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Atypical voice quality has been reported among children with autism spectrum disorder (ASD). Yet, it is unclear
which acoustic parameters played a crucial role in discriminating the voice of children with ASD from that of
their typically developing (TD) peers, especially those who speak a tone language. The current study carried out a
preliminary investigation of voice quality in Mandarin-speaking children with ASD using multidimensional
acoustic parameters, in an effort to seek the most robust cues using the Random Forest classification. Twenty
Mandarin-speaking children with ASD and twenty age-matched TD children participated in the lexical tone
production using a picture-naming task. Acoustic parameters included in this study were time-domain param-
eters: fundamental frequency (F0), the range of FO, the strength of excitation; spectral parameters: H1*-H2*,
H2*-H4*, H1*-Al*, H1*-A2*, H1*-A3*; and signal aperiodicity parameters: cepstral peak prominence,
harmonic-to-noise ratio, subharmonic-to-harmonic ratio, jitter, and shimmer. Results showed that except for
HNR and FO range, group differences (ASD vs. TD) were found in the other 11 parameters. Additionally, a 78.5%
accuracy rate was obtained for classification analysis between voice-quality features of children with and without
ASD, with shimmer and jitter as robust parameters. These results indicated that Mandarin-speaking children with
ASD tended to overexert and overstrained their voices. Especially for Tone 3 production, they notably exhibited a
higher FO with a less creaky voice, losing the typical voice-quality feature of T3. Although no voice disorders
were detected among Mandarin-speaking children with ASD, voice quality has the potential and supplementary
value for diagnosing ASD.

1. Introduction

Autism Spectrum Disorder (ASD) could be deemed as a group of
neurodevelopment disabilities characterized by significant difficulties in
social communications [1], as well as restricted, repetitive patterns of
behavior [2]. Individuals with ASD exhibit language and communicative
impairments compared with their typically developing (TD) peers [3].
For instance, atypical voice quality among individuals with ASD was
found in the speech of non-tonal language speakers [4-6]. However, it
remains unknown about the voice quality of autistic individuals who
speak a tone language in which the voice quality plays a crucial role in
discriminating the tonal categories. This study provides an investigation
of voice quality with multiple parameters in Mandarin-speaking chil-
dren with ASD.

The prosody (e.g., stress, intonation, and rhythm) among individuals
with ASD has been variously described as monotonous, robot-like [7],

dull, wooden, sing-songy [4], over-exaggerated, stilted [8], hoarse, and
harsh [9]. These subjective descriptions may reflect atypical vocal
characteristics among autistic individuals, resulting in the negative
perceptual assessment of listeners and eventually hampering social
communication and interaction [10-12]. Especially for children with
ASD, the communicative barrier probably exerts a long-termed and
irreversible impact on the development of social ability [13]. Clinically,
prosodic atypicality also has been listed as one of the diagnostic criteria
in the Autism Diagnostic Observation Schedule, 2nd Edition (ADOS-2
[14]).

The most frequently used acoustic parameter was fundamental fre-
quency (FO) when focusing on the prosody in ASD [6,11,12,15-17].
Higher FO and greater FO variations (standard deviation or range) were
characterized as prosodic features of ASD in the literature. Recently, the
strength of excitation (SoE) was also adopted in acoustic analysis for
ASD, generally indicating the strength in voicing [18]. Similarly, higher
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SoE was found among individuals with ASD [19].

The voice quality is also quantified in terms of the spectral tilt
[20-22]. To be more specific, the spectral tilt could be manifested by the
amplitude difference between the first two harmonics in dB (H1-H2),
and between the second and the fourth harmonics (H2-H4). Besides, the
spectral tilt was also measured with an amplitude difference between
the first harmonic and the harmonic nearest the first formant (H1-A1),
the second formant (H1-A2), and the third formant (H1-A3), respec-
tively [21]. A significantly lower spectrum tilt was found in the in-
dividuals with ASD [17], and it was reported that the value of “H1-A3"
might be the robust distinctive parameter as spectrum tilt for toddlers
with ASD [23].

Furthermore, signal periodicity parameters have been treated as
important acoustic measurements in clinical assessment. The cepstral
peak prominence (CPP), for instance, has been regarded as one of the
measurements of dysphonia in recent years [24,25]. Lower CPP values
indicated more noise perturbations in the vowel [26]. Additionally, the
harmonic-to-noise ratio (HNR) indicates the amplitude relationship
between the harmonic and noisy parts of a speech signal, lower HNR is
associated with more noise [27,28]. Subharmonic-to-harmonic ratio
(SHR) represents the amplitude ratio between subharmonics and har-
monics [29], with higher SHR suggesting increased noise. Note that the
noise perturbation from the vocal source might be caused by special
phonation types such as creaky and breathy voices [30]. Furthermore,
jitter and shimmer were recommended in non-invasive voice assessment
by the European Laryngological Society [31]. Jitter and shimmer refer
to the cycle-to-cycle perturbation in FO and amplitude, respectively
[32].

Among these parameters, higher absolute jitter was found in the
spontaneous speech of autistic children, and higher jitter contributed to
the “overall severity” of voice [33], measured by the Consensus
Auditory-Perceptual Evaluation of Voice (CAPE-V [34]). Furthermore, it
was reported that children with higher autism severity scores exhibited
significantly increased variabilities of CPP, HNR, and jitter [5].
Although the distinctive voice quality has been reported, the consistent
and quantitative evidence for ASD is still “extremely sparse” [16]. To the
best of our knowledge, there is a paucity of research on the voice quality
of tone-language-speaking children with ASD. Then, the question arises
whether and how the voice quality of autistic children who speak a tone
language is atypical compared with TD peers.

