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Abstract 

The conclusions on prosodic pitch features in autism spectrum disorders (ASD) have primarily been derived from 

studies in non-tonal language speakers. This cross-linguistic study evaluated the performance of imitating Cantonese 

lexical tones and their non-linguistic (nonspeech) counterparts by Cantonese- and Mandarin-speaking children with 

and without ASD. Acoustic analyses showed that, compared with typically developing peers, children with ASD 

exhibited increased pitch variations when imitating lexical tones, while performed similarly when imitating the 

nonspeech counterparts. Furthermore, Mandarin-speaking children with ASD failed to exploit the phonological 

knowledge of segments to improve the imitation accuracy of non-native lexical tones. These findings help clarify the 

speech-specific pitch processing atypicality and phonological processing deficit in tone-language-speaking children 

with ASD. 
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Linguistic Tone and Non-Linguistic Pitch Imitation in Children with Autism Spectrum 

Disorders: A Cross-Linguistic Investigation 

 

Introduction 

Prosody is a broad term including suprasegmental properties such as intonation, tone, rhythm, and stress, which is 

used to convey various linguistic, attitudinal, emotional, pragmatic, and idiosyncratic functions (Bolinger, 1972; 

Cutler & Isard, 1980). The acoustic correlates of speech prosody involve pitch (fundamental frequency, F0), duration, 

intensity, and their mutual interaction. The two gold-standard clinical assessments of autism spectrum disorders (ASD), 

namely, Autism Diagnostic Observation Schedule, second version (ADOS-2; Lord et al., 2012) and Autism Diagnostic 

Interview-Revised (ADI-R; Rutter et al., 2003), have indexed prosodic atypicality as one of the diagnostic 

characteristics. Starting from the earliest delineation of the autistic syndrome with peculiar use of the tone of voice 

(Kanner, 1943), unusual prosody has been frequently identified as a central feature of speech and communication in 

autism (Baltaxe & D’Angiola, 1992; Diehl & Paul, 2012; Loveall et al., 2021; McCann & Peppé, 2003; Paul et al., 

2005a; Peppé et al., 2011; Shriberg et al., 2001; Tager-Flusberg, 1981). Furthermore, prosodic differences have been 

found to be tightly associated with the general ratings of social and communicative competence in autism (Paul et al., 

2005b). 

To investigate the prosodic pitch features in ASD, several studies focused on the production of intonation, 

which is expressed as the variation in voice pitch at the sentence level. Some earlier reports based on observation or 

subjective ratings revealed dull, monotonic, or machine-like intonation in speech produced by some children with 

autism (Fay & Schuler, 1980; Kanner, 1943, 1971; Tager-Flusberg, 1981). However, contrary to the common 

impression of monotonic speech in autism, most of the studies adopting acoustic analyses consistently showed a wider 

pitch range and/or greater pitch standard deviation (SD), indicating an increased pitch variability of intonation 

produced by individuals with ASD (Bonneh et al., 2011; Diehl et al., 2009; Filipe et al., 2014; Fosnot & Jun, 1999; 

Green & Tobin, 2009; Hubbard & Trauner, 2007; Nadig & Shaw, 2012; Sharda et al., 2010). The only exception was 

reported by Nakai et al. (2014), which showed a smaller pitch range of intonation in Japanese-speaking children with 

ASD compared to typically developing (TD) peers at school age. In brief, the subjective impression of “flat” intonation 
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in ASD has not been confirmed by accumulating evidence from the acoustic analyses in most of previous studies in 

non-tonal language speakers with ASD, including English-speaking children (Diehl et al., 2009; Fosnot & Jun, 1999; 

Hubbard & Trauner, 2007; Nadig & Shaw, 2012), Hebrew-speaking children (Bonneh et al., 2011; Green & Tobin, 

2009), Portuguese-speaking children (Filipe et al., 2014), and English-Hindi bilinguals (Sharda et al., 2010). 

World’s languages exhibit a natural diversity, among which the tonal languages (such as Mandarin and 

Cantonese) make use of F0 changes at the syllable level to mark phonological contrasts (Wang, 1973). Thus, in tonal 

languages, F0-based prosodic changes could be realized not only in the larger prosodic unit of a whole sentence (i.e., 

intonation), but also in the smaller unit of a syllable (i.e., lexical tone). The production of intonation in tone-language-

speaking individuals with ASD was investigated by Chan and To (2016). The results showed that, in consistent with 

previous findings in non-tonal language speakers, Cantonese-speaking adults with high-functioning autism also 

demonstrated significantly higher SD of F0 than neurotypical adults, suggesting that the atypical sentence-level 

intonation may be a universal characteristic of individuals with ASD. However, to the best of our knowledge, no 

studies so far have depicted the syllable-level prosodic profile in tone-language-speaking children with ASD. There 

has been an analogical relationship between lexical tone and intonation as “small ripples riding on large waves” (Chao, 

1968:39), implying that the dynamic changes in intonation at the sentence level might not transform or modify the 

lexical tones at the syllable level. However, some other scholars proposed a close interaction between lexical tone and 

intonation (Liu & Xu, 2005; Ma et al., 2006; Yuan, 2011). The first aim of this study is therefore to address this issue 

by performing prosodic pitch analyses of lexical tone imitations in tone-language-speaking children, to explore 

whether the overall prosodic pitch pattern at the syllable level is more variable in the clinical population of ASD. 

More importantly, beyond the basic prosodic features, lexical tones constitute a speech element 

distinguishing word meanings in a tonal language, with the same linguistic effect as changing a vowel or a consonant. 

For instance, /ji/ spoken with different lexical tones in Cantonese can respectively mean /ji55/ doctor, /ji25/ chair, 

/ji33/ meaning, /ji21/ son, /ji23/ ear, and /ji22/ two. The digits here refer to lexical tone transcriptions in Chao’s five-

scale tone letters (Chao, 1930), with 5 being the highest and 1 being the lowest “relative” pitch level of a speaker’s 

normalized pitch change. The mispronounced pitch contours of lexical tones might lead to comprehension and 

communication barriers. 
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 Cantonese and Mandarin are two widely-spoken and well-studied tonal languages, with Cantonese tonal 

system being more complex. In Cantonese tone (CT) inventory, there are six citation tones in open syllables 

contrasting in both pitch height and slope (Gandour, 1981): Three level tones (high-level CT55 vs. mid-level CT33 

vs. low-level CT22), two rising tones (low-rising CT23 vs. high-rising CT25), and one falling tone (low-falling CT21). 

The three level tones in CT (i.e., CT55–CT33–CT22) differ mainly in pitch height, while the other three contour tones 

(i.e., CT23–CT25–CT21) in both pitch height and direction. In Mandarin tone (MT) inventory, there are only four 

citation tones, each of which carries a distinct pitch contour (Wang, 1973; Yip, 2002): high-level MT55, high-rising 

MT35, high-falling MT51, and dipping or low-falling-rising MT214 (being realized as high-rising *MT35 at the non-

final position when occurred before another dipping tone, and as low-falling *MT21 when the following tone is not a 

dipping tone). According to a corpus-based study of Mandarin and Cantonese (Peng, 2006), the acoustic distribution 

of CT25 on the tone chart is very similar to that of MT35, CT55 is similar to MT55, and CT21 is similar to *MT21, 

while there are no direct MT counterparts for two level CTs (CT33 and CT22) and the low-rising CT23. 

