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Abstract 
Atypical pitch production and perception in individuals with 
autism spectrum disorders (ASD) have been reported mainly 
from non-tonal language backgrounds. In tonal languages such 
as Mandarin, the changes of pitch not only signal prosody at a 
sentence level but also contrast word meanings known as 
tones at a lexical level. It remains unclear whether children 
with ASD from tonal language backgrounds show a deficit in 
the use of pitch at both levels. Therefore, the current study 
aims to exploit whether Mandarin-speaking children with 
ASD exhibit atypical lexical pitch production and whether 
their performance is influenced by semantic information in a 
disyllabic true and pseudo-words imitation task. Results from 
acoustic analysis demonstrated significant differences in pitch 
and duration measures between both subject groups and word 
types. 
Index Terms: disyllabic word, Mandarin, imitation, autism 
spectrum disorder 

1. Introduction 
Speech prosody conveys both linguistic and paralinguistic 
information through dynamic changes of acoustic cues, 
including pitch, duration, intensity, and voice quality. Among 
these cues, pitch has been thought of as the most salient one. 
Previous studies on the speech prosody production by 
individuals with autism spectrum disorder (ASD) have 
reported inconsistent results on the use of pitch at the sentence 
level. Early impressionistic studies reported monotonic or 
machine-like intonation of ASD speakers [1, 2], indicating a 
small pitch variation in speech. In contrast, recent instrumental 
acoustic studies demonstrated that individuals with ASD 
showed expanded pitch range and a higher degree of pitch 
movements in speech [3, 4].  

The above studies mainly focused on ASD individuals 
from non-tonal language backgrounds. In tonal languages such 
as Mandarin, pitch movements also mark phonological 
contrasts at a syllable level. For example, the syllable /ma/ 
with a high-level, rising, dipping, and falling pitch contour 
express different meanings of “mother”, “hemp”, “horse”, and 
“to scold”, respectively. A limited number of studies have 
investigated the tone production of individuals with ASD from 
tonal language backgrounds. For instance, Chen, Cheung and 
Peng [5] evaluated the imitation of Cantonese lexical tones by 
Cantonese- and Mandarin-speaking children with ASD. 
Results revealed that children with ASD exhibited increased 
pitch variations compared with typically developing children 
when imitating Cantonese citation tones. However, this 
difference was not found when they imitated nonspeech pitch 

contours, indicating the speech-specific atypicality of pitch 
production in ASD individuals. 

A separate body of literature on pitch perception reported 
that individuals with ASD showed superior pitch 
discrimination in pure-tone, melodic contour, speech, and non-
speech stimuli [6-8]. However, when pitch movements in the 
stimuli conveyed linguistic functions, individuals with ASD 
may demonstrate impaired pitch processing [9]. This 
phenomenon was explained by the Weak Central Coherence 
(WCC) theory [10], believing that individuals with ASD 
showed a deficit in the coherence of low-level acoustic cues 
(e.g., pitch) and high-level linguistic information in speech 
processing. Mandarin tones are just the case in which pitch 
movements (phonetical) and semantic contrast (phonological) 
are integrated. It remains unclear whether the tonal pitch 
production is modulated by the presence of semantic 
information in Mandarin-speaking ASD individuals. 

Taking together, in the current study, we conduct a 
production experiment on Mandarin disyllabic true words and 
pseudo-words imitation in children with and without ASD to 
explore: 1) whether ASD children exhibit different pitch 
variations compared with typically developing (TD) peers, and 
2) whether the presence of semantic information would hinder 
the tone production. The use of disyllabic words is due to their 
highest frequency in common words of Mandarin [11] and 
more dynamic use of pitch including phonological tone sandhi 
and phonetic tonal articulation effects. 