In tone languages like Mandarin Chinese, voice quality plays an
indispensable role in discriminating lexical tones. The Mandarin tonal
inventory includes four lexical tones: Tone 1 (T1, high-level tone), Tone
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2 (T2, mid-rising tone), Tone 3 (T3, low-falling-rising tone), Tone 4 (T4,
high-falling tone) [35], as shown in Fig. 1. Except for the high-level T1,
other tones (T2, T3, and T4) are contour tones that have notable pitch
varying across the whole syllable over time. Moreover, the creaky voice
is linked to lexical tones with a relatively low pitch such as T3 and T4
(only at the end of vowels) [36]. It was believed that the creaky voice
could act as the enhancement cue in discriminating T3 from T2, apart
from the FO [37,38].

Additionally, prosodic positions in Mandarin words may also exhibit
different voice qualities. Specifically for each lexical tone, the final
syllables showed a higher spectral tilt than non-final syllables [39].
Another tonal phenomenon concerning the prosodic position is T3
sandhi which only occurs in the non-final position [35]. In Mandarin
disyllabic words with underlying T3-T1/T2/T4, the preceding T3 un-
dergoes tone sandhi, realized as a low falling tone (namely T3 half-
sandhi). However, when followed by another T3 (T3-T3), the preced-
ing T3 changes to a rising tone perceptually close to T2 (namely T3 full-
sandhi). Pitch contours of T3 half- and full-sandhi are also shown in
Fig. 1. Still, the voice quality of T3 half-sandhi/full-sandhi remained
unrevealed in literature.

To date, studies concerning voice quality have applied automatic
classification analysis to predict the difference in voice features (e.g.,
[19,40]). Random Forest classification, for example, is an ensemble
learning method for classification [41,42]. This classification algorithm
makes it possible for us to understand the possibility of using acoustical
voice-quality parameters to diagnose ASD, and which parameter matters
most.

In a nutshell, the current study aimed to systematically explore the
voice quality of lexical tone productions by Mandarin-speaking children
with and without ASD via quantitative measures. We tried to answer the
following research questions: (a) Are there any atypical voice-quality
features in Mandarin-speaking children with ASD during lexical tone
production? (b) If so, would certain Mandarin lexical tone (T1, T2, T3,
and T4) or prosodic position [the first syllable (S1) and the second syl-
lable (S2)] affect the voice-quality features in ASD? (c) Which are the
relatively robust cues for diagnosing ASD?

2. Materials and methods

2.1. Participants

Twenty Mandarin-speaking children with ASD aged from 3;11 to 8;6
(year; month, Mage = 5;11, SDage = 14 months, 17 females, 3 males)
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Fig. 1. Four lexical tones and two T3 sandhi forms (full-sandhi vs. half-sandhi) in the Mandarin tonal inventory.
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were recruited from Cangzhou Research Centre for Child Language
Rehabilitation. Correspondingly, twenty age-matched TD peers aged
from 3;11 to 8;6 (Mage = 5;12, SDage = 14 months, 17 females, 3 males)
from Tuofu Kindergarten and Jiging Primary School were recruited as
the control group. All participants were born and raised in Cangzhou
city, and they had no congenital hearing loss or related diseases. The
parents of all child participants provided informed, written permission
for their children to participate. Furthermore, this research was
approved by the Research Ethics Committee of Cangzhou Normal Uni-
versity to ensure proper compliance with the informed consent
procedure.

In the current study, the autistic participants had already been
diagnosed with ASD clinically based on the DSM-5 [2] and ADOS-2 [14]
by the pediatricians and child psychiatrists in local hospitals. Before the
formal experiment, all participants took part in the test of language
ability [43] and nonverbal intelligence [44]. Results showed that the
children with ASD had lower language scores [t (20) = —8.87, p < .001]
and nonverbal IQ scores [t (37) = —8.41, p < .001], compared with TD
children.

2.2. Materials

Given that different lexical tones and prosodic positions in Mandarin
are linked to acoustic realizations, we chose the stimuli containing the
combination of four lexical tones (T1, T2, T3, and T4) at two syllabic
positions (S1 and S2). Each combination included three disyllabic words
such as toys, animals, fruits, and daily necessities, with 27 items in total
(see Appendix A). Additionally, each combination generally contained
both high and low vowels (i.e., [i] and [a]). For lexical items with
diphthongs, we mainly focused on the vowel segment of the nucleus. (i.
e., low vowel [a] in [ai] and [au]).

Due to the tone sandhi of T3 in the S1, three words of T3 half-sandhi
and full-sandhi were respectively selected. Note that the T3 half-sandhi
[31] is a low-falling tone, and the T3 full-sandhi [45] is a rising tone. The
T3 in S2, however, is uniformly realized as a dipping tone. Moreover,
both syllables of the target words of [tehi?! ¥3°] (“penguin”), [lau®®
xu? (“tiger”), and [tei®® mu®!] (“toy blocks™) were analyzed as
different items. Therefore, the actual number of target words was 24.

