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Introduction: Fundamental frequency (F0) serves as the primary acoustic cue for Mandarin tone perception. Recent behavioral studies suggest that F0 information may be differently processed between Mandarin-speaking normal-hearing (NH) children and children with cochlear implants (CIs), which may partially explain the unsatisfactory outcome of lexical tone recognition using CIs with tonal language-oriented speech processing strategies. The aim of the current study was to provide neural evidence of F0 processing in Mandarin-speaking kindergarten-aged children with CIs compared with NH children.

Methods: Positive mismatch responses (p-MMRs) to the change of the two acoustic dimensions of F0 (F0 contour and F0 level) in Mandarin-speaking kindergarten-aged children with CIs (n = 19) and their age-matched NH peers (n = 21).

Results: The two groups of children did not show any significant difference on the mean amplitude of p-MMR to either F0 contour or F0 level change. While the CI group exhibited a significantly shorter peak latency of p-MMR to F0 contour change than to F0 level change, an opposite pattern was observed in the NH group.

Discussion: This study revealed a higher sensitivity to F0 contour change than to F0 level change in children with CIs, which was different from that in NH children. The neural evidence of discrepant F0 processing between children with CIs and NH children in this study was consistent with the previously reported behavioral findings and may serve as a reference for the development and improvement of tonal language-oriented speech processing strategies.
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Introduction

According to the Seventh National Census in 2020, more than 800,000 children under the age of seven have been diagnosed with severe to profound hearing impairment in mainland China, with an annual growth of prelingually deaf children ranges from 16,000 to 48,000 (Nin, 2021). In recent decades, cochlear implantation has been a common treatment for Mandarin-speaking children with severe to profound hearing impairment. Benefit from the National Cochlear Rescue Project, about 2,000 hearing-impaired preschool children in mainland China had received implantation in 2004, with an increasing rate of 30–50% per year thereafter (Du et al., 2005).

The most prominent difference between tonal and non-tonal languages lies in the use of rapid pitch variations, i.e., lexical tones, to alter word meanings. In tonal languages, fundamental frequency (F0) is the primary acoustic cue for lexical tone recognition (Lin, 1988). The conventional speech processing strategies (e.g., continuous interleaved sampling, advanced combination encoder) in CI systems typically conveys the temporal envelope of sound stimuli to CI users. Given the limited access to F0 information, speech perception, especially in noise conditions, remains unsatisfactory in Mandarin-speaking CI users (e.g., Wei et al., 2007; Chen et al., 2014). In recent years, tonal language-oriented speech processing strategies have been developed to provide more F0 information by delivering more spectral information (e.g., the HiResolution 120 strategy; Wilson, 2006) or fine structure cues (e.g., the Fine Structure Processing strategy; Hochmair et al., 2006). Unfortunately, these tonal language-oriented speech processing strategies failed to demonstrate significant improvement of Mandarin tone recognition in CI users when compared to that with conventional speech processing strategies (e.g., Han et al., 2009; Qi et al., 2017). For example, Han et al. (2009) investigated the effectiveness of the HiRes 120 strategy on Mandarin tone recognition in a group of 12 prelingually deaf children (aged 3.5–16.5 years). Unfortunately, despite 6 months’ conversion from the conventional strategy (i.e., the HiRes strategy), no statistically significant improvement was seen from Mandarin tone recognition scores in these participants (Han et al., 2009). It is well recognized that there is a critical period for language acquisition and learning during preschool age (McCarthy, 1943; Berk, 2003; Conti-Ramsden and Durkin, 2012). Therefore, better understanding of F0 processing in Mandarin-speaking preschool children with cochlear implants (CIs) may provide valuable references for the improvement of speech processing strategies targeted at tonal language-speaking CI users.

