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ABSTRACT 

 

The present study examined the production 

performance of Mandarin lexical tones by 

prelingually deaf children with cochlear implants 

(CIs). The main purpose was to obtain a 

comprehensive understanding about how CI children 

acquired lexical tones in Mandarin Chinese. The 

results showed that, compared with normal-hearing 

(NH) children, CI children followed the universal 

development order to tone acquisition but displayed 

more articulatory errors and more diverse error 

patterns; successfully maintained the pitch contour of 

each lexical tone but at the cost of pitch height and 

pitch slope; strategically relied more on “creaky voice” 

to realize the low-dipping property of Tone 3; 

acoustically performed better in Tone 1 and Tone 2, 

yet still categorically overlapped. Significant 

correlation was found between Mandarin lexical-tone 

accuracy performance and the length of CI device use 

but no systematic correlation between F0 

measurements and the use of CI devices. 

  

Keywords: Cochlear implants, lexical-tone, accuracy, 

F0, acoustic distance 

1. OBJECTIVES AND BACKGROUND 

Previous studies demonstrated that cochlear implants 

(CIs) enabled a number of severely hearing impaired 

individuals to access auditory information and 

effectively improve speech perception as well as 

speech production skills to some extent (e.g. [1, 24, 

29]). However, by directly converting the acoustic 

signals to electrical impulses, pitch information is not 

explicitly presented in the electrical stimulations in 

current cochlear implant technology [17], thus 

resulting in deficits in the recognition of lexical-tone, 

speech-intonation, melody and other pitch-related 

complex acoustic stimuli [9], [19], [28]. 

In tone languages such as Mandarin Chinese, pitch 

not only carries the lexical meaning of a syllable but 

also conveys various expressive functions of a 

sentence. So much information relies on the pitch 

variation that it becomes a particular challenge to CI 

users who speak tone languages. In fact, evidence has 
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shown that their performance on tone perception and 

production is far from satisfactory.  

Mandarin Chinese has altogether four distinct tone 

patterns. Each is distinguished by its distinctive pitch 

contour (F0 contour) as well as pitch height (F0 

height). In general, Tone 1 is a level tone located in a 

relative high F0 region; Tone 2 is a rising tone but the 

onset of the rise occurs in the middle region of the F0 

range and ends at a point approaching the F0 height 

of Tone 1; Tone 3 is a low-dipping tone, typically 

with a slowly falling dipping and a small rise toward 

the end (there are other atypical free variants: low 

falling and low dipping with creaky voice [4], [5]); 

Tone 4 is a falling tone, starting high and falling to 

the bottom of the range [29]. Previous studies have 

shown that Tone 2 and Tone 3 are more confusable 

than other tonal pairings to native speakers and are 

also the last to be acquired by Mandarin-speaking 

children with normal hearing [2], [12], [14]. 

For Mandarin-speaking children with cochlear 

implants (CIs), some findings are slightly 

controversial. For example, some previous studies 

demonstrated that Tone 1 and Tone 4, lack of dipping 

property, were mastered earlier than Tone 2 and Tone 

3 (e.g. [6, 23, 25]); while some showed that Tone 4 

was the most challenging to acquire, due to its 

shortest duration (e.g. [7]). Moreover, some studies 

confirmed that age at implantation and the length of 

CI device use were both found to be significant 

contributors for tone production and perception in CI 

children [18]; while some claimed that only age at 

implantation matters [13]. 

The present study will examine the tone production 

by prelingually deaf Mandarin-speaking children 

with CIs. Meanwhile, the effects of CI devices on the 

tone production will also be explored. The main 

purpose is to obtain a comprehensive understanding 

about how CI children acquire Mandarin lexical tones. 

Three research questions are proposed:  

1. To what extent the children with CIs can 

accurately produce Mandarin lexical tones, in 

terms of accuracy and confusion pattern? 

2. What are the acoustic differences in tone 

patterns between CI and NH children, in terms 

of F0 measurements?  
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3. How are the children’s post-implant tone 

production skills associated with the factors of 

CI devices? 