2.3. Procedure

The tonal production was carried out in a sound-isolated room at the
Cangzhou Research Centre for Child Language Rehabilitation. During
the experiment, the speech sounds of participants were recorded by an
external microphone (Shure MV51). The microphone was connected to a
computer via the USB audio interface with a sampling rate modulated to
44,100 Hz.

A picture-naming task was carried out to elicit target lexical items.
Twenty-four pictures corresponding to target words were presented
randomly via the mobile application for both Android- and iOS-based
platforms (c.f. [46]). All children were asked to produce the target
words. During the experimental session, the Mandarin-speaking exper-
imenter pointed to the picture, and asked the participant, “What is this?”
without any hint of picture names. If the participant successfully pro-
duced the target words, the experimenter would guide them to repeat
the word three times, and record their speech sounds. However, if the
child participant cannot utter the lexical item, the experimenter would
repeat the question. Occasionally, the participant still could not produce
the target word after reconsideration, then the experimenter would
continue this session by showing the next item picture. The ASD group
uttered 21.60 out of 24 pictures (SD = 2.85) on average, and the elicited
picture number was not different between ASD and TD groups [t (25) =
-1.31, p = 0.203].

After data collection, based on the perceptual judgment, two trained
phoneticians chose the best, accurate pronunciation (out of 3 times) as
the representative token of each lexical item (Cohen’s kappa = 0.65).
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Since the speech sounds of children with ASD might not be stable due to
their attention deficit, the best pronunciation for each item could
represent the highest production ability, and was included in the sub-
sequent data analysis. An example of a representative token from a
Mandarin-speaking autistic child and a TD child is shown in Appendix B.

2.4. Measurement and parameters

To obtain reliable voice-quality data, we manually identified the
vowel segment in each token and generated TextGrid files by Praat [47],
based on the onset and offset of the second formant in the spectrogram
[48].

The voice-quality features were acoustically measured by multidi-
mensional parameters such as time-domain parameters, spectral pa-
rameters, and aperiodicity [20]. In the current study, specifically, we
investigated FO, FO range, strength of excitation (time-domain); H1*-
H2*, H2*-H4*, H1*-Al*, H1%-A2*, H1*-A3* (spectral domain); CPP,
HNR25, SHR, jitter, and shimmer (signal aperiodicity). Except for jitter
and shimmer, the values of the other 10 parameters are time-varying,
which could be extracted using the VoiceSauce [49]. Values of local
jitter (%) and local shimmer (%) were extracted from each annotated
vowel using Praat [47].

To be more specific, fundamental frequency (FO) was calculated
using the STRAIGHT algorithm [50]. Given the relatively high FO values
produced by young children, we set the FO range from 100 to 700 Hz
during pitch tracking. Besides, all the raw FO values (in Hz) were
transformed into semitones (ST) with 100 Hz as the reference value for
children [51]. It should be noted that we obtained the values of FO and
formants data first, then manually checked and corrected errors for
further parameter extractions. For the spectral parameter, we selected
the corrected values (e.g., H1*~-H2*and H1*-A1*) based on the formant
information [52]. Moreover, the HNR25 means the value measured from
the frequency band of 0-2500 Hz, which is a common-used value within
HNRs (henceforth HNR) (cf. [40]).

After choosing the parameters of voice quality, all data was auto-
matically obtained from the VoiceSauce with a window size of 25 ms
[49]. Then we normalized the data length by selected values at 11
equidistant time-points over each annotated vowel. To avoid irrelevant
data fluctuation, the values at the first and last points were discarded,
allowing 9 time-point data submitted to the statistical analysis.

2.5. Statistical analysis

The statistical analysis was conducted in R [53]. Firstly, to analyze
group differences in each voice-quality parameter, a linear mixed-effect
model (LMM) was conducted by using the lIme4 package [54]. In each
LM, fixed factors were Group (ASD, TD), Syllable (S1, S2), Tone (T1, T2,
T3, T4), and their interaction (including two-way and three-way in-
teractions). Additionally, random factors were Subject and Lexical item,
and random slope and intercept were incorporated to make it maximally
generalizable across the data [55]. Therefore, for each parameter, the R
code for the full model was below:

Parameter ~ Group*Syllable*Tone+(1 4+ Group + Syllable + TonelSubject)+
(1 + Group + Tonelltem).

In total, we built 13 LMMs for all thirteen voice-quality parameters.
When fitting all models, the chi-square value and significance (p-value)
of the main or interaction effect were generated with the likelihood ratio
test, using the afex package [56]. If a significant p-value was detected in
each LMM, post-hoc pairwise comparisons were performed using the
Ismeans package with Tukey adjustment [57].

Secondly, after finding the voice-quality parameters discriminating
between ASD and TD groups, we estimated the relative contribution
among these parameters by conducting the Random Forest classification
analysis [41], using the randomForest package [42]. Then, all data were
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randomly separated into training and testing samples, which were
compiled with the machine learning methodology. To minimize the out-
of-bag (OOB) prediction error, we sought the optimal number of deci-
sion trees (“ntree” in the randomForest package), and the size of the
random features to split a node (“mtry” in the randomForest package)
when growing the trees [58].

3. Results

The mean values and standard deviations of all parameters are listed
in Table 1. Overall, except for the FO range and HNR, the LMM results of
other parameters showed a significant main effect of Group, or signifi-
cant interaction effects such as Group x Tone, Group x Syllable, and
Group x Syllable x Tone (see Table 2). More specific results of post-hoc
pairwise comparisons between groups in each LMM are shown in Fig. 2
(time-domain and spectral parameters), and Fig. 3 (aperiodicity
parameters).