In the current cross-linguistic study, the production data of imitating CTs in both Cantonese- and Mandarin-

speaking children with ASD were analyzed and compared. Imitation skills play a potential role in the emergence and 

evolution of phonological systems (Lewis, 1957; Nguyen & Delvaux, 2015). During the process of speech sound 

acquisition, it is generally believed that imitation from adult models generates the most natural forms for its underlying 

mechanisms (Ingersoll, 2008; Kim & Clayards, 2019; Messum, 2008). Some researchers proposed that children with 

ASD could not accurately imitate the prosodic patterns of adult models (Diehl & Paul, 2012; Fosnot & Jun, 1999; 

Hubbard & Trauner, 2007; Peppé et al., 2011). On the other hand, others claimed that children with ASD could imitate 

the tone of voice and rhythm of other speakers as well as TD children (Fan et al., 2010; Frankel et al., 1987). Since 

the complex tonal system of Cantonese contains fine-grained pitch differences regarding both pitch height and 

direction, imitation of CT in both Cantonese- and Mandarin-speaking children with ASD offers a valuable chance to 

evaluate the imitation abilities in children with ASD, and to further illustrate how such performance changes as a 

function of language experience.  

As suggested by cross-linguistic processing models such as the Speech Learning Model (SLM; Flege, 1995, 

2007), the Perceptual Assimilation Model for suprasegmentals (PAM-S; So & Best, 2010, 2014), and the Similarity 

Differential Rate Hypothesis (SDRH; Major & Kim, 1996), the outcome of non-native phonetic processing can be 



5 
 

5 
 

related to the “cross-linguistic similarity” between a non-native item and its closest native counterpart. Accordingly, 

when imitating the Cantonese tones, Mandarin-speaking children might assimilate the acoustically similar non-native 

tones of CT25, CT55, and CT21 into their native lexical tones of MT35, MT55, and *MT21 respectively. In contrast, 

when there is no similarity between a non-native sound and its native sound, the formation of mental representation 

for a novel and unfamiliar non-native category will gradually occur (Flege, 2007). That’s to say, for Mandarin-

speaking individuals, the three non-native lexical tones of CT55, CT25, and CT21 are familiar tonal stimuli, while the 

other three L2 stimuli of CT33, CT22, and CT23 are presumed to be unfamiliar since they have no direct acoustic 

counterparts in Mandarin (Peng, 2006; So & Best, 2010). Besides, the suprasegmental lexical tones are superimposed 

on the segmental components of each syllable, which might in turn exert an influence on the processing of non-native 

lexical tones. For instance, for healthy Mandarin-speaking adults, the native and familiar segments /fu/, /ji/ (existing 

in both Mandarin and Cantonese) helped improve their discrimination and/or identification accuracy of CT compared 

with the non-native and unfamiliar segments /si/ and /sɛ/ (only existing in Cantonese; note that Cantonese syllable /si/ 

is different from Mandarin /sɿ/) (Wang & Peng, 2014), indicating a top-down influence of phonological processing. 

Therefore, in the current study, the tonal familiarity and segmental familiarity of the speech models were manipulated 

to investigate the influence of phonological knowledge on the performance of lexical tone imitation in children with 

ASD. 

In a nutshell, this cross-linguistic study evaluated the capacity of lexical tone and non-linguistic (i.e., 

nonspeech) pitch imitation in Cantonese- and Mandarin-speaking children with and without ASD. In speech condition, 

CTs were adopted as the models due to a richer inventory of tonal types than MTs (Gandour, 1983; Peng, 2006). 

Besides, in this study of pitch imitation, nonspeech analogues were also generated sharing exactly the same pitch 

trajectories with the three level tones (CT55, CT33, CT22) and three contour tones (CT23, CT25, CT21) in Cantonese, 

in an effort to test whether the atypical imitation performance in ASD was speech-specific or domain-general. Three 

general research questions are advanced. First, would the prosodic pitch pattern in tone-language-speaking children 

with ASD show an increased pitch variation compared to TD children during lexical tone imitations? Second, when 

imitating native and non-native lexical tones, would children with ASD be able to imitate normal-like lexical tones 

that are acoustically comparable to those produced by TD peers? Third, how would top-down phonological knowledge 

(segmental familiarity: familiar vs. unfamiliar; tonal familiarity: familiar vs. unfamiliar) influence the imitation 

accuracy in children with and without ASD? Two experiments were conducted in this study. Experiment 1 performed 



6 
 

6 
 

acoustic analyses of prosodic pitch pattern as well as lexical tone imitations in order to answer the first and the second 

research questions respectively. The perceptual identification study in Experiment 2 was conducted to answer the third 

research question. 

Experiment 1. Acoustic Analyses of Lexical Tone and Non-Linguistic Pitch Imitation 

Methods 

Participants 

In total, 104 participants took part in this study and completed all the tests. There were 26 Cantonese-speaking children 

with ASD (CASD, two girls, Mage = 7.44 yr), 26 Cantonese-speaking TD children (CTD, one girl, Mage = 7.48 yr), 26 

Mandarin-speaking children with ASD (MASD, one girl, Mage = 7.69 yr), and 26 Mandarin-speaking TD children 

(MTD, one girl, Mage = 7.65 yr). The Cantonese-speaking children with and without ASD were recruited from Hong 

Kong, and all spoke Cantonese as their first language at home and school with little exposure to Mandarin. The 

Mandarin-speaking participants were recruited from Shenzhen and used Mandarin as their first language with little 

exposure to Cantonese. All the child participants had neither hearing impairment nor comorbidities such as 

developmental motor speech disorder. Permission to conduct this study was obtained from the Hong Kong Polytechnic 

University, ensuring appropriate adherence to informed consent procedures. 

The clinical diagnosis of ASD was established according to the DSM-5 (American Psychiatric Association, 

2013), and the ADOS-2 (Lord et al., 2012) by pediatricians and child psychiatrists with expertise in diagnosing ASD 

in local hospitals before enrollment. The participants were 6- to 11-year-old high-functioning autism without major 

cognitive delays [nonverbal intelligence quotient (IQ) ⩾70; mean = 105.23] and without severe language delays (i.e., 

able to use full, complex sentences). The school-age children were chosen since neurotypical preschoolers are still 

fine-tuning their control over coordinating pitch range, slope, and curvature in the production of native tonal categories 

(Mok et al., 2019, 2020; Rattanasone et al., 2018; Wong, 2013). The obtained language score in Cantonese-speaking 

participants was averaged across three subtests (Textual Comprehension Test, Expressive Nominal Vocabulary Test, 

and Test of Hong Kong Cantonese Grammar) in the Hong Kong Cantonese Oral Language Assessment Scale (T’sou 

et al., 2006). The nonverbal IQ in Cantonese-speaking participants was evaluated with The Primary Test of Nonverbal 

Intelligence (Ehrler & McGhee, 2008). The nonverbal and verbal IQs in Mandarin-speaking participants were assessed 
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with the Wechsler Intelligence Scale for Children (WISC-IV, Mandarin Chinese version) (Wechsler, 2003). As shown 

in Table 1, the Mandarin- or Cantonese-speaking ASD group did not differ from the corresponding TD group in terms 

of chronological age and nonverbal IQ, while slightly lagged behind TD children in the general language functioning 

(p < .05).  