From the perspective of acoustic perception, F0 comprises two elements: F0 contour and F0 level (Gandour, 1983). F0 contour describes the shape and direction of the continuous pitch change and plays a major role in distinguishing word meanings (Clark and Yallop, 1990; Yip, 2002). In contrast, F0 level reflects step changes of sound pitch from the onset, which is responsible for discriminating different talkers (Yip, 2002). Unfortunately, the processing of F0 contour and F0 level has not been well documented until recent years. To date, the few studies reporting F0 processing in Mandarin-speaking children with CIs have focused mainly on the effect of the F0 contour on Mandarin tone perception (e.g., Peng et al., 2017; Zhang et al., 2018; Huang et al., 2020). For example, by systematically manipulated the F0 contours and durations of a Chinese disyllabic word (yanjing) in a lexical tone identification recognition task, Peng et al. (2017) investigated acoustic cue processing in 28 Mandarin-speaking listeners with CIs (aged 6.6–21.4 years) and 11 age-matched (aged 4.6–15.6 years) peers with normal hearing. As indicated by the regression coefficient in the simple logistic regression models, which was used to approximate children’s reliance on F0 contours/durations in tone identification, children with CIs relied more on duration cues than on F0 contours, exhibiting an opposite pattern to that in age-matched normal-hearing (NH) peers. In contrast, at sentence level, Huang et al. (2020) reported that when the other acoustic cues (e.g., temporal envelope) were neutralized, the effects of F0 contours on sentence recognition in Mandarin-speaking children with CIs (aged 3.42–6 years) was significantly more salient than those in NH children in both quiet and noise. Despite the seemingly contrasting effects of F0 contours on Mandarin tone recognition reported at word and sentence level, findings in Peng et al. (2017) and Huang et al. (2020) consistently suggest that processing of F0, at least F0 contours, in children with CIs may be different from that in NH children. This conclusion is further supported by a recent study, which found that while Mandarin-speaking preschool children with CIs were more sensitive to F0 contour change than to F0 level change (i.e., smaller just-noticeable differences of F0 contour change compared to that of F0 level change), an opposite pattern of sensitivity to F0 contour and F0 level change was observed in the age-matched NH group (Huang et al., 2022).

According to the search of the existing literature from the electronic databases (i.e., Wiley Online Library, Scopus, Pubmed) from 1980 to September 2022, F0 processing in Mandarin-speaking children with CIs has mostly been investigated at the attentive stage (i.e., requiring attention when performing tasks), and discrepant findings were reported across studies (e.g., Peng et al., 2017; Huang et al., 2022). In recent decades, the event-related potential (ERP) technique has been applied to auditory research in pediatric CI users, including music and lexical tone perception (Kileny et al., 1997; Singh et al., 2004; Henkin et al., 2008; Torppa et al., 2012; Liang et al., 2014; Sharma et al., 2015; Fu et al., 2016). Numerous studies have demonstrated that MMRs, which reflect automatic stimuli discrimination at the pre-attentive stage (i.e., no attention or behavioral responses are required for completing tasks) (Segalowitz and Barnes, 1993; Luck, 2014) are reliable biomarkers predicting behavioral performance (Tiitinen et al., 1994; Benasich et al., 2006; Perez et al., 2017; Uhler et al., 2021). Accordingly, in this study, MMRs are employed as the electrophysiological indicators of F0 processing in Mandarin-speaking children with CIs at the pre-attentive stage. It is believed that findings in the current study would not only help to reveal F0 processing in Mandarin-speaking children with CIs at an earlier processing stage (i.e., pre-attentive vs. attentive stage), but also draw a more comprehensive picture on this research question together with the existing behavioral findings.

Mismatch responses are usually elicited with the oddball paradigm, in which stimulus sequence is composed of frequently presented standard stimuli and infrequently presented deviant stimuli. MMRs are obtained by subtracting the ERPs elicited by standard stimuli from those elicited by deviant stimuli (Näätänen et al., 2007; Nan et al., 2016). According to existing literature, the polarities of MMRs may exhibit as either negative [i.e., mismatch negativity (MMN)] or positive [i.e., positive mismatch response (p-MMR)]. Since its discovery in late 1970s (Näätänen et al., 1978), MMN has been extensively used as an electrophysiological index for automatic detection of auditory stimulus change in adults, peaking around 100–250 ms after stimulus onset (e.g., Pang et al., 1998; Light et al., 2007; Näätänen et al., 2007; Wang et al., 2013; Nan et al., 2016; Schwade et al., 2017). In recent years, MMN to lexical tone (Fu et al., 2016) or pitch (Kileny et al., 1997; Torppa et al., 2012; Liang et al., 2014) change has also been reported in children with CIs, in which MMN was observed in a later time window than that in NH adults (i.e., as long as 400 ms following stimulus onset). Amplitude and peak latency of MMN can be used to indicate discrimination ability of auditory stimuli (Näätänen et al., 2007), which means that for given standard and deviant stimuli, better discrimination ability in individuals is associated with larger amplitude and shorter peak latency (Näätänen, 2001, 2008; Cheour et al., 2002; Fu et al., 2016). For instance, to investigate the effect of hearing experience (i.e., NH vs. CIs) on change detection of lexical tone (rising tone vs. falling tone) change, Fu et al. (2016) compared amplitude and peak latency of the evoked MMN responses between 20 Mandarin-speaking preschool children with normal hearing and 40 children with either binaural hearing aids or unilateral implantation. Results showed that children with hearing impairment exhibited longer peak latency and smaller amplitude of MMN compared to those in NH children, suggesting that lexical tone perception at cortical level was significantly compromised in children with hearing impairment.