3.1. Analysis of time-domain parameters

FO The statistical result suggested a main effect of Group [y*(1) =
12.28, p < .001], and an interaction effect of Group x Syllable [Xz(l) =
10.37, p < .01]. Results of post-hoc pairwise comparison (Fig. 2) showed
that ASD group exhibited higher FO pattern than TD group in both S1(p
=1.03, SE = 0.46, t = 2.24, p < .05) and S2 (p = 2.47, SE = 0.57, t =
4.35, p < .001).

FO range The result of the FO range, however, did reach any signif-
icant differences between the two testing groups (ps > 0.05; see Table 2).

SoE The analysis only showed a main effect of Group [y%(1) = 14.76,
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p < .001]. Post-hoc pairwise comparison indicated that ASD group
exhibited higher SoE values than TD group (f = 0.02, SE = 0.01, t =
3.83, p < .001).

3.2. Analysis of spectral parameters

H1*-H2* A main effect of Group was found in analysis of H1*-H2*
[Xz(l) =14.91, p < .001]. Specifically, the children with ASD showed
lower H1*-H2* values compared with their TD peers (f = -3.03, SE =
0.79,t =-3.82, p <.001).

H2*-H4* There was a main effect of Group in the LMM on H2*-H4*
[Xz(l) = 9.22, p < .01]. Post-hoc pairwise analysis indicated that the
ASD group had lower H2*-H4* values that TD group (8 = -3.53, SE =
1.21, t = -2.92, p < .01).

H1*-A1* The analysis consistently yielded a main effect of Group on
H1*-Al1* [Xz(l) = 14.55, p < .001]. Similarly, the H1*-A1* values of
ASD group were significantly lower than that of TD group ($ = -4.60, SE
=1.25,t=-3.68,p < .001).

H1*-A2* The significant main effect of Group was found in the LMM
on H1*-A2* [Xz(l) = 34.13, p < .001]. Relative to the TD group, the
ASD group similarly exhibited lower values of H1*-A2* (§ = -8.22, SE =
1.35,t=-6.10,p < .001).

H1*-A3* The result of the LMM exhibited a main effect of Group on
H1*-A3* [Xz(l) =22.99, p < .001]. Post-hoc pairwise analysis showed
lower H1*-A3* values among children with ASD (f =-9.35, SE =1.94, t
=-4.83,p < .001).

Table 1

The mean values and standard deviations (in brackets) of 13 voice-quality parameters measured from disyllabic-word production by Mandarin-speaking children with
autism spectrum disorder and typically developing children.

FO FO SoE H1*-H2* H2*- H1*- H1*- H1*- CPP HNR SHR Jitter Shimmer
Group  Syllable  Tone  (ST) range (%) (dB) H4* Al* A2* A3* (dB) (dB) (%) (%) (%)
(ST) (dB) (dB) (dB) (dB)
ASD S1 T1 21.07 1.42 12.55 0.93 —6.90 7.08 7.76 —5.44 22.06 44.57 1.59 0.74 4.87
(2.90) (1.35) (4.72) (8.17) (10.61) (7.34) (9.74) (15.90) (3.36) (10.56) (7.59) (0.51) (2.97)
T2 18.26 1.76 11.00 3.55 -1.94 15.02 11.22 3.20 21.31 39.43 9.17 0.87 5.97
(3.47) (1.79) (4.67) (6.92) (10.23) (7.55) (9.37) (11.91) (3.79) (10.45) (23.49) (0.44) (3.34)
T3 18.44 1.86 10.75 2.10 -2.16 11.10 10.35 —-0.31 21.82 42.12 10.53 0.94 5.39
(3.94) (1.83) (4.84) (8.10) (9.78) (8.34) (10.09) (13.97) (3.91) (11.24) (26.63) (0.59)  (2.63)
T4 21.17 2.55 11.96 —0.44 —4.65 9.64 6.57 -3.05 21.79 36.06 3.71 1.01 5.10
(3.56) (2.05) (4.78) (7.62) (11.88) 8.77) (10.53) (14.81) (3.77) (11.74) (13.43) 0.66) (2.37)
S2 Tl 21.40 1.59 13.44 0.26 —2.77 8.46 8.89 —0.99 22.89 40.88 3.34 0.68 4.71
(2.96) (1.70)  (4.55) (8.62) (10.60) (8.62) (10.15) (18.29) (3.92) (11.32) (15.60) 0.42) (2.39)
T2 18.91 2.48 9.80 3.99 —-2.28 12.47 11.67 —0.64 22.48 38.85 10.14 0.91 5.37
(4.34) (2.07)  (4.40) (7.58) (10.03) (7.27) (7.72) (14.06) (4.26) (10.49) (25.46) (0.60)  (2.49)
T3 16.54 1.24 9.85 4.26 —-3.05 14.51 12.96 —0.40 21.93 44.25 16.95 0.94 5.10
(5.07) (1.27) (4.50) (6.75) (11.05) (8.11) (9.60) (15.83) (4.11) (10.12) (31.30) (0.95) (1.79)
T4 20.68 2.49 10.32 2.41 —-1.64 14.04 11.08 2.03 22.79 34.81 5.93 0.98 5.79
(4.04) (1.87)  (5.10) (7.46) (13.47) (8.86) (9.81) (14.17) (3.85) (9.39) (18.29) 0.47) (299
TD S1 T1 20.50 2.10 11.82 2.67 —6.64 8.78 12.96 -1.84 21.94 40.51 2.85 0.53 5.53
(3.58) (4.52) (5.21) (9.35) (12.18) (10.58) (10.23) (15.46) (3.20) (13.29) (13.55) (0.36)  (4.40)
T2 17.42 1.67 8.46 5.00 3.54 18.18 19.54 12.59 21.81 40.49 4.05 0.75 7.57
(3.23) (3.83) (3.85) (7.74) (9.19) (11.07) (12.68) (12.38) (3.36) (10.20) (17.36) (0.46)  (4.26)
T3 17.26 1.45 8.65 5.80 0.65 16.16 19.73 10.35 21.00 39.18 11.81 1.12 7.63
(3.58) (2.38)  (4.49) (7.55) (9.76) (12.04) (11.40) (15.71) (3.73) (11.06) (28.06) 1.37) (411
T4 19.92 2.49 10.52 3.91 -1.10 13.43 16.25 4.07 22.37 36.30 5.52 0.93 7.62
(3.63) (4.65)  (5.18) (7.65) (12.23) (13.23) (12.59) (18.85) (2.69) (13.69) (18.95) (0.45)  (3.91)
S2 T1 19.24 1.81 11.04 4.49 —0.45 12.91 16.83 8.89 23.39 42.89 5.72 0.38 4.54
(3.87) (4.07) (459 (9.81) (10.60) (11.23) (9.56) (18.56) (2.52) (14.33) (20.98) (0.22)  (2.65)
T2 17.11 2.02 6.93 6.59 2.38 17.88 19.88 10.11 22.60 41.06 12.73 0.68 5.90
(3.77) (292) (3.79) (5.60) (10.40) (8.07) (9.16) (12.24) (3.10) (10.43) (29.83) (0.29) (2.84)
T3 13.17 0.86 6.63 5.45 1.02 17.89 18.84 7.34 19.50 42.37 30.80 2.23 9.86
(4.99) (2.76)  (4.02) (6.70) (10.18) (11.44) (10.96) (16.88) (4.12) (12.45) (36.73) (229) (5.81)
T4 18.55 1.77 8.45 5.39 2.75 20.29 20.11 14.89 22.95 31.94 5.44 1.04 7.44
(3.53) (2200 (3749 (7.56) (12.00) (11.94) (12.65) (13.28) (2.99) (9.81) (19.15) (0.68)  (4.42)