[Table 1 about here] 

Materials 

The speech models contained 24 Cantonese syllables with three level tones (CT55, CT33, CT22) and three contour 

tones (CT23, CT25, CT21) superimposed on four segments in Cantonese (/fu/, /ji/, /sɛ/, /si/). The Cantonese-speaking 

children were familiar with all of the native speech models. However, the Mandarin-speaking children exhibited 

familiar and unfamiliar distinctions of lexical tones (familiar tones: CT55, CT25, CT21; unfamiliar tones: CT33, CT22, 

CT23) as well as segments (familiar segments: /fu/, /ji/; unfamiliar segments: /sɛ/, /si/) in the non-native Cantonese 

syllables. These 24 Cantonese syllables were recorded 10 times in a natural way from 10 Cantonese adult speakers 

(five females; five males) who were born and raised in Hong Kong. We picked out the speech samples spoken by two 

representative speakers (one female voice and one male voice) whose tonal production was closer to the median of 

pitch height and slope among the 10 native speakers. Then, one speech sample (with the best voice quality) for each 

syllable was chosen from 10 repetitions by a phonetically trained native speaker based on the clarity and stability. 

Altogether, 48 speech stimuli (6 lexical tones × 4 segments × 2 voice genders) recorded from one male voice and one 

female voice were selected as the speech models. The six tonal categories of speech models deviated from each other 

in the two dimensions of pitch height and pitch slope without acoustic overlapping. Moreover, the speech models were 

double-checked by a Cantonese-speaking linguist to ensure that they showed no perceived tone merging. The mean 

F0 (SD) for the speech models of female voice and male voice were 252 (52) Hz and 121 (23) Hz respectively. Finally, 

to generate the non-linguistic/nonspeech pitch models, F0 trajectories of the zero-onset syllable /ji/ (6 lexical tones × 

2 voice genders) were extracted to synthesize nonspeech models using equal-amplitude triangle waves, which have a 

different harmonic structure from that of speech sounds (Chen & Peng, 2016). The mean F0 (SD) for the nonspeech 

models of female voice and male voice were 250 (45) Hz and 119 (24) Hz respectively. The duration of both speech 

and nonspeech models was not normalized to make them sound more natural. Since the nonspeech stimuli sounded 

lower perceptually when compared to the speech stimuli of the same intensity, for the purpose of matching the 
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loudness level, the average intensity level of nonspeech models was set to 80 dB SPL, 15 dB higher than that of speech 

models. 

Procedure 

The experimenters were native speakers in each language background. The participants were tested for their nonverbal 

IQ, verbal IQ/language ability at first (Table 1). During these cognitive and language tests, all the child participants 

showed no difficulties in understanding the verbal instructions, indicating that they were not deficient in perceiving 

L1 speech sounds in connected and natural speech. Then, in the imitation tasks, stimulus presentation was 

implemented with E-Prime 2.0 program (Psychology Software Tools Inc., USA). The speech/nonspeech models were 

played in sound-attenuated rooms via bilateral loudspeakers (JBL CM220) located at 45 degrees to the left and right 

of the participants at a distance of approximately 1 meter. Before the formal experiment, a training session was 

provided by asking participants to imitate both the speech stimuli (another Cantonese syllable /fan/ with six CTs) and 

nonspeech counterparts as accurately as possible to familiarize children with the procedure and requirement. The 

imitations in the training session were not recorded, while all the imitations in the formal test were recorded using an 

external microphone (SHURE MV51) around 10 cm away from the mouth of the participant. The microphone was 

connected to a laptop computer through a USB audio interface with a sampling rate of 44,000 Hz. In the formal test, 

there were two testing blocks (speech block and nonspeech block), which were presented in a random order among 

participants. Within each testing block, the speech or nonspeech model stimuli were repeated three times and played 

randomly. The whole imitation task, including training and testing parts, lasted about 30-40 minutes for each 

participant. 

Coding and Measurements 

The recorded imitations were coded offline in Praat (Boersma & Weenink, 2016). Acoustic measurement of F0 was 

derived by using ProsodyPro (Xu, 2013) through the automatic F0 tracking on 20 equidistant points along the pitch 

contour. These F0 points were further checked and manually corrected for any “pitch-halving” or “pitch-doubling” 

errors. Then, 10% of both leftmost and rightmost F0 points were discarded, and only the middle 80% (i.e., 16 points) 

for each pitch trajectory were analyzed to decrease the tone-irrelevant variation (Peng, 2006). Besides, the intensity 

and duration values of each imitation were also measured and entered as covariates in the statistical analyses.  
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For the analyses of prosodic pitch pattern, three acoustic measures – pitch mean, pitch range, and pitch SD – 

were analyzed in the current study. The raw F0 values (in Hz) were transformed into semitones, with a reference 

frequency of 100 Hz (Rattanasone et al., 2018). In particular, the pitch range was calculated as the minimum F0 

subtracted from maximum F0. These three pitch measures (in semitone) were calculated for each participant regardless 

of different tonal categories. The pitch mean was used to provide a general characterization of prosodic pitch (high vs. 

low); both pitch range and pitch SD were used to depict pitch variations. The expanded pitch range and/or larger pitch 

SD indicated more pitch variations, and vice versa (Diehl et al., 2009).  

For the analyses of lexical tone production, the pitch of each tonal category was transformed from Hz to log-

scale 5-level value (Peng & Wang, 2005), consistent with the time-honored selection of number of levels for linguists 

to transcribe lexical tones (Chao, 1930). The log-scale 5-level value was adopted since it calculated each speaker’s 

normalized linguistic pitch distribution and eliminated inter-speaker variations in absolute pitch differences. 

Furthermore, to better analyze the fine-grained and dynamic pitch changes of lexical tones which were nonlinear in 

nature, the second-order orthogonal polynomial models were adopted which is a multilevel regression technique 

designed for analyzing time course data (Mirman, 2014; Rattanasone et al., 2018; Tang et al., 2019). According to 

Mirman (2014), the polynomial function generates three “time terms”: the intercept term (i.e., pitch height), the first-

order linear term (i.e., pitch slope), and the second-order quadratic term (i.e., pitch curvature). These three terms 

capture not only the height and slope of pitch contours, but also the steepness of the quadratic curvature. More 

specifically, the positive linear trend means a rising pitch contour, whereas negative means a falling contour; a larger 

absolute value of the linear trend represents a steeper slope. The positive quadratic trend indicates a concave F0 

contour and negative indicates a convex contour, with a larger absolute value of quadratic trend suggesting more curvy 

contours. In addition, for the acoustic comparison of the rising tonal pair in Cantonese (CT23 vs. CT25), they 

additionally show a covert contrast at the temporal distinction of “inflection point”. The minimum F0 value appears 

slightly earlier in the high-rising CT25 compared to that in low-rising CT23 along the pitch contour (Mok et al., 2020). 

Thus, the positions of the inflection point were obtained by locating the lowest F0 point in the first two thirds of the 

rising pitch contour. 

Statistical Analysis 
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First, linear mixed-effect models (LMMs) in R (R Core Team, 2014) were used to analyze the three acoustic measures 

of prosodic pitch pattern. The package of lme4 (Bates et al., 2014) was used to fit the LMMs. An advantage of LMM 

is that it is possible to fit models with large, unbalanced data, such as the production data by children with and without 

ASD. The visual inspection of Q-Q plots and plots of residuals revealed no obvious deviations from homoskedasticity 

after exclusion of extreme data by a model-based trimming. In each LMM of prosodic pitch analyses, the pitch 

mean/range/SD (in semitone) in speech/nonspeech condition was entered as the dependent variable, with group (ASD, 

TD), voice gender (female voice, male voice), language (Cantonese, Mandarin), and all possible interactions acting 

as fixed effects. When fitting the LMMs, factors of intensity and duration were involved as controlled covariates, 

which were centered to reduce multicollinearity; participant and item were included as random effects.  