2. Method 

2.1. Subjects 

Eight Mandarin-speaking children with ASD and nine 
Mandarin-speaking TD children participated in this study. The 
children with ASD, including two girls, were recruited from 
two local rehabilitation institutions with a mean age of 6 years 
old. The TD children (three girls, 𝑀𝑎𝑔𝑒 = 7) were recruited 
from a local kindergarten. All the subjects speak Mandarin 
Chinese as their native language and have no history of vision 
or hearing impairment. The consent form was obtained from 
each child’s parent. Approval of the study was granted by the 
Research Ethics Committee of the School of Foreign 
Languages, Tongji University. 

All the ASD children were diagnosed with autism 
without intellectual disability in local hospitals before 
recruitment. Peabody Picture Vocabulary Test (PPVT) [12] 
and Combined Raven’s Test (CRT) [13] were further 
performed to match the verbal and non-verbal IQ of two 
subject groups, respectively. The results can be found in Table 
1. The results of the t-test showed that there was no significant 
difference in the non-verbal IQ between ASD children and TD 
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children (p > 0.05). However, the verbal IQ of the two groups 
showed a significant difference (p < 0.05). In order to 
eliminate the influence of verbal IQ on the experimental 
results, the correlations between the verbal IQ and acoustic 
measures were analyzed, which are presented in the Result 
section. 

Table 1: Verbal and non-verbal IQ of two groups. 

 ASD (n = 8) TD (n = 9) 
p 

 Mean ± SD Mean ± SD 
Verbal IQ 103.25 ± 21.80 122.22 ± 13.55 p = 0.03 * 
Non-verbal IQ 104.75 ± 9.02 107.33 ± 11.57 p = 0.68 

2.2. Recording materials 

The recording materials were 16 disyllabic true words and 16 
disyllabic pseudo-words in Mandarin with all possible 
combinations of four lexical tones, namely, the high-level tone 
(tone 1), rising tone (tone 2), low/dipping tone (tone 3), and 
falling tone (tone 4). All the true words are common nouns 
from fruits (e.g., apple), vegetables (e.g., corn), and daily 
necessities (e.g., toothbrush), which are familiar to children 
from 5 to 10 years old. Each pseudo disyllabic word consists 
of two valid syllables in Mandarin without meaning in 
combination (e.g., /bo1/ /kuɑ1/, numbers represent tone types). 
A female Mandarin speaker (20 years old) recorded all the 
disyllabic words as imitation prototypes in a soundproof room. 
Each word was repeated three times with a normal speech rate, 
from which the best one was chosen by a phonetically trained 
Mandarin speaker based on clarity and naturalness. 

2.3. Procedure 

The prototype stimuli were presented using the Praat 
ExperimentMFC function, with true words and pseudo-words 
in two separate blocks. The stimuli in each block were played 
randomly in a quiet room through a loudspeaker. Each subject 
was required to listen to the prototype stimuli and imitate the 
pronunciation. A practice session with three true words and 
three pseudo-words that were not included in the formal 
session was conducted first to familiarize subjects with the 
procedure. In the formal session, subjects’ imitations were 
recorded using a Zoom H6 recorder (Zoom Corporation, Japan) 
and an AKG C544 microphone (Samsung US, US) with a 
sampling rate of 44.1 kHz. The two blocks were 
counterbalanced across subjects. 

2.4. Pitch detecting 

All the recorded imitations were first assessed perceptually by 
a professional phonetician. As a result, 16 true words and 23 

pseudo-words imitated by the ASD children and 9 true words 
and 4 pseudo-words by the TD children were excluded due to 
low naturalness. Finally, 492 perceptually valid imitations in 
total (217 from ASD children and 275 from TD children) were 
used in the acoustic analysis. 

The rhyme of each syllable in each disyllabic word was 
manually segmented in Praat. PitchTiers were extracted with 
pitch ceiling and floor values set automatically according to 
each speaker’s pitch range using the Momel algorithm [14] to 
eliminate pitch halving and doubling errors. The extracted 
PitchTiers were further manually checked and corrected. 

3. Overview of pitch contours 
Figure 1 provides a general picture for tonal imitation of true 
and pseudo disyllabic words by ASD and TD children. We 
obtained the time-normalized pitch contours by measuring and 
averaging 20 equidistant pitch points for every annotated 
syllable using a Praat script. 10% of the leftmost and rightmost 
pitch points of each syllable were deleted to avoid the micro-
prosodic effects [5, 15]. Pitch points in Hertz were 
transformed to T values according to Equation (1) [16].  