Note. ASD = autism spectrum disorder, TD = typically developing; ST = semitone; dB = decibel; FO = fundamental frequency; SoE = strength of excitation; H;*-H;* =
corrected amplitude difference between the (i)th harmonic and the (j)th harmonic; H;*-A;* = corrected amplitude difference between the (i)th harmonic and the

harmonic closet to the (j)th formant; CPP = cepstral peak prominence; HNR = harmonic-to-noise ratio; SHR = subharmonic-to-harmonic ratio.
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Table 2
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Chi-Square results of model comparisons for the effect of Group, the two-way, and three-way interaction effects concerning the Group factor on the voice-quality

parameters. Boldface indicates the significant findings.

Effect FO FO SoE H1*-H2* H2*-H4 H1*-Al* H1*-A2* H1*-A3* CPP HNR SHR Jitter Shimmer
range )

Group 12.28%**  0.19™* 14.76*** 14,917+ 9.22%* 14.55°**  34.13***  22,99**  0.19™ 0.87™ 1.92™ 0.67"% 11.16%**
S. S. S.

Group x Syllable 10.37** 0.74™ 0.94™ 0.00™* 0.04™* 0.42"™* 0.11™* 0.53™* 0.35™ 0.05™ 5.21* 2.68™* 0.03™*
s. s.

Group x Tone 0.77™% 4.09™* 2.03™* 0.74™% 1.38™* 0.39™* 1.10™% 0.92™* 10.59 2.76™ 4.87™ 14.98 36.70"**
s. s.

Group x Syllable 1.69™¢ 0.43"% 1.17% 3.00™% 0.40™* 1.35™% 2.11%% 15.30**

x Tone

2.11™% 1.25™ 1.43™ 7.80™ 20.11

s. s. s.

Note. FO = fundamental frequency; SoE = strength of excitation; H;*-H;* = corrected amplitude difference between the (i)th harmonic and the (j)th harmonic; H;*-A;*
= corrected amplitude difference between the (i)th harmonic and the harmonic closet to the (j)th formant; CPP = cepstral peak prominence; HNR = harmonic-to-noise

ratio; SHR = subharmonic-to-harmonic ratio.
n.s. = not significant.

" p <.05.

" p <.01.

" p <.001.

3.3. Analysis of signal aperiodicity

CPP The statistical analysis of CPP showed a significant interaction
effect of Group x Tone [XZ(S) = 10.59, p < .05]. As shown in Fig. 3,
results of pairwise comparison indicated that only when producing T3,
children with ASD had higher CPP values than their TD peers (f = 1.62,
SE = 0.63, t = 2.58, p < .05). Unlike the above spectral parameters, the
group difference of CPP was only confined to T3.

HNR The result showed neither a main effect of Group nor the group-
related interaction effect (ps > 0.5; see Table 2), indicating that HNR
(0-2500 Hz) could not discriminate the voice quality between children
with and without ASD.