Second, the growth curve analysis (Mirman, 2014) in R was adopted to analyze the lexical tone and non-

linguistic pitch production. The pitch contours (in log-scale 5-level value) measured over 16 normalized time points 

were modeled with a second-order orthogonal polynomial, with fixed effects of group (ASD, TD), language 

(Cantonese, Mandarin), and their interaction on all time terms. The model also included participant random effects 

on all time terms (intercept, linear, and quadratic terms). Besides, the centered intensity and duration were included 

as covariates. In speech condition, the second-order polynomial models were conducted for each tonal category (6 

lexical tones) and each type of segment (familiar and unfamiliar) separately (12 models in total: 6 for the familiar 

segment and 6 for the unfamiliar segment). In nonspeech condition, the second-order polynomial models were 

conducted for each tonal category (6 models in total).  

Third, for the analysis of inflection point, the generalized Poisson regression models (Consul & Famoye, 

1992) were constructed in R, with group (ASD, TD), language (Cantonese, Mandarin), tonal pair (CT23, CT25), and 

all the possible interactions acting as fixed effects. The generalized Poisson regression model has been found useful 

in fitting the dependent variables of integer data. When fitting the regression models in speech or nonspeech condition, 

participant and item were included as random effects. 

For all the generated LMMs, polynomial models, and Poisson regression models mentioned above, the 

random slopes and their intercepts for all the relevant fixed effects were included in the initial model to make it 

maximally generalizable across the data (Barr et al., 2013). The p-values of main effects and interaction effects were 

obtained using Satterthwaite's approximations in R package lmerTest (Kuznetsova et al., 2017). When a significant 
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main effect of a multilevel factor or a significant interaction effect was detected, post-hoc pairwise comparisons were 

performed using the lsmeans package (Lenth, 2016) with Tukey adjustment. 

Results 

Prosodic Pitch Pattern  

Pitch Mean. In speech condition, the LMM on the pitch mean (in semitone) showed significant main effects of group 

[χ2 (1) = 9.77, p < .01], and voice gender [χ2 (1) = 27.90, p < .001], while the main effect of language [χ2 (1) = 0.00, 

p = .981] and all interaction effects did not reach significance (all ps > .05). As shown in the left column of Figure 1a, 

the ASD group regardless of language backgrounds generally demonstrated a higher average pitch (M = 16.5) when 

imitating the lexical tones compared to the TD children (M = 15.8). Moreover, as expected, both ASD and TD children 

enhanced their mean pitch when imitating the speech models of female voice (M = 16.5) relative to male voice (M = 

15.9). Similarly, the LMM on the pitch mean (in semitone) in nonspeech condition also revealed significant main 

effects of group [χ2 (1) = 4.87, p < .05], and voice gender [χ2 (1) = 56.37, p < .001]. That is to say, as presented in the 

left column of Figure 1b, children with ASD (M = 16.7) also tended to exhibit a higher pitch mean at non-linguistic 

pitch imitation than their neurotypical peers (M = 16.1). Moreover, child participants produced a relatively higher 

pitch mean when imitating the nonspeech stimuli containing the female pitch contours (M = 17.0) than the male pitch 

contours (M = 15.8).   

Pitch Range. For the pitch range in speech condition, only a main effect of group [χ2 (1) = 8.76, p < .01] was 

found. Neither the main effects of voice gender [χ2 (1) = 0.22, p = .637], language [χ2 (1) = 0.39, p = .531], nor any 

two-way or three-way interactions were significant (all ps > .05). The obtained pitch range (in semitone) of lexical 

tone imitations was 14.5 in the ASD group and 13.0 in the TD group (in the middle column of Figure 1a). The main 

effect of group suggested that both Mandarin- and Cantonese-speaking participants with ASD generally produced a 

wider pitch range in the imitation of lexical tones, which might reveal an exaggerated pitch in ASD. For the pitch 

range in nonspeech condition, all the main effects and interaction effects fell short of significance (all ps > .05). As 

displayed in the middle column of Figure 1b, children with ASD (M = 11.0) showed comparable pitch range (in 

semitone) as the TD controls (M = 10.6) when imitating the non-linguistic pitch contours in nonspeech condition.  
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Pitch SD. The LMM was performed on pitch SD in speech condition, and the statistical results showed 

significant main effects of group [χ2 (1) = 4.42, p < .05], and voice gender [χ2 (1) = 8.65, p < .01], while the main 

effect of language [χ2 (1) = 0.01, p = .908] and all interaction effects did not reach statistical significance (all ps > .05). 

As illustrated in the right column of Figure 1a, there was a significant difference in pitch SD (in semitone) of lexical 

tone imitations between the two groups. Overall, children with ASD (M = 2.68) showed a significantly greater SD 

across F0 samples in speech condition than TD children (M = 2.49). Moreover, participants showed a larger pitch SD 

when imitating the CT models of female voice (M = 2.66) than male voice (M = 2.50). Next, in the nonspeech condition, 

only the main effect of voice gender was found to be marginally significant [χ2 (1) = 2.97, p = .085]. The non-

significant main effect of group [χ2 (1) = 0.01, p = .940] suggested that, different from imitating lexical tones, children 

with ASD (M = 2.58) generated a pretty similar pitch SD compared to the TD children (M = 2.57) when imitating the 

non-linguistic pitch contours (in the right column of Figure 1b).   

[Figure 1 about here] 

Both Cantonese- and Mandarin-speaking children with ASD showed greater pitch variations when imitating 

lexical tones in speech condition, as indicated by an expanded pitch range and a larger pitch SD (Figure 1a). In order 

to further examine whether the pitch variations of lexical tone imitations were correlated with the language/verbal 

abilities in children with ASD per se, we conducted Spearman's correlation in Cantonese- and Mandarin-speaking 

with ASD respectively. For CASD (Figure 2a), a very strong positive correlation was found between pitch range and 

pitch SD (r = .92, p < .001) as expected. However, the language score of CASD was not correlated with pitch range 

(r = .20, p = .330), or pitch SD (r = .09, p = .655). In a similar manner, there was a positive correlation between pitch 

range and pitch SD in MASD (r = .77, p < .001). However, neither the correlation between verbal IQ and pitch range 

(r = .25, p = .223), nor that between verbal IQ and pitch SD (r = .33, p = .104) reached significance in MASD when 

imitating lexical tones (Figure 2b).  

[Figure 2 about here] 

Lexical Tone and Non-Linguistic Pitch Imitation  

Figure 3 displays the pitch contours along 16 time points produced by four subgroups of child participants (CASD, 

CTD, MASD, MTD) when imitating six CTs and the non-linguistic pitch models. The seemingly overlapping pitch 
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contours across the four subgroups implied that all the child participants could generally produce the global pitch 

contours (Figure 3), consistent with high-level (CT55), mid-level (CT33), low-level (CT22), low-rising (CT23), high-

rising (CT25), and low-falling (CT21) descriptions. However, if we zoomed in on the fine-grained pitch differences, 

all the pitch trajectories showed dynamic changes in terms of pitch height, pitch slope, and pitch curvature. Second-

order orthogonal polynomial models were built for each tonal category. In the polynomial models, the intercept term, 

linear term (ot1), and quadratic term (ot2) capture the F0 contour’s pitch height, pitch slope, and pitch curvature, 

respectively (Tables 3 & 4). 