T = ' !"#$!"%&'
!"%(#$!"%&'( ∗ 5                            (1) 

where x is a raw pitch point value in Hz, and max and min 
refer to the maximum and minimum pitch values for each 
speaker. 

As can be observed in Figure 1, children with ASD could: 
1) realize the tonal shapes of disyllabic words by and large; 2) 
undergo tone sandhi where tone 3 (low-dipping) becomes tone 
2 (rising) when followed by another tone 3 (as indicated with 
dotdash lines); 3) exhibit the carry-over effect of the preceding 
tone on the following tone due to tonal coarticulation (as 
shown with longdash lines). However, phonetic differences 
still occurred between ASD and TD children. Specifically, 
children with ASD produced a compressed tonal range with 
lower high pitch targets and this pattern was more obvious in 
pseudo-words. 

Based on the visual observation of figure 1, pitch-related 
measures were generated on the extracted pitch contours by a 
Praat script to portray both global and local pitch movements 
in disyllabic words. They were: (1) mean pitch of each 
disyllabic word; (2) pitch range of each disyllabic word; (3) 
max pitch in each disyllabic word; (4) min pitch in each 
disyllabic word; (5) standard deviation of pitch points in each 
disyllabic word (SD). In addition, (6) syllable rhyme duration 
was also extracted. 

 

 
Figure 1: Time-normalized pitch contours for disyllabic true and pseudo-words averaged across speakers in ASD and TD groups. 

(Due to space limitation, only disyllabic words with Tone 3 combined with Tone 1 to Tone 4 are presented.) 
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Figure 2: Pitch and duration measures of true and pseudo-words by ASD and TD children. 

(Points indicate mean values and error bars standard errors.) 
 

4. Results 
Figure 2 depicts the means and standard errors of pitch and 
duration parameters in the two word conditions, separated by 
subject group. At first glance, ASD children appeared to have 
a similar mean pitch, suppressed pitch range, and a smaller 
degree of pitch movements as compared to TD children. When 
looking at the difference between true and pseudo-words in 
each subject group, we could find that the distinction between 
word types in ASD children was larger than that in TD 
children on pitch range and SD. For rhyme durations, in 
pseudo-words, ASD children and TD children had similar 
rhyme durations in both initial and final syllables. In contrast, 
in true words, ASD children produced longer rhyme durations 
at both syllable positions.  

To examine whether our visual observation is statistically 
valid, linear mixed-effects (LME) models were fitted using the 
lmerTest package [17] in R [18]. We treated Group (ASD, 
TD), Word (true, pseudo), Tone (disyllabic tone combination 
of 11 to 44), and their interactions as fixed effects; Speaker 
(17 speakers) as a random effect; and the three pitch 
parameters as dependent variables. 

Statistical results showed that the effect of Group was 
marginally significant on pitch range, SD, but not on mean 
pitch (pitch range: χ2(1) = 3.7951, p = 0.06; SD: χ2(1) = 
3.8932, p = 0.06; mean pitch: χ2(1) = 0.2595, p = 0.6 > 0.05), 
indicating that children with ASD produced a slightly different 
global tonal range and different local pitch movements as 
compared to children with TD. However, their global pitch 
height was similar.  

The main effect of Word was also significant on mean 
pitch, pitch range, and SD (mean pitch: χ2(1) = 4.7405, p = 
0.03; pitch range: χ2(1) = 6.7816, p = 0.009; SD: χ2(1) = 
4.0134, p = 0.04). These results reflected that all the speakers 
produced different pitch patterns between true words and 
pseudo-words. To further evaluate the distinction between 
word types in each group, we conducted a multiple 
comparison analysis using the lsmeans package [19] with the 
Bonferroni adjustment. Results showed that true words had a 
significantly larger pitch range and SD than pseudo-words in 
ASD children (pitch range: p = 0.02; SD: p = 0.05), but no 
significant difference was found between word types on all 
pitch measures in TD children. These results confirmed our 
observation from Figure 2 that the distinctions of pitch range 
and SD between true and pseudo-words were larger for ASD 
children. 

