the vowel duration) were used to investigate 
the vowel-to-vowel anticipatory (H2) and carryover co-articulating effects (H3) respectively.

Linear mixed-effect (LME) models were established for the formant values and CoVs of 
each vowel (i.e., [ɛ], [ɔ] and [a]) as well as the EDs between vowel pairs (i.e., [a]-[ɛ], [a]-[ɔ] 
and [ɛ]-[ɔ]) to evaluate the influence of participant group (AOS vs. nAOS vs. HC), tone 
(High-level vs. Rising vs. Falling), the preceding or following vowel (None vs. [a] vs. [ɛ] vs. 
[ɔ]), and position in the TST sequence (Initial vs. Middle vs. Final), using glmer in the 
lmerTest package (Kuznetsova et al., 2017) in R (RStudio Team, 2020). The optimal fixed 
structure of each model was selected by stepwise comparisons from the simplest struc-
ture to the most complex. Since we were particularly interested in the interaction 
between fixed effects, Type III analyses with Satterthwaite methods were conducted 
(Kuznetsova et al., 2017) to test the significance of an effect with all the other effects in 
the model (Kuznetsova et al., 2017; Satterthwaite, 1946). Tukey post hoc test was used to 
assess the significance of differences between pairs of group means (Abdi & Williams,  
2010) with an emphasis on the interaction between participant group and other fixed 
effects. The details of the LME models are presented as appendices.

2.3.2. Tone
As previously mentioned, time-normalized f0 values were extracted with ProsodyPro (Xu,  
2013) for graphic comparison by dividing the duration of each tone-bearing vowel into 20 
equal intervals and extracting f0 values at each 5%. Offset and onset f0 values extracted at 
80% and 20% of the vowel duration were used to measure anticipatory (H2) and carryover 
(H3) co-articulating effects respectively.

LME models were established to evaluate the influence of participant group, the 
preceding or following tone (High-level vs. Rising vs. Falling) on the f0 values through the 
same processes as the LME models on vocalic parameters. Models were established for 
each individual tone (i.e., high-level tone, rising tone, and low-falling tone) separately, and 
were further tested with Satterthwaite methods. Tukey test was also used for post-hoc 
comparison with an emphasis on the interaction between participant group and other 
fixed effects. The details of the LME models are presented as appendices.

3. Results

3.1. Vocalic quality at middle point

This section addresses H1 by presenting the measures of vocalic quality at middle points 
in each group, which reflect the influence of tones on vowel production in sequence. 
Vowel quadrilaterals at middle points are shown in Figure 2.
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Figure 2. Middle point vowel quadrilaterals. (A) Separated by participant group and position with post-hoc 
comparison results of F1. (B) Separated by participant group and position with post-hoc comparison results 
of F2. C) separated by participant group, tone and position. [note. Statistically significant differences between 
specific comparisons are indicated in (A) and (B) by asterisk, in which * indicates p < .05, ** indicates p < .01, 
and *** indicates p < .001, while significant differences in C) were described in the text due the overlapping 
between vowels in the figure; AOS = AOS group; nAOS = nAOS group; HC = healthy control group].
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3.1.1. Formant values
Evaluation of the LME models on F1 showed that the inclusion of the two-way interaction 
between participant group, and position significantly contributed to the models for all 
three vowels [ɛ] (χ2(4) = 18.03, p < .05), [ɔ] (χ2(4) = 14.40, p < .001), and [a] (χ2(4) = 10.70, p  
< .001), whereas the three-way interaction between participant group, tone and position 
also significantly contributed to the models for the two relatively back vowels [ɔ] (χ2(8) =  
2.27, p < .05) and [a] (χ2(8) = 2.53, p < .01) (for full models see Appendix A).

Post-hoc comparison of the interactions found no significant differences between the 
three groups in vowels at the same position while carrying the same tones, as illustrated 
in Figure 2(a). However, within each group, some significant differences between posi-
tions were observed, except for [ɔ] produced by the nAOS group. As predicted in H1, the 
AOS group found it challenging to maintain as distinctive vowel height at non-initial 
positions as at initial positions – significant differences between initial and the other two 
positions were found for all three vowels in the AOS, with the relatively high [ɛ] and [ɔ] 
being the highest and the low [a] the lowest at the initial position; such pattern and 
significance were not systematically found in the other two control groups. Furthermore, 
the significant raising effects of the high-level tone on F1 values predicted in H1 were only 
found in the [a] at the final position in the AOS group (ps < .05). By contrast, some 
significant lowering effects of the high-level tone were observed in the [ɔ] at the initial 
position produced by the nAOS (ps < .05) and the HC groups (high-level vs. low-falling, p  
< .05) (Figure 2(c)). No statistically significant differences were found in the rest of the 
comparisons.