When applying the oddball paradigm, some studies reported that p-MMR, rather than MMN, was observed in preschool and primary school children on pitch change detection, with peak latency of p-MMR varying from 180 to 450 ms after stimulus onset (Shafer et al., 2000; Maurer et al., 2003; Ahmmed et al., 2008; Lee et al., 2012). Although both MMN and p-MMR reflect automatic change detection at the pre-attentive stage, there has long been a debate on which type of MMR is to expect when measuring children participants. One hypothesis on this issue proposes that there is a developmental transition from p-MMR to MMN, which reflects neural maturation of human brain (Trainor et al., 2001; He et al., 2007, 2009a,b; Cheng et al., 2013; Liu et al., 2014). For example, Liu et al. (2014) compared MMRs to lexical tone change (rising tone vs. dipping tone) in NH preschoolers, school-age children, and adults. Results showed that while MMN was observed in adults, p-MMR was discovered in preschoolers, and MMR to lexical tone change in school-age children was in-between (Liu et al., 2014). Similar findings were reported in a recent study. Engström et al. (2021) conducted a follow-up study on the pitch-evoked mismatch responses in a group of Swedish-speaking children with bilateral CIs or a CI combined with HA. Harmonic tones composed of 500, 1,000, and 1,500 Hz sinusoidal partials were employed as standard stimuli, and the pitch of the deviant stimuli was 10% higher or lower than that of the standard. MMN was observed when these children were of school age (mean = 9.1 years, ranged from 8.9 to 9.5 years), which was hardly seen when they were preschool children (mean = 6.4 years, ranged from 5.8 to 6.9 years). Another hypothesis on the polarity of MMRs in oddball paradigm argues that morphology of MMRs is related to the characteristics of auditory stimuli (Morr et al., 2002, Lee et al., 2012; Cheng et al., 2013, 2015; Partanen et al., 2013; Tong et al., 2014; Uhlén et al., 2017). For example, Tong et al. (2014) investigated MMRs to pitch and duration change in a group of Cantonese-speaking NH children aged between seven and eight. Researchers found that pitch change elicited significant p-MMR response, while detection of duration change was reflected by MMN response (Tong et al., 2014). Such MMRs to pitch and duration change was also reported in English-speaking NH children aged between 5 and 7 years old (Uhlén et al., 2017).

The aim of the current study was to investigate F0 contour and F0 level processing at the pre-attentive stage in Mandarin-speaking preschool children with CIs compared to their age-matched NH peers. The ability to detect F0 contour and F0 level change in these children was reflected by the amplitude and peak latency of MMRs. According to previous studies, p-MMRs were observed when assessing pitch change detection in NH preschoolers speaking either tonal or tonal language (Tong et al., 2014; Uhlén et al., 2017). Therefore, in this study, it was expected that p-MMRs would be observed in Mandarin-speaking preschool children when F0 contour/F0 level change was detected. Amplitude and peak latency of p-MMRs to F0 contour and F0 level change were recorded and compared between the NH group and the CI group. Existing studies have demonstrated that larger amplitude and/or shorter peak latency of MMRs to speech/non-speech auditory change were positively correlated with better performance in behavioral tasks among CI users (Singh et al., 2004; Dinces et al., 2009; Ibraheem et al., 2020). Thus, based on the well-known compromised F0 information provided by CI systems, as well as the less reliance on F0 contour for lexical tone recognition in Mandarin-speaking children with CIs compared to NH children (Peng et al., 2017) at the attentive stage, it was expected that p-MMRs to F0 contour and F0 level change in children with CIs had smaller amplitude and/or longer peak latency than those in NH children.



Materials and methods


Participants

Children in the CI group consisted of 19 children (10 boys and 9 girls, mean age = 4.25 years old, ranged from 3.42 to 5.75 years old). All were recruited from the China Rehabilitation Research Center for Hearing and Speech Impairment. Demographic information about children with CIs is shown in Table 1. All children exhibited congenital bilateral severe to profound sensorineural hearing loss and received unilateral implantation. Except for one child (No. 1), CIs used by children in this group were produced by one of the three major manufacturers of CIs: Advanced Bionics (AB), Cochlear, and MED-EL. Either Phonak or Widex hearing aids had been fitted and worn unilaterally (N = 4) or bilaterally (N = 6) before implantation. After implantation, all children wore hearing aids on their unimplanted ears as bimodal fittings. A group of age-matched children (11 boys and 10 girls, mean age = 4.41 years old, aged from 3.33 to 5.5 years old), whose audiometric thresholds were equal to or below 20 dB HL at octave frequency between 250 and 4,000 Hz, were recruited as normal controls. Children were trained to raise their right hands upon hearing the “beep,” the procedure of which was the same to that in the pure-tone test. All children were native speakers of Mandarin Chinese and scored within normal range on the Hiskey–Nebraska Test of Learning Aptitude for children above 3 years old (Hiskey, 1956). The research protocol was approved by the Human Research Ethics Committee of the University of Hong Kong. All children voluntarily participated in this study, with written informed consent obtained from parents.