Tone revealed a significant main effect on all the pitch 
measures (mean pitch: χ2(15) = 16.9928, p < 0.001; pitch 
range: χ2(15) = 20.5730, p < 0.001; SD: χ2(15) = 23.2902, p < 

0.001), confirming that different tone combinations of 
disyllabic words were realized with different pitch patterns. 

Finally, we also found significant interaction effects of 
Group × Tone on mean pitch (χ2(15) = 2.0256, p = 0.01); 
Word × Tone on pitch range and SD (pitch range: χ2(15) = 
1.8005, p = 0.03; SD: χ2(15) = 2.0946, p = 0.009); and Group 
× Word × Tone on pitch range and SD (pitch range: χ2(15) = 
2.3193, p = 0.003; SD: χ2(15) = 2.2512, p = 0.004), suggesting 
that two subject groups and two word types had different pitch 
patterns among various tone combinations in disyllabic words. 

Two separate LME models were fitted to the rhyme 
durations of the initial syllable and final syllable in disyllabic 
words separately, with Group, Word, and their interactions as 
fixed effects; Speaker (17 speakers) as a random effect. 
Results showed that there were significant main effects of 
Word on both initial syllable rhyme duration and final syllable 
rhyme duration (initial: χ2(1) = 12.7517, p < 0.001; final: χ2(1) 
= 18.0038, p < 0.001). Group and interaction effects were not 
found (all p > 0.05). Post-hoc multiple comparison test 
showed that at the initial syllable position, true words had 
significantly longer rhyme durations than pseudo-words in 
ASD children (p = 0.002) but not in TD children; at the final 
syllable position, both ASD and TD children produced 
significantly longer rhyme durations in true words than that in 
pseudo-words (p < 0.001 for ASD and p = 0.03 for TD), but 
the difference was apparently larger in ASD than that in TD. 

To identify the most important factors contributing to the 
differences between ASD and TD children in each word type, 
a random forest analysis implementing the randomForest 
package [20] in R was performed on the mean pitch, pitch 
range, SD, and duration measures. Max pitch and min pitch 
were also included in the classification model to check the 
importance of high and low pitch target movements.  

 
Figure 3: Results of random forest analysis with the highest 
mean decrease in Gini, stratified by word type. 
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range, SD, min pitch, and mean pitch (OOB estimate of error 
rate = 36.99%). For pseudo-words, duration also functioned as 
the most important parameter, followed by pitch range, max 
pitch, mean pitch, SD, and min pitch (OOB estimate of error 
rate = 35.77%). 

When comparing the results of linear mixed-effects 
models to the random forest analysis, we could find that the 
results of the two methods generally agreed. For example, the 
mean pitch of the two groups showed no significant difference, 
which was also ranked relatively low, showing a low Gini 
value for each word type. Besides, pitch range and max pitch 
ranked higher in both word types, indicating that ASD and TD 
children produced disyllabic words with different pitch range 
by adjusting the high pitch targets. 

Finally, as the children with ASD scored lower on their 
verbal IQ than the control group (see Table 1), Pearson’s 
correlation analysis was performed to test whether their 
acoustic performance of disyllabic words production was 
affected by their verbal IQ. Results showed that no significant 
correlation was found between verbal IQ and all the acoustic 
measures (mean pitch: r = 0.005, p = 0.28; pitch range: r = 
0.035, p = 0.44; SD: r = 0.031, p = 0.50; initial syllable 
duration: r = 0.084, p = 0.062; final syllable duration: r = 
0.082, p = 0.070), meaning that the difference of verbal IQ 
between two groups had no effect on their acoustic realization 
of disyllabic words. 