In terms of F2, the inclusion of the two-way interaction between participant group, and 
position significantly contributed to the LME models for all three vowels [ɛ] (χ2(4) = 23.56, 
p < .001), [ɔ] (χ2(4) = 29.99, p < .001) and [a] (χ2(4) = 17.96, p < .001), whereas the three-way 
interaction between participant group, tone and position significantly contributed to the 
models for [ɛ] (χ2(8) = 3.68, p < .001) and [a] (χ2(8) = 3.94, p < .001) (for full models see 
Appendix A). Similar to F1, there were more significant pairwise differences between 
positions in the AOS group than in the two control groups, indicating more variance in 
vowel frontness triggered by position and hence less stability in the vocalic quality 
produced by the AOS group, supporting H1 (Figure 2(b)). Such instability was also 
reflected in the fact that significant influence of tones on F2 was only seen in the AOS 
group, though the direction of the influence of tone at different positions was irregular – 
at initial position, [ɛ] carrying the high-level tone were significantly more back than [ɛ] 
carrying the rising tone (p < .05); by contrast, at final position, [ɛ] and [a] carrying the high- 
level tone were significantly more front than [ɛ] (p < .05) and [a] (p < .01) carrying the low- 
falling tone (Figure 2(c)). No statistically significant differences were found in the rest of 
the comparisons.

3.1.2. Euclidean distance (ED)
Evaluation of the LME models on EDs showed that the inclusion of the three-way interac-
tions significantly contributed to the models for all three pairs, [ɛ]-[ɔ] (χ2(4) = 3.42, p < .001), 
[ɛ]-[a] (χ2(4) = 2.61, p < .01), and [ɔ]-[a] (χ2(4) = 4.70, p < .001) (Refer to Appendix B).

According to post-hoc comparisons, the EDs at the middle position produced by the AOS 
group, except the [ɛ]-[ɔ] carrying the low-falling tone, were all significantly smaller than 
those produced by the two control groups regardless of tones and positions (ps < .01). The 
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[ɛ]-[a] carrying high-level tones produced at the final position by the AOS group was also 
significantly smaller than the other [ɛ]-[a] produced by the control groups (ps < .01). No 
statistically significant differences were found in the rest of the comparisons. The significant 
smaller EDs in the AOS group indicate less distinctive vowels produced by this group, 
supporting H1.

Within-group comparisons also found larger impacts of both positions and tones and 
hence more variance in vowel production by participants with AOS (Figure 2(c)). In terms 
of [ɛ]-[ɔ], in the AOS group, the ED carrying the high-level tone (vowels carrying high-level 
tone are red in colour in Figure 2) was significantly smaller than the ED carrying the rising 
tone (vowels carrying rising tone are green in colour in Figure 2) at the initial position. In 
the nAOS group, when carrying a low-falling tone (vowels carrying falling tone are blue in 
colour in Figure 2), the ED at the initial position was significantly larger than that in the 
middle (p < .001) and final (p < .05) positions. In terms of [ɛ]-[a], in the AOS group, the ED 
at the middle position carrying the falling tone was significantly smaller than all others 
except the ED at the final position carrying the high-level tone (vs. Initial: ps < .001; vs. 
Others: ps < .05). In the HC group, the EDs at the middle positions were significantly 
smaller than the EDs at the final positions carrying rising and falling tones (ps < .05). In 
terms of [ɔ]-[a], in the AOS group, the ED at the initial position carrying the high-level 
tones was significantly larger than the ED at the middle and final positions carrying the 
same tone (ps < .05), and the ED at the initial position carrying falling tone was also 
significantly larger than the EDs at the middle position carrying the rising and falling tones 
(ps < .001). No statistically significant differences were found in the rest of the 
comparisons.