2. METHOD 

2.1. Stimuli and procedure 

Each participant produced a list of 113 isolated 

Mandarin monosyllables that contained all the target 

lexical tones and were phonemically balanced. All the 

target words were elicited through a modified 

imitative task and randomised in order not to be 

predictable. For each target word, the participants 

first heard an audio prompt naturally produced in a 

citation form by a female native Mandarin speaker 

and were then asked to repeat the word once 

immediately after the audio prime (repetition was 

allowed). The reasons for using audio prompt instead 

of an adult clinician’s utterance are first to avoid the 

possible exaggeration by the clinician to facilitate the 

child’s best production [27], and second to maintain 

the homogeneity for each target stimuli.  

2.2. Participants 

Altogether, 21 prelingually deaf Mandarin-speaking 

children with unilateral multi-channel CIs (12 male 

and 9 female) were recruited and 11 NH children (4 

male and 7 female) were used as a baseline. The CI 

participants were aged between 4.33 to 12.33 years 

(mean: 9.29 years) at the time of recording and their 

average length of CI experience was 6.37 years. All 

of them were non-verbal prior to implantation and 

were reported to have no visual, developmental or 

cognitive problems except for a hearing impairment. 

Most of them received their implants before the age 

of 4 years (averagely 2.92 years), which was claimed 

to be a crucial age for tone acquisition by previous 

studies [19], [31]. After the surgery, all of them 

received intensive speech and language training at 

professional rehabilitation centres in Shanghai and 

mainly used oral communication. Detailed 

demographic information for CI children is omitted 

due to the length limitation.  

The average age of NH participants were 7.38 

years (range from 3.5 to 10.58), chronologically 

slightly younger than the CI group, but the length of 

acquiring lexical tones was nearly the same as the CI 

group. All had been reported without language or 

speech impairments. All participants use spoken 

Mandarin at home and in their daily life. 

2.3. Data analysis 

Both NH and CI participants’ speech samples were 

first transcribed by two native Mandarin speakers 

trained in phonetics and if there was inconsistency 

between the two transcribers, the first author double-

checked it and made a final decision. The transcribers 

were instructed to code the tone production as 

accurate (including acceptable but distorted) or 

mispronounced. The mispronounced sounds were 

then analysed for the accuracy and confusion pattern.  

After transcription, all speech samples (except 

those mispronounced ones), were annotated for 

further acoustic analysis in Praat [3]. Acoustic 

analysis mainly focused on the measurement of 

fundamental frequency (F0), as it was proved to be 

the primary acoustic parameter to characterize 

Mandarin lexical tones, though other parameters like 

intensity and duration also counted [11], [16], [29]. 

The onset and offset of vowels were manually 

labelled by referring to the change of F2 in the 

spectrogram [15]. Then, the F0 of the vowel at ten 

equidistant points were extracted in “ProsodyPro” 

[32], thus all the F0 measurements (including the 

minF0, maxF0 and meanF0) of vowels for all 

stimulus syllables were obtained. Meanwhile, all raw 

F0 values were converted from Hertz to log-scale 5-

level values. Time-normalized F0 contours for 

Mandarin lexical tones were thus compared between 

CI and NH children. 

The pitch trajectories of all the speech samples 

obtained were further characterized by two variables: 

the pitch height and the pitch slope. The acoustic 

distance between each tone produced by CI 

participants and the native norm (grand mean of a 

certain tone category produced by the NH participants) 

was also calculated based on the above two variables, 

according to Euclidean Distance (see details in [33]). 

So the discrepancy of tone production between CI and 

NH children can be quantified. 

A one-way ANOVA was conducted to examine the 

effect of group on Mandarin lexical-tone production. 

Pearson correlation analysis was also performed, so 

the interrelation between the use of CI devices and 

Mandarin lexical-tone production can be observed. 

3. RESULTS AND DISCUSSION 

3.1. Accuracy metrics and confusion patterns 

In order to answer Research Question 1, the overall 

articulatory accuracy and the confusion matrix were 

presented in Table 1, with the NH children as a 

reference. Not surprisingly, the CI group produced 

Mandarin tones with significantly lower accuracy 

than the NH group, especially in Tone 2 (F (1, 31) 

=27.572, p<0.001) and Tone 3 (F (1, 31)=12.468, 

p<0.01). But it also turned out that most CI children 

had established a complete tonal inventory before 4 

years of hearing age and could produce most lexical 
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tones (except T2: 70.6%) with the mastery level 

accuracy (above 75% accuracy) [20], [22], which is 

consistent with the previous studies [19].  