[Figure 3 about here] 

Level Tones. Table 2 shows the statistical results of fixed effects on the pitch height, slope, and curvature 

when imitating three level CTs. First, for the imitation of high-level CT55 (Table 2a), there was only a significant 

effect of language on the linear term (pitch slope) in both speech and nonspeech conditions. Compared to Mandarin-

speaking children, the Cantonese-speaking children tended to produce a relatively more falling F0 slope (Figure 3) 

when imitating the high-level CT55 in the familiar segment (β = -0.13, SE = 0.05, t = -2.62, p = .01) and unfamiliar 

segment (β = -0.21, SE = 0.05, t = -4.12, p < .001), as well as in nonspeech condition (β = -0.19, SE = 0.09, t = -2.14, 

p < .05). Then, for the imitation of both mid-level CT33 and low-level CT22, the results merely revealed significant 

main effect of language on the linear term (pitch slope) in the speech condition. Specifically, when imitating the mid-

level CT33 (Table 2b), Cantonese-speaking children showed more falling F0 slope, with significant negative estimates 

relative to Mandarin-speaking children in the familiar segment (β = -0.24, SE = 0.05, t = -4.56, p < .001), as well as 

unfamiliar segment (β = -0.20, SE = 0.05, t = -4.09, p < .001). Also, the pitch trajectories of low-level CT22 imitations 

(Table 2c) tended to be more falling for Cantonese-speaking children in familiar segment (β = -0.21, SE = 0.06, t = -

3.37, p = .001), as well as unfamiliar segment (β = -0.28, SE = 0.06, t = -5.04, p < .001). It should be noted that, when 

imitating the three level tones in both speech and nonspeech conditions, neither the main effect of group nor the 

interaction of group × language on the pitch height, slope, or curvature was found to be significant (Table 2).  

[Table 2 about here] 

Contour Tones. Table 3 shows the statistical results of fixed effects on the pitch height, slope, and curvature 

in the production of three contour tones. When imitating the low-rising CT23 (Table 3a) or low-falling CT21 (Table 

3c), none of the fixed effects on the time terms reached significance in both speech and nonspeech conditions. The 
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results for high-rising CT25 showed a significant effect of group on the linear term (pitch slope) but only in speech 

condition (Table 3b). That was, when imitating the high-rising CT25, both Mandarin- and Cantonese-speaking 

children with ASD produced rising contours with shallower slopes than age-matched TD children in familiar segment 

(β = -0.29, SE = 0.12, t = -2.42, p < .05) and unfamiliar segment (β = -0.24, SE = 0.12, t = -2.01, p < .05). In addition, 

there was a significant negative effect of group on the quadratic term (pitch curvature) for children with ASD, 

suggesting that they produced a flatter F0 curve than TD children when imitating the high-rising CT25 in familiar 

segment (β = -0.13, SE = 0.07, t = -2.02, p < .05). All other fixed effects were not significant (see Table 3 for full 

results). 

[Table 3 about here] 

Inflection Point of CT23 vs. CT25. Additionally, we compared the inflection points of the rising minimal pair 

(low-rising CT23 vs. high-rising CT25) using the generalized Poisson regression model. In speech condition, the 

regression model on inflection point showed a significant main effect of tonal pair [χ2 (1) = 52.49, p < .001], while 

the other main effects and interaction effects did not reach significance (all ps > .05). All the child participants, 

regardless of language backgrounds and clinical condition, produced an earlier inflection position when imitating 

high-rising CT25 (M = 4.52) than the low-rising CT23 (M = 5.41) in speech condition. Similarly, in nonspeech 

condition, only the significant main effect of tonal pair [χ2 (1) = 12.41, p < .001] was found, with an earlier inflection 

position when imitating the nonspeech CT25 (M = 4.23) than CT23 (M = 5.10) for all the child participants. It should 

be noted that when imitating the two rising CTs in both speech and nonspeech conditions, neither the main effect of 

group nor its interaction effect on the inflection position was found to be significant (all ps > .05).  

 

Experiment 2. Identification of Low-Rising CT23 vs. High-Rising CT25 Imitations 

As shown in the acoustic of analyses of lexical tone and non-linguistic pitch imitation in Experiment 1, the group 

difference (ASD vs. TD) was only detected during the imitation of high-rising CT25 in speech condition (Table 3b). 

Specifically, both Mandarin- and Cantonese-speaking children with ASD produced a shallower pitch slope and a 

flatter F0 curve in the imitation of high-rising CT25 relative to TD children. The minimal pair of two rising tones in 

Cantonese phonology mainly differed in terms of pitch slope, with high-rising CT25 showing a much steeper slope 
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compared to the low-rising CT23. Based on the acoustic analyses, it is likely that Native Cantonese listeners might 

show a higher identification accuracy of high-rising CT25 imitations produced by TD children relative to those by 

children with ASD. However, given the nature of categorical perception of native speech sounds (Liberman et al., 

1957; Xu et al., 2006), the shallower pitch slope of high-rising CT25 imitation in children with ASD did not necessarily 

entail identification difficulties for native speakers. To shed light on this issue, we further conducted an identification 

test (Experiment 2), by asking the native Cantonese-speaking adults to perceive and identify the minimal-pair 

imitations of two rising tones (CT23 vs. CT25). The perceptual analysis in Experiment 2 was performed to 

complement acoustic measurements in Experiment 1. 

Methods 

Participants 

In total, 16 neurotypical undergraduate and graduate students in college (8 males; Mage = 24.6 yr, SD = 2.9) whose 

first language is Cantonese participated in the identification test. They were not majoring in linguistics or psychology, 

and had no reported speech, language, or hearing disorders. None of the participants had received formal musical 

training over one year. All participants gave informed consent in compliance with the protocols approved by the 

Research Ethics Committee of Hong Kong Polytechnic University, and they were paid for their travel and time. 

Stimuli and Procedure 

Totally there were 1,664 syllables produced by all the child participants (CASD, CTD, MASD, and MTD) through 

imitating the speech models of CT25 and CT23, and these lexical tone imitations were included as the perceptual 

stimuli. The stimuli were not normalized in terms of intensity and duration, in an effort to keep these perceived sounds 

unmodified. Instead, the duration and intensity values were included as covariates in the statistical analysis to control 

for confounding factors. The stimuli were presented using E-prime 2.0, and were divided into four testing blocks based 

on four different carrying segments (fu, ji, se, si). The four testing blocks were counterbalanced across participants. 

The perceptual stimuli were played in a random order within each testing block. Before the formal test, there was a 

practice block with the adult speech models of CT25 and CT23 included as the practice stimuli to familiarize 

participants with the identification procedure. The participants were asked to conduct a two-alternative forced choice 

(2AFC) identification task. After the presentation of each syllable, they would be asked to identify the target syllables 
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as Cantonese characters “婦” (CT23) or “苦” (CT25) in the block of “fu”; as “耳” (CT23) or “倚” (CT25) in the block 

of “ji”; as “社” (CT23) or “寫” (CT25) in the block of “se”; as “市” (CT23) or “史” (CT25) in the block of “si” by 

pressing corresponding keyboard buttons. The participants were allowed to play the target syllable repeatedly until 

they were confident to make a judgement. The whole identification test, including the practice block, lasted 

approximately 1.5 h for each participant. 

Statistical Analysis 

To analyze the identification accuracy, a generalized linear mixed-effects model (GLMM) was created in R using the 

lme4 package (Bates et al., 2014). For the construction of GLMM, the dichotomous response to each stimulus (“1” 

meaning correct response or “0” indicating incorrect response) was entered as the dependent measure, with group 

(ASD, TD), language (Cantonese, Mandarin), segment (familiar, unfamiliar), tonal pair (CT23, CT25), and all their 

possible interactions acting as fixed effects. When fitting GLMM, participant and item were included as random 

effects. Moreover, the centered duration and intensity values for each stimulus were included as the controlled 

covariates. The other methods for GLMM calculation were consistent with LMM as shown in Experiment 1.  