3.1.3. Coefficients of variance (CoVs)
With regard to within-speaker variation, mean CoVs of F1 and F2 values in the three 
groups are presented in Table 2. Evaluation of the LME models on the CoV of F1 found 
significant influence of participant group (χ2(2) = 7,87, p < .01), tone (χ2(2) = 9.83, p < .001), 
the interaction between these two effects (χ2(4) = 2.73, p < .05) on [ɛ] as well as significant 
influence of participant group (χ2(2) = 4.74, p < .05), and position (χ2(2) = 4.07, p < .05) on 
[ɔ], but no significant influence of the fixed factors or their interaction was found in the F1 
of the low vowel [a] (Appendix C). Post-hoc comparisons found that the AOS group 

Table 2. Mean coefficients of variance (CoVs) of F1 and F2 values in three groups.

Group Vowel

CoV of F1 ± SD

CoV of F2 ± SDHigh-level tone Rising tone Low-falling tone

AOS [ɛ] 7.12 ± 4.86 8.71 ± 4.64 9.52 ± 5.47 11.3 ± 9.33
[ɔ] 9.56 ± 5.45 12.3 ± 9.70
[a] 8.25 ± 5.64 9.02 ± 7.18

nAOS [ɛ] 8.77 ± 10.4 8.73 ± 5.78 13.8 ± 12.5 8.94 ± 7.19
[ɔ] 8.64 ± 8.00 10.9 ± 9.83
[a] 9.25 ± 8.77 8.21 ± 7.84

HC [ɛ] 4.32 ± 2.29 5.28 ± 2.90 5.57 ± 3.17 4.09 ± 3.48
[ɔ] 4.86 ± 3.18 6.86 ± 4.28
[a] 4.83 ± 3.48 5.1 ± 3.02

Notes: CoV = Coefficients of variance; AOS = AOS group; nAOS = nAOS group; HC = Healthy control group; SD = standard 
deviation. CoVs index within-speaker variations. The values are reported according to the results of LME models. The 
mean CoVs of all the vowels except the F1 of [ɛ] were calculated over groups and vowels, which were further separated 
by the tone carried by the vowels.
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produced the largest CoV of F1 of [ɔ], significantly larger than the HC group (p < .05). 
However, with regard to [ɛ], the nAOS group produced the largest CoV of F1 when the 
tone was the low-falling tone, significantly larger than the [ɛ] bearing high-level and rising 
tones (ps < .01) as well as all the [ɛ] produced by HC (ps < .01); in fact, the CoV of F1 of the 
falling-tone bearing [ɛ] produced by the nAOS group was even larger than the [ɛ] bearing 
high-level tone produced by the AOS group, (p < .05). No statistically significant differ-
ences were found in the rest of the comparisons. The CoV of F2 was also significantly 
influenced by participant group in [ɛ] (χ2(2) = 5.86, p < .05) and [ɔ] (χ2(2) = 5.21, p < .05), but 
not [a] (Appendix C), with the AOS group producing the largest CoV, slightly larger than 
the nAOS group and significantly larger than the HC group (Table 2). As H1 predicted, the 
AOS group showed larger within-speaker variation than HC. Surprisingly, however, it was 
the nAOS rather than AOS showed a larger variation in the height dimension (i.e., CoVs of 
F1) than the frontness (CoVs of F2).

3.2. Vowel-to-vowel co-articulation

3.2.1. Anticipatory co-articulation between vowels
This section address H2 by presenting formant values at offsets under the influence of the 
following vowels. Vowel quadrilaterals at offsets are shown in Figure 3.

3.2.1.1. Vowel height. With regard to vowel height, evaluation of the LME models on the 
offset F1 showed that the inclusion of the two-way interaction between participant group 
and following vowel significantly contributed to the models for all three vowels [ɛ] (χ2(4) =  
11.10, p < .001), [ɔ] (χ2(4) = 23.98, p < .001), and [a] (χ2(4) = 14.67, p < .001), but the three-way 
interaction between participant group, following vowel and tone only significantly contrib-
uted to the models for the low [a] (χ2(8) = 1.95, p < .05) (Refer to Appendix D).