SHR A significant interaction effect of Group x Syllable was found on
SHR [xz(l) =5.21, p < .05]. Post-hoc pairwise comparison showed that
ASD group only exhibited significantly lower SHR values when pro-
ducing T3 in the S2 (p =-0.14, SE = 0.04, t =-3.46, p < .001), compared
with TD peers.

Jitter The result showed a two-way interaction effect of Group x Tone
[X2(3) = 14.98, p < .01], and a three-way interaction effect of Group x
Syllable x Tone [XZ(S) = 20.11, p < .001]. Results of pairwise compar-
ison suggested that ASD group had significantly lower jitter values than
TD peers only when producing T3 in the S2 (f =-0.013, SE = 0.003, t =
-4.144, p < .001).

Shimmer The analysis yielded a main effect of Group [x%(1) = 11.16,
p < .001], two-way interaction effect of Group x Tone [X2(3) =36.70,p
< .001], and three-way interaction effect of Group x Syllable x Tone
[%(3) = 15.30, p < .01]. Specifically, in terms of the S1, the ADS group
had lower shimmer values when producing T2, T3, and T4; for the S2,
the ADS group exhibited lower shimmer values than the TD group when
producing T3 and T4 (see Appendix C).

3.4. The Random Forest classification analysis

Based on the above results of the linear mixed model, the HNR and
FO range were excluded due to their inapplicability to differentiate ASD
and TD groups in any syllables and tonal categories, allowing the other
11 parameters to enter the analysis of Random Forest classification [41].
Firstly, we wondered about the classification accuracy (ASD vs. TD)
predicted by the voice-quality parameters. Then, within the 11 param-
eters, we aimed at seeking the relative contributions to the classification
of children with and without ASD by using the Random Forest algorithm
[42].

The input data was divided into train and test subsets with a 7:3
ratio, respectively. By using the “tuneRF” function of the randomForest
package (in R), we found the optimal value of 4 as the number of vari-
ables randomly sampled at each split (“mtry”) to minimize the OOB

prediction error. Then we set the number of trees as 500, given that the
OOB errors often stabilized before this number when growing the trees
[40]. This number was further checked by the “plot” function visually.
After setting “mtry” (4) and “ntree” (500), the random forest model was
trained and its error rate of OOB was 22.2%.

Then we used the “confusionMatrix™ function of the caret package
(in R), to evaluate the classification accuracy of the model with the
separate test set. Results of the confusion matrix showed that ASD and
TD were predicted with an accuracy rate of 78.2% and 78.7%, respec-
tively. Overall, the test classification accuracy of the random forest
model was 78.5%. The random forest model’s sensitivity and specificity
were estimated to be 76.5% and 80.2%, respectively. Moreover, the
three most important predictors differentiating ASD and TD groups were
Shimmer, Jitter, and H1*-A2* according to the mean decrease accuracy
(see Fig. 4).

4. Discussion

This study aimed at exploring the voice quality in lexical tone pro-
duction by Mandarin-speaking children with ASD using various acoustic
parameters. Based on the findings, we could answer the research ques-
tions and discuss the underlying clinical implications.

4.1. Normal (nonpathological) voice in tone-language-speaking children
with ASD

Voice-quality parameters such as HNR, jitter, and shimmer have
been recommended in non-invasive voice assessment by the European
Laryngological Society [31]. For the voice quality of children with ASD,
various subjective descriptions in literature [4,7] motivated us to
wonder whether they had voice disorders. The current study measured
the 13 voice-quality parameters of Mandarin-speaking children with
ASD, offering a valuable window to evaluate their voice quality.

Table 1 shows the mean and SD values of parameters between ASD
and TD groups among different tones and syllables. It is noteworthy that
some of their SDs were even greater than the means, such as FO range,
SHR, and all spectral parameters. For spectral parameters (e.g., H1-H2),
the values varied from negative to positive numbers with a bi-modal
distribution. Likewise, the SHR data were also non-normally distrib-
uted under most circumstances (c.f. [29]). Besides, the relatively high
SD of the FO range might be attributed to the tonal development in 3- to
8-year-old child participants. It was reported that tonal productions by
TD children varied according to age and were not adult-like before 5
years old [51], let alone children with ASD who exhibited substantially
individual differences [59]. To make it less complicated, we only dis-
cussed the grand mean and SD values for each group as the baseline
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Fig. 2. The differences between ASD and TD groups in terms of FO (a), FO range (b), SoE (c), H1*-H2* (d), H2*-H4* (e), H1*-A1* (f), H1*-A2* (g), and H1*-A3* (h).
The bars indicate the 95 % confidence interval. Asterisks indicate the significant findings in post-hoc test, *p < 0.05, **p < 0.01, ***p < 0.001.

values as follows.

Values of jitter and shimmer are widely used in the automatic
diagnostic tool or application of voice pathology detection [60]. Previ-
ous studies demonstrated that values of these two parameters were
highly sensitive to confounding factors such as age, and gender [61,62].
It is easy to understand since the length and thickness of the vocal cord
grow continually as a function of age and vary according to gender
differences [63]. The empirical study indicated that values of jitter and
shimmer tended to decrease with age, so that values of children likely
exceeded the upper limited values of adults [62]. Therefore, it is more
appropriate to compare our results with the reference values for

children, rather than the standard values for adults.