Results 

Figure 4 shows box plots of the identification accuracy (%) across different conditions. GLMM, on identification 

accuracy, revealed a significant three-way interaction of group × language × tonal pair [χ2 (1) = 13.40, p < .001], as 

well as a significant three-way interaction of group × segment × tonal pair [χ2 (1) = 8.32, p < .01]. First, post-hoc 

pairwise comparisons for the interaction of group × language × tonal pair showed that Cantonese speakers’ 

identification accuracy was similar in the perception of high-rising CT25 imitations produced by CASD and by CTD 

(β = -0.12, SE = 0.07, t = -1.65, p = .099), as well as those produced by MASD and by MTD (β = -0.01, SE = 0.07, t 

= -0.12, p = .904). Moreover, the identification accuracy was similar in the perception of low-rising CT23 imitations 

produced by CASD and by CTD (β = -0.02, SE = 0.07, t = -0.25, p = .804), whereas the accuracy was much higher in 

the perception of CT23 imitations produced by the MTD than those by MASD (β = -0.28, SE = 0.07, t = -3.89, p 

< .001). Then, post-hoc pairwise comparisons for the three-way interaction of group × segment × tonal pair showed 

that native speakers’ identification accuracy of CT23 imitations produced by TD children was significantly higher 

compared to those produced by children with ASD when the carrying segment was familiar (β = -0.19, SE = 0.08, t = 
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-2.38, p < .05). When the segment was unfamiliar, the identification accuracy was similar (β = -0.10, SE = 0.08, t = -

1.22, p = .224).  

[Figure 4 about here] 

 

Discussion 

The abnormalities of prosodic pitch production have been noted since the earliest report of ASD (Kanner, 1943), but 

our full understandings of the language-specific features and the underlying mechanisms are currently inconclusive. 

The previous conclusions on prosodic and suprasegmental features in ASD have primarily been derived from non-

tonal language speakers. Importantly, the changes in pitch also play a crucial role in distinguishing phonological 

contrasts and word meanings at the syllable level for tonal language speakers. This study adopted an imitation task to 

investigate the prosodic pitch pattern and lexical tone production in tone-language-speaking children with ASD. The 

major findings and relevant discussions were shown in the following parts. 

Atypical Prosodic Pitch Pattern in Tone-Language-Speaking Children with ASD  

The prosodic pitch pattern was investigated with pitch mean/range/SD in the imitation of speech syllables and 

nonspeech sounds. When imitating speech models, both Cantonese- and Mandarin-speaking children with ASD 

showed a higher pitch mean, a larger pitch range, as well as a greater pitch SD than peers with TD (Figure 1a). When 

imitating nonspeech models, children with ASD only produced a higher pitch compared to the TD participants (Figure 

1b). The group differences of the increased pitch of intonation in speakers with ASD have been found in some studies 

(Chan & To, 2016; Edelson et al., 2007; Sharda et al., 2010) but not others (Diehl et al., 2009; Nadig & Shaw, 2012). 

Most of the previous studies that employed acoustic measurements, focused on the pitch range and/or pitch SD of 

intonation at the sentence level. Contrary to the traditional stereotype of monotonic intonation in autism, children with 

ASD generally showed a significantly larger pitch range and/or pitch SD compared to TD children, indicating 

increased pitch variations of intonation in the ASD group (Bonneh et al., 2011; Chan & To, 2016; Diehl et al., 2009; 

Filipe et al., 2014; Fosnot & Jun, 1999; Green & Tobin, 2009; Hubbard & Trauner, 2007; Nadig & Shaw, 2012; Sharda 

et al., 2010). These previous studies only compared the F0 differences between ASD and TD groups, while neglected 

the influence from other prosodic features such as intensity and duration. Actually, the pitch-related parameters almost 
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always involve concomitant variations in other prosodic features (Xu & Prom-on, 2019). After controlling for 

intensity and duration, the current findings corroborated the notion of increased pitch variations in ASD with the 

empirical evidence from a smaller prosodic unit at the syllable level. Especially, for individuals with autism who speak 

a tonal language, the atypical prosodic feature of increased F0 variations emerged broadly, not only on the larger 

prosodic unit of intonation (Chan & To, 2016), but also on the smaller unit of lexical tone (this study).  

The conclusion of increased F0 variation in ASD as a prominent feature of prosody could be reached with 

high reliability and generalizability, since the same pattern was found consistently across various studies in low-

functioning (Baltaxe, 1984; Fosnot & Jun, 1999) and high-functioning (this study; Chan & To, 2016; Diehl et al., 

2009; Filipe et al., 2014; Green & Tobin, 2009; Nadig & Shaw, 2012) children with ASD; from tonal (this study; Chan 

& To, 2016) and non-tonal (Bonneh et al., 2011; Diehl et al., 2009; Filipe et al., 2014; Fosnot & Jun, 1999; Green & 

Tobin, 2009; Hubbard & Trauner, 2007; Nadig & Shaw, 2012; Sharda et al., 2010) language backgrounds; from wide 

age ranges in children (this study; Bonneh et al., 2011; Filipe et al., 2014; Fosnot & Jun, 1999; Green & Tobin, 2009; 

Nadig & Shaw, 2012; Sharda et al., 2010), adolescents (Diehl et al., 2009), and even adults (Chan & To, 2016); from 

analyses in both spontaneous (Bonneh et al., 2011; Chan & To, 2016; Diehl et al., 2009; Filipe et al., 2014; Green & 

Tobin, 2009; Nadig & Shaw, 2012; Sharda et al., 2010) and imitation data (this study; Fosnot & Jun, 1999; Hubbard 

& Trauner, 2007). There was a concern about the influence of overall language/cognitive functioning on the prosodic 

abnormalities, since children with specific language impairment (Goffman, 1999; Marshall et al., 2009) or major 

cognitive delays (Shriberg & Widder, 1990) also revealed prosodic deficits. In this study, the ASD and TD groups 

were matched in terms of nonverbal IQ, although the general language functioning in ASD slightly lagged behind TD 

children. We additionally performed correlation analysis between the general language functioning and pitch range/SD 

in CASD and MASD respectively (Figure 2), but no significant correlations were found from our study samples. 

Furthermore, even in studies with matched comparison groups on variables of both IQ and general language 

functioning (Diehl et al., 2009; Nadig & Shaw, 2012), the pattern of increased pitch variation in speakers with ASD 

was observed as well. Thus, the prosodic pitch differences produced by ASD and TD children tended to be specific to 

prosody, rather than an artifact of more general language and/or intellectual functioning. Such findings highlight the 

presence of prosodic pitch atypicalities even in very high-functioning and linguistically developed individuals with 

ASD, which could be a stigmatizing barrier to communication competence and social acceptance for speakers with 

ASD who evidence prosodic oddities. 

https://en.wikipedia.org/wiki/Prosody_(linguistics)
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What are the underlying mechanisms responsible for the atypical prosodic pitch pattern in individuals with 

ASD confirmed in the current and multiple other studies? One study proposed that the phenomenon of more variable 

prosody might be caused by a delay in developmental trajectory of speech in ASD (Sharda et al., 2010). The 

observations of increased pitch range/SD and pitch mean could also be discovered in speech directed to infants 

commonly known as “motherese”, which had distinct prosodic patterns characterized by heightened pitch and 

exaggerated pitch contours (Segal & Newman, 2015). Early intonation features of younger TD children under 2 years 

also mimicked motherese-like features, but diminished gradually after 2–3 years of age (Eguchi, 1969). Thus, the 

increase in pitch variability in speakers with ASD might reflect prolonged mimicry of the prosodic pitch patterns of 

child-directed speech in this group, relative to TD children (Sharda et al., 2010). Others have labeled the atypical 

prosodic pitch pattern in ASD as aberrant rather than delayed development of speech prosody in ASD (Rapin & Dunn, 

2003). This perspective could be supported by observing such an atypical pattern in adolescents and even in adults 

with ASD (Chan & To, 2016; Diehl et al., 2009). A possible explanation for the increased pitch variability in the ASD 

group was a disruption in the basic pitch-controlling speech production mechanisms, which could stem from a deficit 

at the production level (Bonneh et al., 2011), or reflected speech compensation for auditory feedback perturbations to 

overcome a noisy channel supposed to transmit “efference copy” information (Houde et al., 2007). More studies are 

needed to uncover the nature of abnormal suprasegmental aspects of speech production, or prosody in speakers with 

ASD. 