Post-hoc comparisons were illustrated in Figures 3(a,b). In Figure 3(a), in [ɛ], significant 
differences between the following vowels were only seen in the nAOS group. However, 
different from the expected anticipatory co-articulating pattern, that is, vowels followed by 
lower vowels would have lower height, it was the [ɛ] followed by the low vowel [a] (blue [ɛ]) 
being the highest. In [ɔ], significant influence of the following vowels was seen in both nAOS 
and HC, but again, the HC group demonstrated the expected co-articulating pattern (i.e., [ɔ] 
followed by low [a] being the lowest) but not the nAOS group. In Figure 3(b), the final [a] 
(purple [a]) was the lowest in the two control groups, but significant differences induced by 
the following vowels were only found when in the falling tone condition in the nAOS but in 
both falling and rising tone conditions in the HC group. From Figure 3(a,b), it also could be 
seen that no statistical significance was found in the AOS group, indicating a highly limited 
influence of following vowels on the F1 values of the preceding vowels, and hence the lack 
of anticipatory co-articulation as predicted in H2.

3.2.1.2. Vowel frontness. Similarly, with regard to vowel frontness, the inclusion of the 
two-way interaction between participant group and following vowel significantly contrib-
uted to the LME models on the offset F2 for all three vowels [ɛ] (χ2(4) = 34.10, p < .001), [ɔ] 
(χ2(4) = 20.99, p < .001) and [a] (χ2(4) = 31.66, p < .001), but the three-way interaction only 
significantly contributed to the models for the low [a] (χ2(8) = 6.52, p < .05) (Refer to 
Appendix D).
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Post-hoc comparisons were illustrated in Figures 3(c,d). In Figure 3(c), in [ɛ] and 
[ɔ], the final vowel (purple) was significantly more back than those followed by 
other vowels in the AOS group, while in the HC group, as expected, it was the 
back vowel [ɔ] (green) that significantly moved back [ɛ] and [ɛ] that significantly 

Figure 3. Offset vowel quadrilaterals (A) separated by participant group and following vowel with post- 
hoc comparison results of F1. (B) Separated by participant group, tone, and following vowel with post- 
hoc comparison results of F1. C) separated by participant group and following vowel with post-hoc 
comparison results of F2. D) separated by participant group, tone and following vowel with post-hoc 
comparison results of F2. [note. Statistically significant differences between specific comparisons are 
indicated by asterisk, in which * indicates p < .05, ** indicates p < .01, and *** indicates p < .001; AOS 
= AOS group; nAOS = nAOS group; HC = healthy control group.].
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moved front [ɔ] (red); although no statistical significance was seen in the nAOS 
group, this group did not show a regular co-articulating pattern either. In 
Figure 3(d), in terms of [a], tones only changed the degree rather than direction 
of anticipatory co-articulation in the two control groups, i.e., with [a] followed by 
the vowel [ɔ] (green [a]) being the most back and [a] followed by the vowel [ɛ] 
(red [a]) being the most front; by contrast, in the AOS group, the direction of 
anticipatory co-articulation also differed with tones, as only when carrying high- 
level tone, speakers with AOS produced the same co-articulating patterns as the 
nAOS and HC groups. Overall, unlike in the HC group, not much similarization was 
seen between the preceding and the following vowels the AOS group in the 
frontness dimension, supporting H2.

3.2.2. Carryover co-articulation between vowels
This section address H3 by presenting formant values at onsets under the influence of the 
preceding vowels. Vowel quadrilaterals at onsets are shown in Figure 4.

3.2.2.1. Vowel height. With regard to vowel height, evaluation of the LME models on 
the onset F1 showed that the inclusion of the two-way interaction between participant 
group and preceding vowel significantly contributed to the models for all three vowels [ɛ] 
(χ2(4) = 22.73, p < .001), [ɔ] (χ2(4) = 11.66, p < .001), and [a] (χ2(4) = 17.07, p < .001), but the 
three-way interaction between participant group, following vowel and embedded tone only 
significantly contributed to the models for the back [ɔ] (χ2(8) = 3.47, p < .001) (Refer to 
Appendix E).