5. Discussion and conclusion 
This study examined the speech imitation of Mandarin 
disyllabic true and pseudo-words in children with and without 
ASD. Pitch-related measures and duration measures were 
compared between groups (ASD vs. TD) and word types (true 
vs. pseudo) to test whether ASD children exhibit different 
pitch variations compared with TD peers and whether 
semantic information affects their tone production. 

First, as shown in Figure 1, children with ASD could 
imitate the pitch contours in both disyllabic true and pseudo-
words, realizing the tonal distinctions successfully. Meanwhile, 
they also applied the tone sandhi rule in the Tone 3-Tone 3 
sequence and exhibited the carry-over effect of tonal 
coarticulation as shown in the Tone 3-Tone 2 sequence, where 
the Tone 2 (a rising tone) began to realize the high pitch target 
later due to the influence of the preceding Tone 3 (a low tone). 
This result confirms previous research on the feature of 
echoed speech in children with ASD that they could imitate 
pitch contours accurately [5]. It is believed that individuals 
with ASD showed enhanced local pitch processing ability [21], 
which might be the reason why they had no difficulty in 
imitating pitch contours in speech. 

Second, although the children with ASD in our study 
could realize the tonal contours in disyllabic words, they still 
demonstrated acoustic differences as compared to their TD 
peers. Statistical results of the linear mixed-effects models 
showed that the ASD children produced slightly narrower 
pitch range and smaller pitch variation than those of the TD 
children in disyllabic words, indicating that the ASD subjects 
in our study had a lower degree of pitch movements in the 
production of disyllabic words. This finding differs from Diehl 
et al. [3] (cartoon retelling speech in English) and Chen et al. 
[5] (Cantonese citation tone imitation) who found increased 
pitch variations in ASD individuals. A possible explanation 
for this inconsistency might be due to the different 

contributions of pitch in non-tonal and tonal languages and 
due to the different designs of recording materials. On one 
hand, the use of pitch for intonational purposes was found to 
be restricted in tonal languages since pitch was utilized 
primarily for lexical distinction [22][23][24]. This restriction 
might influence the children with ASD to a larger degree than 
the TD children in their word production as compared to the 
study from a non-tonal language background in [3]. On the 
other hand, our study used disyllabic words which require 
more efforts in pitch modulation due to the phonological tone 
sandhi rules and phonetic tonal coarticulations as compared to 
the study of Chen et al. [5], which used isolated citation tones, 
with no restriction of pitch production from surroundings. 
Besides, the requirements of maintaining tonal shapes in 
disyllabic words and in continuous speech are smaller than 
that in citation tones since listeners could distinguish 
meanings with the help of contents in the former situation. 
Taken together, the children with ASD might be troubled by 
the above restrictions to a larger degree due to their impaired 
coherence ability of high-level information processing [10]. 

Finally, when comparing the acoustic performance 
between true words and pseudo-words in ASD and TD 
children, we found that there were significant differences 
between true words and pseudo-words in the pitch range, SD, 
initial syllable rhyme duration, and final syllable rhyme 
duration for children with ASD. However, no significant 
differences were found in TD children except for the final 
syllable rhyme duration. These results suggest that the 
presence of semantic information has a larger influence on the 
children with ASD, which may be explained by their 
coherence deficit of integrating acoustic information with 
semantic information in speech processing [10]. Additionally, 
the distinction of duration measures between word types was 
larger than that of pitch range and SD, indicating a more 
reliance on the duration cue by ASD children, which could 
also be confirmed by the random forest classification analysis. 
The ASD children produced much longer durations in true 
words than in pseudo-words because of the higher functional 
loads in processing information with meaning. 

Despite these novel findings, several limitations remain in 
the way the study was conducted. First, given the small 
sample number of speakers in the ASD and TD groups, the 
conclusions need to be further tested to increase the 
generalizability of the study. Individual differences should 
also be examined. Finally, due to the larger OOB estimate of 
error rates in the random forest analysis, more cues, e.g., voice 
quality cues, should be added into the classification model to 
investigate the contribution of different cues in the speech 
production by children with and without ASD. 
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