Preserved Lexical Tone Imitation Skill in Cognitively Able Children with ASD 

In this study, the complex CTs with changes in both pitch height and slope (Gandour, 1981) were imitated by both 

Cantonese- and Mandarin-speaking children with and without ASD. As shown in Figure 3, it was found that all the 

child participants at school age could generally imitate the global tone contours of six CTs, which was important for 

maintaining tonal category distinctions. The growth curve analysis indicated that the ASD group only produced a 

shallower slope and/or a flatter F0 curve in the production of high-rising CT25 relative to TD children. However, such 

fine-grained and within-category acoustic differences did not cause difficulties in native speakers’ perceptual 

judgement, as evidenced by a comparable accuracy of identifying the CT25 imitation produced by ASD and TD 

children (Figure 4). Moreover, even for the imitation of the covert contrast of the inflection points of CT23 vs. CT25, 

which was a reliable acoustic difference not perceivable by naïve speakers (Edwards & Beckman, 2008), all the child 
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participants, including the MASD, correctly produced an earlier inflection point for CT25 than CT23. Our current 

findings offered strong supports to the notion that the echoed speech by children with ASD could imitate complex 

tonal contours from the adult models accurately in a preserved manner (Fan et al., 2010; Frankel et al., 1987). Such 

imitation skills seemed to be unaffected by the linguistic status of children with ASD, as a lack of interaction effect 

of group × language in all the acoustic analyses. That is, even the MASD could largely imitate pitch contours of 

unfamiliar/familiar lexical tones as well as CASD. It appeared to be the case that children with ASD adopted a bottom-

up mechanism when imitating the pitch contours at the syllable level, and they were largely intact at the processing of 

local pitch information, as suggested by the enhanced perceptual functioning in autism (Mottron & Burack, 2001).  

However, we should be prudent in generalizing the current finding of preserved lexical tone imitation skill 

to each individual on the autistic spectrum especially those with intellectual disabilities or severe language delays. On 

the one hand, this study adopted a relatively simple task, which asked participants to imitate each lexical tone in 

isolation at the syllable level. Such a task might obscure group differences that would be present in more difficult 

tasks such as lexical tone imitation in connected speech. On the other hand, the participants with ASD in this study 

belonged to the subgroup without major cognitive delay/severe language delay. Since there could be strong 

relationship between immediate imitation skill and language ability (Rogers et al., 2008; Toth et al., 2006), it remains 

unclear whether low-functioning children with ASD with severe language delays would be able to imitate pitch 

contours of lexical tones that were acoustically comparable to those imitations in TD children. 

Speech-Specific and Contour-Biased Lexical Tone Processing Atypicalities in ASD 

We have observed two speech-specific phenomena from the current imitation data. First, compared to TD peers, 

children with ASD showed increased pitch range/SD of lexical tone imitations, while they exhibited similar pitch 

range/SD when imitating the nonspeech sounds. Second, children with ASD showed some deviations from the TD 

children in coordinating pitch slope and curvature when imitating the high-rising CT25 superimposed on speech 

segments, but the two groups did not differ from each other when imitating the same pitch contour of CT25 embedded 

in nonspeech materials. The speech-specific imitation atypicality in ASD lent further support to the notion that children 

with ASD showed domain-specific pitch processing difficulties. Specifically, Mandarin-speaking individuals with 

ASD showed atypical or impaired processing of lexical tone (Lau et al., 2020; Wang et al., 2017; Yu et al., 2015) and 

intonation (statements vs. questions, Jiang et al., 2015), whereas they showed normal or even enhanced processing of 
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the same pitch information in the domains of music and nonspeech. In line with extant findings in pitch processing, 

more and more research proposed a speech-specific viewpoint that speech and language learners with autism failed to 

engage or develop specialized networks for vocal processing and phonetic learning in speech sounds (Haesen et al., 

2011; Kujala et al., 2013; Lindell & Hudry, 2013; O’connor, 2012).  

In addition, there are two types of lexical tones in general: contour tones and level tones. Contour tones 

change their pitch height and direction apparently over time, whereas level tones remain at approximately a steady 

pitch (Yip, 2002). One recent study by Cheng et al. (2017) investigated the ability to discriminate “level tones” 

embedded in real syllable, pseudo-syllable, and non-speech in Cantonese-speaking individuals with ASD. However, 

no group differences (ASD vs. TD) were found across all three conditions. It seemed that the speech-specific lexical 

tone processing difficulties in ASD tended to be biased towards the processing of contour tones (high-rising tone vs. 

high-falling tone, Wang et al., 2017; Yu et al., 2015), while less apparent in the processing of level tones (Cheng et 

al., 2017). However, the conclusion was far from clear in literature as none of the previous studies incorporated both 

level and contour lexical tones in one single study. In this study, children with and without ASD were asked to imitate 

both Cantonese level and contour tones. When imitating three level tones (CT55, CT33, CT22), both Cantonese- and 

Mandarin-speaking children with ASD produced a comparable pitch height, slope, and curvature relative to TD 

children (Table 2). Only a main effect of language on the linear term (pitch slope) of level tones was found, with 

Cantonese-speaking children eliciting a more falling F0 slope compared to Mandarin-speaking ones. It was reported 

that Cantonese speakers tended to produce a slightly falling contour in their actual realization of three level tones, 

especially for the low-level and mid-level tones (Mok et al., 2020; Zhang et al., 2018). Thus, the cross-linguistic 

differences in the acoustic realization of level tones could be attributed to the influence of long-term native language 

experience. Then, when imitating three contour tones (CT23, CT25, CT21), the two groups did not differ in the 

acoustic realizations of low-falling CT21, and low-rising CT23, whereas differed in terms of pitch slope and curvature 

of high-rising CT25. Although subsequent identification test proved that such fine-grained acoustic differences did 

not lead to perceptual ambiguity, children with ASD nevertheless exhibited some difficulties in coordinating exactly 

the same acoustic pitch trajectory of the more dynamic and fast-changing contour tones with a steeper slope (i.e., 

CT25 in this study). To conclude, the current findings pointed to a speech-specific and contour-biased lexical tone 

processing atypicalities in individuals with ASD. 
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Top-Down Phonological Processing Deficits in Children with ASD 