Post-hoc comparisons were illustrated in Figures 4(a,b). In Figure 4(a), in [ɛ] and 
[a], the AOS group showed regular carryover co-articulation, as [ɛ] followed by [a] 
(blue [ɛ]) was the lowest while [a] followed by [ɛ] (red [a]) was the highest, and 
differences were of statistical significance; regular patterns were found in the HC 
group, but post-hoc comparisons only found statistical significance in [a] but not 
[ɛ]. By contrast, in Figure 4(b), the direction of co-articulating patterns of [ɔ] 
differed between tones in the AOS and nAOS groups, while only in the HC 
group was the carryover co-articulation of [ɔ] regular and statistically significant. 
Carry-over co-articulation between vowels in the height dimension in the AOS 
group was more regular than anticipatory co-articulation, but not as regular as 
that in the HC group, partly supporting H3.

3.2.2.2. Vowel frontness. With regard to frontness (Figure 4(c,d), evaluation of the 
LME models on the onset F2 showed that the inclusion of the two-way interaction 
between participant group and preceding vowel significantly contributed to the models 
for all three vowels [ɛ] (χ2(4) = 4.95, p < .001), [ɔ] (χ2(4) = 13.10, p < .001) and [a] (χ2(4) =  
9.83, p < .001), and the three-way interaction between participant group, following 
vowel and embedded tone only significantly contributed to the models for the two 
relatively front vowel [ɛ] (χ2(8) = 2.15, p < .05) and [a] (χ2(8) = 3.13, p < .01) but not [ɔ] 
(Refer to Appendix E).
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Regular carryover co-articulation was found in all three groups in terms of the F2 
(Figure 4(c)); tones only influence the degree of co-articulation, and hence the statistical 
significance in [ɛ] and [a] (Figure 4(d)). In line with H3, carry-over co-articulation in the 
height dimension was regular in the AOS group, similar to those observed in the controls.

Figure 4. Onset vowel quadrilaterals (A) separated by participant group and preceding vowel with post- 
hoc comparison results of F1. (B) Separated by participant group, tone and preceding vowel with post- 
hoc comparison results of F1. C) separated by participant group and preceding vowel with post-hoc 
comparison results of F2. D) separated by participant group, tone and preceding vowel with post-hoc 
comparison results of F2. [note. Statistically significant differences between specific comparisons are 
indicated by asterisk, in which * indicates p < .05, ** indicates p < .01, and *** indicates p < .001; AOS 
= AOS group; nAOS = nAOS group; HC = healthy control group].
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3.3. Tonal co-articulation

Tone production in the AOS group was far less accurate than the other two groups, as the 
AOS participants tended to level the first two tones and make the final tone fall regardless 
of the intrinsic shapes of the tones (Figure 5, top row). Figure 6 showed the offset and 
onset f0 values of each tone in different tonal contexts.

3.3.1. Anticipatory Co-articulation between tones
This section addresses H2 by presenting f0 offset under the influence of the following tones. 
Evaluation of the LME models showed that the inclusion of the two-way interaction between 
tone and following tone significantly contributed to the models for the offset of all three tones: 
the high-level tone (χ2(4) = 24.19, p < .001), the rising tone (χ2(4) = 9.88, p < .01), and the low- 
falling tone (χ2(4) = 25.56, p < .001) (Refer to Appendix F).

Post-hoc comparisons were illustrated in Figure 6. As predicted in H2, not much 
anticipatory co-articulation between tones was seen in the AOS group. In Figures 6(a-1), 
no anticipatory effect was seen in the offset of the high-level tones, and the AOS group 
(red lines) demonstrated a changing pattern that is opposite to the two control groups in 
the offsets of the rising and falling tones, mainly due to the final falling. In addition, in the 
AOS group, the offsets of the two contour tones at final were significantly lower than 
those followed by other tones (Figures 6(a-2)), and the offset of the falling tone was not 

Figure 5. Time-normalized tonal contours produced by the three participant groups. [note. AOS = AOS 
group; nAOS = nAOS group; HC = healthy control group].
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raised by the following high-level tone but by the rising tone (Figures 6(a-3)). By contrast, 
the rising tone in the nAOS (green lines) and HC (blue lines) groups reached the highest 
target at the final position (Figures 6(a-2)), while the offset of the low-falling tone was 
raised by the following high-level tone but lowered by the mid-onset of the following 
rising tone (Figures 6(a-3)). No significant pre-low raising effect was observed in tones 
preceding the low-falling tone in the present study.