A universal principle for the order to tone 

acquisition indicates that Tone 1 and Tone 4 are 

mastered earlier than Tone 2 and Tone 3 [23], [26]. 

The results revealed from the present study were 

consistent with this tone development order.  But 

besides Tone 3, Tone 2 became another challenging 

tone for the CI children, for acoustically Tone 2 has 

also a slight dipping acoustical property and 

physiologically producing rising tones may be 

associated with more vocal effort [8], [10], [21].  

According to the confusion matrix, the CI children 

made more diverse error patterns than the NH 

children. For example, Tone 4 was mispronounced as 

Tone 1, Tone 2 or Tone 3 in the CI group, while only 

as Tone 1 in the NH group. Tone 3 was confused with 

Tone 2 and Tone 4 in the CI group, while mainly 

confused with Tone 2 in the NH group.   

Table 1: Confusion matrix for CI and NH children. 

 

3.2. Acoustic analysis: F0 measurements 

3.2.1. Pitch contour 

The typical Mandarin lexical-tone contours produced 

by the CI children and the NH children were 

displayed in Figure 1. Generally speaking, the CI 

children successfully maintained the pitch contour of 

each tone, but showed great inadequacy in 

manipulating the pitch height and thus compressed 

the whole pitch range a lot, especially in the contour 

tones. In other words, tones with high F0 were not 

sufficiently high and tones with low F0 were not 

sufficiently low. For example, Tone 4 is supposed to 

be a high-falling tone, but in the CI children the onset 

of the falling occurred in the middle region of the F0 

range; Tone 3 is supposed to be a low-dipping tone, 

but in the CI children, it was not low enough, thus 

making the dipping property not as prominent as in 

the NH children. 

Moreover, Tone 2 and Tone 3 in the CI children 

occupied about the same pitch range and had a similar 

dipping shape, which made the two tones more 

confusable. So far producing the level tone pattern 

(Tone 1) appeared to be the easiest for the CI children.  

Tone 3, as the most challenging lexical tone for 

both CI and NH children, was further examined for 

its other free variants: low falling and low dipping 

with creaky voice. All these variants were found in 

both groups, but with different incidence. The results 

showed that compared with the NH children, the CI 

children appeared to be more likely to realize the low-

dipping property with creaky voice and the average 

incidence rate was almost 50% of their production. 

The low-falling pattern occurred with relatively lower 

incidence in both groups (CI: 19.13%; NH: 22.56%). 

Statistically, there was a significant difference in the 

incidence of creaky voice in Tone 3 between the CI 

group and the NH group (F (1, 31) =5.409, p<0.05).  

Figure 1: Time-normalized F0 contours for Mandarin 

lexical tones. (Left: CI group; Right: NH group) 

  

3.2.2. Pitch slope and pitch height 

The pitch trajectories of all the speech samples 

obtained were characterized by two variables: the 

pitch height and the pitch slope. An overall view of 

tone distribution was shown in Figure 2 (except Tone 

3). Each point in the panel represented the average 

value of a single participant’s production of one tone 

category. Each ellipse covered more than 90% points 

of the same tone category.  

Figure 2: Tone charts for Mandarin lexical tones. (CI: solid 

line; NH: dotted line) 

 

Firstly, the CI group showed greater dispersion for 

each tone category than the NH group, which 

indicated that individual variability was a persistent 

characteristic as mentioned in the previous studies. 

Moreover, the three lexical tones produced by the CI 

participants overlapped substantially (especially 

Tone 1 and Tone 2), while the NH participants 

showed clear differentiation between those tone 
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categories. It suggested that the tone categorical 

boundaries were still obscure for the CI children. 

Studies indicated that CI children were very likely to 

produce most of Mandarin lexical tones as flat tone or 

monotone [30]. 

3.2.3. Acoustic distance 

Acoustic distance of each lexical tone between the CI 

children and the NH children was calculated based on 

the above two variables (pitch height and pitch slope), 

according to Euclidean Distance (see formula (1)).  