In the present study, the mean jitter values of Mandarin-speaking
children with and without ASD were 0.89% (SD = 0.6%) and 0.99%
(SD = 1.18%), respectively. These results are generally within the
typical ranges (0.27%-1.27%) in 5- to 9-years-old children without
speech disorders [64]. As for shimmer, the mean values of Mandarin-
speaking children with and without ASD were 5.30% (SD = 2.64%)
and 7.14% (SD = 4.48), comparable with typical ranges (4.34%-
14.40%) in children without speech disorders [64].

Moreover, other important diagnostic parameters for voice quality
are CPP and HNR. CPP has been identified as a promising and potentially
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Fig. 4. The relative contribution of voice-quality predictors to the classification
of children with and without ASD (ASD vs. TD), measured by the mean decrease
in accuracy from the Random Forest algorithm.

robust measurement of dysphonia in recent years [24,25]. Based on the
CPP values of 13- to 93-year-old patients in the voice disorders database,
it has been proposed that a CPP value below 11.46 dB (for sustained
vowels) might indicate the presence of voice disorder [65]. Our results
showed that the mean CPP values of Mandarin-speaking children with
and without ASD were 22.10 dB (SD = 3.91 dB) and 21.81 dB (SD =
3.50 dB), respectively, which were far beyond the threshold. On the
other hand, it was reported that HNR values below 7 dB could be
considered pathological [60]. Our results showed that the mean HNR
values for Mandarin-speaking autistic children and their TD peers were
40.36 dB (SD = 11.21 dB) and 39.17 dB (SD = 12.29 dB), respectively.
Thus, the CPP and HNR of both ASD and TD groups were generally
beyond threshold values in the clinical assessment, indicating that both
groups had no larynx diseases and disorders.

Judging from jitter, shimmer, CPP, and HNR, the voice quality of
Mandarin-speaking children with ASD is not pathology-related, albeit
with the mixed subjective descriptions towards them [4]. Their voices
could be hardly considered dysphonic since the values of measurements
were well beyond the cutoff threshold. Furthermore, more research
should be done to set a database for a comprehensive vocal assessment
for children covering different age ranges since most healthy voice-
quality criteria were established based on infants and adults [61].
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4.2. Vocal behavior- and language-related a typicality in Mandarin-
speaking children with ASD

Despite the voice quality among Mandarin-speaking children with
ASD was not pathological, their acoustical voice-quality signals were
atypical during lexical tone production compared with TD children.
Except for HNR and FO range, group differences were widely found in
multidimensional parameters within or across syllabic positions and
lexical tones. The implications of these differences were discussed
below:

4.2.1. Time-domain parameters

Results suggested that both FO and SoE in children with ASD
significantly exceeded those in TD children regardless of prosodic po-
sitions and lexical tones. Higher FO mean in ASD are consistent with
numerous studies [6,11,12,15-17], and match the subjective judgment
such as “squeal” and “over-exaggerated” [8]. Additionally, significantly
enhanced SoE among individuals with ASD was also reported in the
literature [19]. In a nutshell, results indicated that Mandarin-speaking
children with ASD abnormally exhibited greater strength in voicing,
which could be treated as excitation source characteristics in ASD.

4.2.2. Spectral parameters

Analyses of all parameters indicated that spectral tilts (e.g., H1*-H2*
and H1*-A1*) were lower in the ASD group than in the TD group. Lower
values of spectral tilts, to some degree, suggested that children with ASD
exhibited significantly rapid adduction of their vocal folds, perceptually
judged as a strained (or pressed) voice [66]. Note that the strained voice
was found across all syllabic positions and lexical tones, that is to say,
this might be a general vocal fold vibratory feature among individuals
with ASD.

4.2.3. Signal aperiodicity

The significant difference in signal aperiodicity between the two
groups mainly occurred in the production of T3 (e.g., CPP and
Shimmer), especially the T3 in the final syllable (e.g., SHR and jitter).
Compared with TD children, Mandarin-speaking children with ASD
showed higher CPP values but lower values of SHR, jitter, and shimmer
when producing T3. Note that the T3 in Mandarin is a dipping tone
accompanied by the feature of creaky voice as an important tone feature
[36,37]. The creaky voice often results in irregular (aperiodic) wave-
form patterns, acoustically manifested by lower values of FO, CPP, and
HNR, but higher jitter values and SHR values [45]. As Fig. 2 and Fig. 3
show, TD children produced T3 with creaky voices, while children with
ASD could not fully realize this dipping-tone-discriminating feature as
well as TD peers.

In conclusion, the atypical voice quality of Mandarin-speaking chil-
dren with ASD is reflected by overexerting and overstraining their voice
in lexical tone production. Therefore, this general result has responded
to our first research question. In regard to the second research question,
especially when producing the T3 in the final syllable, children with ASD
exhibited higher FO with a less creaky voice, losing the typical tone
features in terms of pitch height and phonation type of T3 [37,38].

4.3. Potential and supplementary value for diagnosing tone-language
speakers with ASD

The result of the Random Forest classification provided us with three
crucial pieces of information, that is, shimmer, jitter, and H1*-A2*
contributed higher to discriminating the voice quality between ASD
and TD groups. Moreover, voice quality might be considered as a po-
tential acoustic biomarker for Mandarin-speaking children with ASD,
since the classification accuracy rate reached 78.5%.