3.3.2. Carryover co-articulation between tones
This section addresses H3 by presenting f0 onset under the influence of the preceding tones. 
Similarly, the inclusion of the three-way interaction between embedded tone and following 
tone significantly contributed to the models for all three tones, the high-level tone (χ2(4) =  
11.08, p < .001), the rising tone (χ2(4) = 14.28, p < .001), and the falling tone (χ2(4) = 6.40, p  
< .001) (Refer to Appendix F). Unlike the anticipatory co-articulation, the carryover co- 
articulation in the AOS group (red lines) was of similar regularity to that in the HC group 
(blue lines), as predicted in H3. The onsets of the initial tones (“none” in Figures 6(b1-3)) 
were the highest due to the lack of down-step in all three groups, while the preceding low- 
falling tone lowered the onset of the following high-level and rising tone in the AOS and HC 
groups but not the nAOS group (green lines) (“Falling Tone” in Figures 6(b-2) and 6(b–3)).

4. Discussion

This study investigated the co-articulation between vowel and tone, vowel and vowel, 
and tone and tone in Cantonese speakers with and without AOS. Section 4.1 summarises 

Figure 6. Tonal co-articulation. (A) Offset f0 values with post-hoc comparison results. (B) Onset f0 

values with post-hoc comparison results. [Note. Statistically significant differences between specific 
comparisons are indicated by asterisk, in which * indicates p < .05, ** indicates p < .01, and *** 
indicates p < .001; AOS = AOS group; nAOS = nAOS group; HC = healthy control group].
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the main findings of the study, and further discussion in comparison with the existing 
literature is included in 4.2 and 4.3.

4.1. Main findings

Analyses of the midpoint vowel quality partially support H1. The AOS group produced 
significantly different vowels compared to the nAOS and HC groups, including less 
distinctive vowels at non-initial positions, especially when vowels carried high-level and 
rising tones, and less stable vowel quadrilateral under the influence of the position in the 
TST sequence and the tones they carried. However, not much raising effect of high tone 
on F1 was found except in the final [a] produced by the AOS group, different from H1. 
Also, unlike suggested in the previous studies (e.g., Jacks et al., 2010), the height dimen-
sion indexed by F1 in the AOS group did not show larger deviations or within-speaker 
variation than the frontness dimension indexed by F2; in fact, some significant differences 
were seen in the frontness dimension, e.g., the non-initial front [ɛ] produced by the AOS 
group was more backwards than those produced by the HC group. The Cantonese 
speaking participants with AOS in the present study may have also simplified F1 perfor-
mance when simplifying tone (f0) realization, leading to less variation in F1, the formant 
closer to f0. Since Jacks et al. (2010) investigated non-tonal language speakers, the large 
deviations in F1 found in their study may not be applicable to participants who speak tone 
languages.

Analyses of anticipatory co-articulation between vowels and between tones support 
H2. The AOS group showed disrupted anticipatory co-articulation between vowels and 
between tones, compared to the nAOS and HC groups. In particular, the HC group 
showed regular vocalic and tonal anticipatory co-articulation, while the AOS and nAOS 
showed irregular anticipatory co-articulation between vowels. Differences between the 
AOS and nAOS groups in vowel-to-vowel co-articulation are observed in different dimen-
sions, namely, the significant differences found in the AOS group were mainly observed in 
F2, the frontness dimension, while those found in the nAOS were mainly seen in F1, the 
height dimension. Regarding tonal anticipatory co-articulation, the AOS group demon-
strated a final lowering pattern, which was not observed in both the nAOS and HC groups.

Results also support our H3, as assimilation to the previous vowels and tones was 
observed in the onset formants of vowels as well as the f0 of tones in all three groups of 
participants, indicating a regular carryover co-articulation in the AOS and the control 
groups.