(1) 𝐷 = √(𝐻𝐶𝐼 −𝐻𝑁)
2 + (𝑆𝐶𝐼 × 10 − 𝑆𝑁 × 10)2 

HCI, SCI, HN and SN respectively stand for the pitch 

height and the pitch slope of the CI children and the 

native norm (see section 2.3.). The pitch slope, 

ranging between -0.5 and 0.5, was multiplied by 10 

so that it was enlarged to the same range as the pitch 

height. Tone 3 (hereby referring to the typical low 

falling-rising), was handled differently from the other 

tones, as the turning point divided the pitch contour 

into two parts: the falling part and the rising part. The 

acoustic distance of Tone 3 was calculated by casting 

the two parts up with different coefficients. The 

coefficients were determined by the occurrence of the 

turning point. In the CI group, the median of the 

turning point occurred at the 7.5th point, thus the 

coefficient for the falling part is about 0.68 and 0.32 

for the rising part. Smaller distance means higher 

resemblance between the CI participant’s production 

and the native norm.  

The results showed that acoustically Tone 1 was 

the closest to the native norm, thus the easiest one to 

grasp for the CI participants; while Tone 3 exhibited 

the longest acoustic distance, which meant that it was 

the worst mastered tone category, probably due to its 

complicated pitch property. In addition, Tone 4 in the 

CI participants was mastered worse than Tone 2, 

which was slightly inconsistent with the findings in 

Section 3.1.  The overall articulatory accuracy results 

indicated that Tone 1 and Tone 4 were articulated 

with higher accuracy rates than Tone 2 and Tone 3. 

This inconsistency may be caused by the elicitation 

and recording procedures. In the present study, audio 

prompt was used to directly elicit speech production. 

The participants were required to recognize the 

lexical tone first and then articulated it. Therefore, the 

highest error rate of Tone 2 may result from its 

perceptual difficulty rather than its acoustic property. 

3.3. Interactions between CI device use and Mandarin 

lexical-tone production 

The interrelation between tone production 

performance (in terms of articulatory accuracy and 

acoustic distance) and the use of CI devices (mainly 

in terms of age at implantation and length of CI device 

use) were examined by Pearson correlation analysis. 

The length of CI device use was found to be the only 

significant predictor for overall tone articulatory 

accuracy (r2=0.514, p<0.05). Among all the tone 

categories, the accuracy performance of Tone 3 and 

Tone 4 was significantly correlated with the length of 

CI device use (RT3
2=0.463, p<0.05; RT4

2=0.492, 

p<0.05). Tone 1 (most accurately produced tone 

category) and Tone 2 (worst produced tone category) 

were neither directly influenced by the length of CI 

device use nor age at implantation.  

As for the acoustic distance, no significant 

correlation was found between the use of cochlear 

devices and F0 measurements of Mandarin lexical-

tones. The acoustic discrepancy may be relevant to 

other factors of CI devices, such as the intrinsic 

spectral resolution, which needs to be further studied. 

4. CONCLUSION 

The present study mainly discussed the production 

performance of Mandarin lexical tones in 

prelingually deaf children with cochlear implants 

(CIs). The main purpose is to reveal the underlying 

processes and preferred strategies in Mandarin tone 

production utilized by CI children. 

Some interesting findings are illustrated here: 1) CI 

children followed the universal development order to 

tone acquisition and could produce most Mandarin 

tones with the mastery level accuracy. But compared 

with NH children, CI children displayed more 

articulatory errors and more diverse error patterns. 2) 

CI children were able to maintain the pitch contour of 

each lexical tone, but showed great inadequacy in 

manipulating the pitch height and thus compressed 

the whole pitch range a lot, especially in the contour 

tones. Moreover, CI children were more inclined to 

realize the low-dipping property of Tone 3 with 

creaky voice. 3) Although the acoustic performance 

of CI children in Tone 1 and Tone 2 was better, the 

categorical boundaries of the two lexical tones were 

still obscure. In addition, individual variability was a 

persistent characteristic as mentioned in most 

previous studies. 4) With regard to acoustic distance, 

Tone 1 approached the native norm, while Tone 3 was 

the most discrepant one for CI children. 5) Only the 

length of CI device use was found to be a significant 

contributor for accuracy performance of CI children, 

but no potential contributing factors were found for 

their acoustic performance. Further studies are 

targeting to take more spontaneous data to verify 

these results, including tonal production in 

continuous speech. 
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