It was proposed that pitch processing capacity was intact or even superior at the bottom-up acoustic processing level 

but impaired due to a top-down phonological processing deficit in individuals with ASD (Jiang et al., 2015; Wang et 

al., 2017; Yu, 2018). The hypothesis was that in tonal models tapping the phonological processing abilities of the child 

participants, comparatively inferior imitation performance could arise from either the lack or the impairment of 

relevant phonological representations (Kuhl, 2011). As mentioned earlier, the Mandarin-speaking children with ASD 

in our study could imitate the global tone contours of both familiar and unfamiliar tonal categories with similar 

acoustic performances to TD children. It seemed that acoustic pitch realizations of lexical tone imitation persisted 

independently of speech familiarity, and were not influenced by the phonological status of the tonal categories or the 

linguistic status of the carrying syllables in children with ASD. However, as shown in Figure 4, Cantonese-speaking 

adult listeners showed higher identification accuracy of CT23 imitations with familiar segment produced by MTD 

than imitations produced by MASD. Actually, the MTD and MASD produced similar F0 realizations of CT23 with 

familiar segment, which meant that different perceptual accuracy was affected by some other factors beyond F0 (the 

primary correlate of lexical tones). This is not surprising since several secondary cues, such as intensity profile, 

duration, and voice quality, also contribute to lexical tone perception (Zhang et al., 2012). In our statistical model, the 

duration and intensity have been entered as covariates. Thus, when imitating the non-native and unfamiliar CT23, 

MTD could utilize the phonological knowledge of native and familiar segment (/fu/ or /ji/) to produce a better voice 

quality of that syllable. However, in contrast, MASD failed to exploit such top-down phonological knowledge to 

compensate for the imitation of syllables with non-native tonal category. That is, MASD demonstrated compromised 

performance relative to MTD, when imitating unfamiliar Cantonese tonal stimuli superimposed on familiar segments 

(/fu/ and /ji/), but comparatively normal performance when on unfamiliar segments (/si/ and /sɛ/). These findings 

implied that the lexical tone processing difficulties in speech condition (Wang et al., 2017; Wu et al., 2020; Yu et al., 

2015) reported in some children with ASD were caused by a phonological processing deficit rather than the acoustic 

pitch processing deficit. 

Clinical and Theoretical Implications 

Languages of the world exhibit a natural diversity, and around 60–70% of the world’s languages are tonal (Yip, 2002), 

which is not reflected in the mainstream autism research on the pitch and general prosodic processing skills. The 
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current study firstly investigated the prosodic pitch pattern and lexical tone imitation skill in tone-language-speaking 

children with ASD in a cross-linguistic context. The findings have important implications for ASD assessment and 

remediation to examine the mechanisms of prosodic atypicalities in tone-language-speaking children with ASD. On 

the one hand, we found increased prosodic pitch variations in tone-language-speaking children with ASD, which was 

consistent with previous findings in children with ASD from non-tonal language backgrounds. The accumulating 

evidence of atypical prosodic pitch pattern contributes to the possibility of developing pitch-based measures as one of 

the behavioral biomarkers for ASD, which are both quantitative and objective (Bonneh et al., 2011). On the other 

hand, there is a trend of distinct patterns across different language speakers with ASD (tonal language vs. non-tonal 

language), pointing to a language-specific pitch processing pattern in ASD. Specifically, previous research that 

documented superior pitch processing skills among individuals with ASD (such as autistic musical savants) was 

disproportionately drawn from non-tonal language speakers with ASD. However, lexical tone processing is a complex 

process that involves an interface between pitch and meaning and incorporates both acoustic and phonological 

processing. Several recently conducted studies (Lau et al., 2020; Wang et al., 2017; Yu et al., 2015) pointed to lexical 

tone perception difficulties in tone-language-speaking individuals with ASD. The related findings in this study further 

lent support to the notion of lexical tone processing difficulties in ASD, with extended evidence from two different 

tonal language systems and from an imitation task. Furthermore, our current observations firstly revealed the nature 

of such processing difficulties, which occurred at the top-down phonological processing level, rather than at the 

bottom-up acoustic processing level. To conclude, the current findings help clarify speech-specific and language-

specific auditory pitch processing atypicalities in children with ASD from different tonal language backgrounds, 

which are not only theoretically interesting, but also clinically relevant. 

Limitations and Future Research 

Our study has several limitations that we must note. First, in this cross-linguistic study, the nonverbal IQ and general 

language functioning among Cantonese- and Mandarin-speaking participants were evaluated with different testing 

materials. Our initial concern was to ensure the ASD group to be matched with TD group in terms of nonverbal IQ in 

children from each language background. But without unified measurement among all the child participants, we could 

not yet include these factors as covariates in the statistical models. Unfortunately, there was no standard oral language 

assessment scale thus far applicable to both Cantonese- and Mandarin-speaking children. Second, perceptual ability 
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in child participants might be tested in future studies to investigate whether the perceptual ability and vocal imitation 

performance in ASD are closely related, or to some extent distinct, since there might be distinct representations used 

to support speech imitation and perception tasks (Hutchins & Peretz, 2012). Third, the Cantonese native speakers’ 

identification accuracy of CT23 and CT25 imitations in Experiment 2 was surprisingly low. On the one hand, we did 

not control for the possibility that some native speakers in Experiment 2 might merge the two rising tones in Cantonese 

(Fung & Lee, 2019; Mok et al., 2013). On the other hand, in the current identification study, we adopted a blocked-

segment design that contained the imitation stimuli produced from different talkers in one single block. Listeners 

might have struggled to estimate the upper and lower F0 boundaries of a particular voice within a block, thus were 

unable to map each rising pitch stimulus to the corresponding tone category with reference to its relative position in 

that talker’s F0 range. Future identification studies could, for example, present stimuli through a blocked-talker design 

and exclude the native adult participants who merge the two rising tones. Furthermore, given that the imitation task 

adopted in this study was simple, which could be reliably performed in younger and low-functioning children with 

ASD, future study could test the imitation abilities in low-functioning preschoolers with ASD who show intellectual 

disability/severe language delay. It would be meaningful to see how the prosodic pitch pattern and lexical tone 

imitation skill change among different subgroups of the autistic spectrum and among different age groups in future 

studies. Finally, in contrast with the imitation task adopted in the current study, investigations into lexical tone 

processing skills in a more natural setting, such as spontaneous speech samples in daily life, would be an important 

next step. 
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Table 1. Descriptive characteristics of study samples in Experiment 1 
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Table 2. The results of fixed effects on the intercept term,linear term, and quadratic term for each 
level tone (df = 1) 
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Table 3. The results of fixed effects on the intercept term, linear term, and quadratic term for 
each contour tone (df = 1) 
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Figure 1. The pitch mean (left column), pitch range (middle column), and pitch SD (right 
column) produced by children with ASD and TD children when imitating models in a speech 
condition, and b nonspeech condition. The error bars were presented inside the jitters. **p < .01; 
*p < .05; ns not significant 
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Figure 2. The correlations among language/verbal ability, pitch range, and pitch SD when 
imitating lexical tones in a Cantonese-speaking children with ASD, and b Mandarin-speaking 
children with ASD. The correlation coefficient r was displayed by numbers in the squares, with 
larger font indicating a larger r value 
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Figure 3. Pitch contours of a lexical tone and b non-linguistic pitch imitations produced by four 
subgroups (CASD, CTD, MASD, and MTD). The shades with light colors indicate standard 
error 
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Figure 4. The Cantonese-speaking adults’ identification accuracy of CT23 vs. CT25 imitations 
with the familiar and unfamiliar segments produced by CASD, CTD, MASD, and MTD. The 
bold line inside the boxes marks the median of identification accuracy, and the upper and lower 
boundaries of the boxes mark its upper and lower quartiles of accuracy. **p < .01; ns not 
significant 