4.2. Vowel and tone productions

One of the clinical features that we found in speakers with AOS post-stroke is “increased 
errors with increased length or complexity” (Duffy et al., 2023, p. 484). In the present 
study, we found vowel deviations and tone simplifications in the AOS groups, especially at 
the non-initial positions in a sequencing context. Such findings confirmed the difficulty in 
the simultaneous production of segments and tones in Cantonese speakers with AOS 
post-stroke. The results are consistent with W. Chen et al. (2022), who demonstrated that 
Mandarin speakers with AOS have both vowel and tone disruptions. Our findings 
extended that Cantonese speakers with AOS may also have difficulty in producing vowels 
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with tones in the sequencing context, which requires continuous and simultaneous 
variation of vowel and tone. Furthermore, the present results show that the contour 
tones expanded the vowel quadrilaterals at the initial positions but brought distortions 
and compression at the middle and final positions. When speakers with AOS need to 
continuously and simultaneously manage multiple parameters (such as tone and vowel), 
they may prioritize one parameter over another as the sequence progress.

We propose that the simplification of tones in the AOS group may be due to their 
undershooting tonal targets. It is also possible to explain the simplification from a motor 
perspective. The AOS group may have deficits of simultaneous motor planning of seg-
ments and tones that might not be found in the control groups. According to he GODIVA 
model (Bohland et al., 2010), such deficits indicate that speakers with AOS have a deviated 
phonological content buffer but an intact sequential structure buffer in the planning loop. 
Furthermore, Maas et al. (2008) identified two types of motor preparation for speech 
articulation: the preprogramming stage of processing and the online serial ordering 
process, arguing that speakers with AOS have deficits in the former, a stage sensitive to 
the complexity of the unit, but not the latter. The present finding also echoes with Maas 
et al. (2008) in that the simultaneous realisation of tone and vowels leverages the 
complexity of the units in Cantonese; hence, the speakers with AOS are forced to realise 
the syllables with deviation or even substitution so as to maintain the number of syllables. 
In other words, to reduce the complexity, the Cantonese speakers with AOS post-stroke 
replaced all the tones in the final position by a falling tone, as falling is the physiologically 
easiest contour (Sundberg, 1979). It is worth mentioning, however, the simplification of 
tones does not improve vowel performance in the AOS group. Although they tended to 
level the initial and middle tones while making the final tone a falling tone, the intended 
tone shapes still disrupted their vowel formants, especially the F2 of [a], at the final 
positions. The larger distortion seen in the non-initial position also suggests a relatively 
ease initiation of movement.

4.3. Co-articulation

The present study also found problematic anticipatory co-articulation in both vowels and 
tones in the AOS group. Such findings are in line with the existing literature that reported 
delayed and reduced anticipatory co-articulation between segments among speakers 
with AOS who speak non-tonal languages like English and German (e.g., Southwood 
et al., 1997; Ziegler & von Cramon, 1986). The finding confirms that anticipatory co- 
articulation between suprasegmentals (i.e., tones in this case) is as problematic in the 
population with speech motor planning impairment as that between segments. It further 
adds to the evidence that tone is part of a word’s motor programme (i.e., the planning of 
tones occurs at the motoric level), as suggested in the DIVA (Guenther, 2016) and GODIVA 
(Bohland et al., 2010) models. However, to what extent tones, elements that are tradi-
tionally regarded as suprasegmentals in the phonological literature (Halle & Vergnaud,  
1982; Yip, 2002b), are like segments in the motor programme of words calls for more 
cross-linguistic evidence. Unlike in Cantonese, where almost all morphemes are mono-
syllabic and carry a single tone, in Shanghai Wu dialects and Bantu languages, the contour 
of each tone operates at the word level, while words can be of multiple syllables (Y. Chen 
& Gussenhoven, 2015; Goldsmith, 1988).
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Furthermore, the more disrupted anticipatory co-articulation than the carryover co- 
articulation found in the AOS group included in this study also added to the evidence 
that anticipatory co-articulation reflects speech planning more than the carry-over 
effects (Recasens, 1984; Whalen, 1990). In addition, disrupted anticipatory co- 
articulation was also seen in the height dimension of vowels in the nAOS, though 
their anticipatory co-articulation in the frontness dimension and between tones was 
comparable to the HC groups. Such distortion may arise from the dysarthria two 
participants in the nAOS group had. Nevertheless, the AOS group did not show larger 
distortion in the height dimension indexed by F1 than the frontness, probably because 
their realization of tones was no less problematic as previously explained. In this way, 
their F1, the formant closer to f0 was not as much impacted. The discrepancy between 
the AOS and nAOS also suggested that the problematic anticipatory co-articulation in 
Cantonese (and tone-vowel interaction in general) was still mainly due to AOS rather 
than the co-existing dysarthria.