Traditionally, many studies demonstrated the prosodic atypicality in
ASD using various acoustic parameters such as FO (FO variations) and
HNR [10-12], but without a conclusion on detecting the most useful
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parameters to identify ASD. To date, automatic classification systems
have been adopted to clarify ASD by acoustic parameters (e.g.,
[19,67,68]). The Random Forest classification, for instance, allows us to
understand the hierarchy of importance of acoustic parameters [41].
This study found that the shimmer and jitter were the most crucial two
parameters identifying the voice quality in Mandarin-speaking children
with ASD. When producing T3, Mandarin-speaking children with ASD
showed fewer perturbations of both pitch and intensity, resulting in the
absence of inherently low (and irregular) FO and creaky voice of T3.
These might be the most robust acoustic cues for Mandarin speakers
with ASD, corroborating the lowest rating towards their T3 production
(vs. T1, T2, and T4) by trained phoneticians [69].

Regrettably, a classification accuracy rate of 78.5% was obtained in
our study, slightly lower than 80%. To account for this, we should take
the well-known individual differences of ASD into consideration [59].
The voice description of autistic individuals is not consistent, variously
described as “monotonic, song-singy, harsh, hoarse, etc” [4,7]. Besides,
the number of participants with ASD and lexical items in this study was
also limited, and a larger data size is needed to obtain a more reliable
result.

In summary, atypical voice quality could be seen as the potential
biobehavioral marker for ASD. Clinically, shimmer and jitter in T3
production might be the most robust cues for Mandarin-speaking chil-
dren with ASD. That is also the answer to our third research question
raised before. For Mandarin-speaking young children exhibiting early
signs and symptoms of ASD, the non-invasive voice-quality assessment
would have the supplementary value for diagnosing ASD.

5. Conclusions

This study investigated the voice quality of Mandarin-speaking
children with ASD and their TD peers using 13 acoustic parameters, i.
e., FO, FO range, SoE (time-domain parameters), H1*-H2* H2*-H4*,
H1*-Al*, H1*-A2*, H1*-A3* (spectral tilt), CPP, HNR, SHR, jitter, and
shimmer (signal aperiodicity). Then, the parameters discriminating
voice quality between two groups were utilized for automatic classifi-
cation by using the Random Forest algorithm to find out robust acoustic
parameters to diagnose ASD. Results of statistical analysis showed that
except for HNR and FO range, notable group differences were found in
other 11 parameters either across all prosodic contexts or within a
certain lexical tone. Besides, an accuracy rate of 78.5% was obtained in
Random Forest classification, indicating shimmer and jitter were the
two crucial parameters that contributed mostly when diagnosing ASD.
Based on these parameters, although Mandarin-speaking children with
ASD had no obvious voice disorders, they tended to overexert and
overstrain their voices, resulting in atypical voice quality, especially
when producing the dipping tone of T3. Clinically, the voice-quality
assessment has potential and supplementary value for diagnosing
Mandarin speakers with ASD.
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the work reported in this paper.

The target words were classified into four lexical tones (T1, T2, T3, and T4) and two prosodic positions (S1 and S2). In the initial syllable, the tonal
representations of T3 include half-sandhi and full-sandhi. Boldface indicates the target syllable.

Syllable T1 T2 T3 (half-sandhi/ full-sandhi) T4
s1 Rtei®®] K Aipru®15 18 [tehi®'1 38 My # SItehi®'] B
Toy blocks Grape Penguin Umbrella Balloon
Bu> BE [mo®1 55 L= 3 [ma®] Rt F
Tortoise Magic cube Potato Toilet Rabbit
#[po™°1 & A& [ma®]17E Bsu®1H £ [lau®] & K [ta%1] 5
Pineapple Bread twist Potato chips Tiger Elephant
s2 B[] HHE [thu®] EHK [mi*] A [mu®"]
Slide Puzzle Corn Toy blocks
1B [ts™°] BE [mei®’] 5 [xu?'] B [tshai®']
Orange juice Strawberry Tiger Cabbage
RUE [tshr>S] 38 %] D [ma2l4] FE [thau®']
Windmill Penguin Zebra Gloves
Appendix B

The waveform, spectrogram, FO contour, spectral slice (in the middle point of a vowel), and cepstrum (in the middle point of a vowel) of the final
syllable in “tiger” [xu214] from a Mandarin-speaking autistic child (a) and a Mandarin-speaking TD child (b).
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Appendix C

Tukey adjusted post-hoc comparison of shimmer values between the ASD group and TD group across prosodic positions (S1, S2) and lexical tones

(T1, T2, T3, T4). Boldface indicates the significant findings.

Parameter Syllable Tone

estimate

df t

contrast SE p
Shimmer S1 T1 ASD-TD —0.007 0.007 140 —0.926 0.3561
T2 ASD-TD —0.017 0.008 168 —2.238 <0.05*
T3 ASD-TD —0.023 0.006 71 —3.694 <0.007***
T4 ASD-TD —0.025 0.007 140 —3.470 <0.007***

10

(continued on next page)
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(continued)
Parameter Syllable Tone contrast estimate SE df t P
S2 T1 ASD-TD 0.002 0.008 186 0.241 0.810
T2 ASD-TD —0.006 0.007 148 —0.837 0.404
T3 ASD-TD —0.048 0.007 143 —6.503 <0.001 ***
T4 ASD-TD —0.017 0.007 145 —2.268 <0.05*
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