The TST tones produced by the AOS and nAOS groups were also less accurate than 
those produced by the HC controls as judged by healthy native Cantonese speakers, even 
though the acoustic analyses found relatively little difference in the f0 values between the 
nAOS and HC groups (Wong, Wong, Chen, et al., 2024). The irregular co-articulation found 
in the present study may help to explain the reduced tone accuracy of the two post-stroke 
groups found by Wong, Wong, Chen, et al. (2024). The perceptual judgment of tone is not 
influenced by a single acoustic correlate (e.g., f0 and duration), but by the interaction 
between them (J. T. Gandour & Harshman, 1978). The problematic isochronism and 
therefore unnaturalness caused by the irregular co-articulation may lead native listeners 
to rate the tones produced by the speakers with and without AOS post-stroke as incorrect. 
The co-articulation in post-stroke speakers of Cantonese calls for further research as it may 
help to differentiate Cantonese speakers with AOS and aphasia from Cantonese speakers 
without AOS but with aphasia and from healthy speakers.

4.4. Clinical implications

This study demonstrated that Cantonese speakers with AOS post-stroke can be 
differentiated from those without AOS post-stroke and HC by observing vowel 
disruptions and tone simplifications. We focused on acoustic analyses in this study, 
but in another study (Wong, Wong, Chen, et al., 2024), we also reported the 
percentage of tones correct (PTC). PTC is calculated based on the listeners’ percep-
tual judgment of tone correctness. Both previous and this study showed that pitch 
variational measures in a sequencing context may be useful in identifying AOS in 
tonal language speakers. In addition, our results demonstrated that Cantonese 
speakers with AOS may have difficulty in producing vowels and tones simulta-
neously, which may not be applicable to non-tonal language speakers. It indicates 
that the clinical manifestations of AOS in different language speakers may be 
different. For clinicians working with tonal language speakers with AOS, it is impor-
tant to address both segmental and tonal aspects in the assessment and treatment 
process. For clinicians working with tonal language speakers with AOS, it is impor-
tant to address both segmental and tonal aspects in the assessment and treatment 
process.
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4.5. Limitations and future investigations

The present study is a preliminary study investigating the co-articulation between tones 
and vowels, between vowels and between tones in post-stroke speakers with AOS and 
with and without aphasia. Only five participants were included in each group. A larger 
sample size is recommended in future studies so as to generate more representative 
results for generalization. In addition, three participants in the AOS group also had 
dysarthria. Although no abnormality in pitch gliding was reported from the participants, 
the difficulty in laryngeal functions including reduced sustained phonation, limited loud-
ness variation, and atypical voice quality, though mild, may contribute to the abnormal 
performance of the AOS group found in the present study. It is worth mentioning that the 
present findings can still be attributed to the presence of AOS, since two nAOS partici-
pants were also diagnosed of dysarthria of similar severity. It is also recognised that 
people with AOS are likely to have other speech disorders like dysarthria, but in future 
studies with a larger sample size, the clinical background of the participants could be 
better controlled. Furthermore, the present study only analyses sequences with isolated 
vowels without onset or coda consonants. Since both V and CV stimuli are used in TST- 
based assessment, analyses of CV and mixed sequences could be done in the future to 
examine the interaction between consonants, vowels, and tones. Lastly, the present study 
only conducted acoustic analyses. Whether the observed differences influence perception 
calls for further research, and the results may help to deepen our understandings of the 
communication profile of the population with AOS.

5. Conclusion

In summary, this preliminary analysis demonstrates that the AOS group had difficulty 
producing vowels with tones (i.e., both segments and tones), while the nAOS group 
produced vowels and tones similar to the HC group but with larger variations. Such 
difficulties did not only influence the production accuracy of certain segmental or 
suprasegmental entities, but also the coarticulation between them. A possible explana-
tion is that the speakers with AOS post-stroke have difficulty with simultaneous manage-
ment of segments and tones. This explanation is consistent with another study that found 
that Cantonese speakers with AOS post-stroke have difficulty in simultaneous manage-
ment of syllable structure and tone in a tone sequencing context (Wong, Wong, Chen, 
et al., 2024).
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