TABLE 1    Demographics of children with CIs.

[image: Table 1]



Stimuli

An isolated vowel/a/with tone 1 was first recorded from an adult woman, who was a native Mandarin speaker. The F0 contour of/a1/was then replaced with a series of linear F0 contours using the Praat software (Boersma and Weenink, 2008), with other acoustic features remaining the same. Eight F0 contours were generated in the block measuring neural responses to F0 contour change, including seven flat contours (i.e., 100, 133, 167, 200, 233, 267, and 300 Hz) and one rising contour (i.e., onset F0 at 100 Hz and offset F0 at 300 Hz). In contrast, only two flat contours were used in the block measuring neural responses to F0 level change, namely 100 and 300 Hz. The selection of the frequency range was based on Huang et al. (2022), in which frequency change within 100–300 Hz was discriminable in Mandarin-speaking preschool children with CIs. According to the Syllabus of the Chinese Proficiency Test, the duration of a naturally uttered monosyllabic word lasts about 200–300 ms (Liu, 1989). To ensure the ecological validity and audibility of stimuli, the durations of each stimulus in both F0 contour and F0 level condition were set at 300 ms.



Procedure

The p-MMR was elicited using the passive oddball paradigm (Näätänen et al., 2007). As is shown in Figure 1, the F0 contour condition and the F0 level condition composed of one and two experimental blocks, respectively. The stimulus sequence in each experimental block contained 1,200 trials, including 1,050 trials (i.e., 87.5% probability) of standard stimuli and 150 trials (i.e., 12.5% probability) of deviant stimuli. The deviant stimuli were pseudo-randomly inserted among standard stimuli, with every two adjacent deviant stimuli being separated by at least two standard stimuli. The inter-stimulus interval was set at a random length between 600 and 800 ms. In the F0 contour condition, to avoid the possibility that processing of F0 contour was contaminated by the F0 level and other acoustic features, seven flat F0 contours (i.e., 100, 133, 167, 200, 233, 267, and 300 Hz) carried by vowel/a/were used as standard stimuli, each of which was presented at an equal probability (12.5%). Vowel/a/with a rising contour, linearly rising from 100 Hz to 300 Hz, was chosen as the deviant stimulus. In the F0 level condition, there were two flat F0 contours carried by vowel/a/, i.e., 100 and 300 Hz. The 100 and 300-Hz flat F0 contours were, respectively, employed as standard stimuli in the two blocks.


[image: image]

FIGURE 1
Pitch contours carried by vowel/a/in fundamental frequency (F0) contour condition (A) and F0 level condition (B). In the F0 contour condition, seven flat F0 contours (left panel) carried by vowel/a/are used as standard stimuli, each of which presents with 12.5% probability (i.e., 150 trials). The rising F0 contour (right panel) carried by vowel/a/is used as deviant stimulus, being presented with 12.5% probability (i.e., 150 trials). There are two blocks in the F0 level condition, in which the two flat F0 contours carried by vowel/a/are used as standard stimulus in one block and as deviant stimulus in the other block. The probability of standard and deviant stimuli in each block is 87.5% (i.e., 1,050 trials) and 12.5% (i.e., 150 trials), respectively.


Children were seated in a soft and firm sofa in an electrically shielded and soundproof room. During the test, children in the CI group wore their CIs only, with the hearing aids on the contralateral ear turned off and removed from ears. Sound stimuli were presented at a listening level of 65 dB sound pressure level (SPL) via a loudspeaker located in front of children at a 0° azimuth and a distance of one meter. Along with the presentation of sound stimuli, silent cartoons of interest were performed on a computer screen, which was right above the loudspeaker. Children were asked to ignore the sound stimuli and minimize eye and body movements while watching cartoons. The three blocks were presented in a random order for each child. Each block lasted 20 min, followed by a 5-min break.



Electroencephalographic recording

The electroencephalographics (EEGs) were recorded using an electrocap with 64 channels, which were placed according to the international 10–20 system. The signal recording paradigm was shown in Figure 2. Visualization of real-time EEG recording was realized by the Scan 4.5 package (Neuroscan, Walnut Creek, CA, USA) and a SynAmps amplifier. The band-pass filter of EEG recording was set at 0.05–200 Hz with a 1,000-Hz sampling rate. The electrooculograms (EOGs) activity were recorded above and below the left eye (i.e., vertical EOG) and next to the outer canthi of left and right eyes (i.e., horizontal EOG). The tip of nose was chosen as the reference point in this study, with the reference electrode attached on it. The impedance of all electrodes was kept below 10 kΩ.
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FIGURE 2
The signal recording paradigm in this study. Neural responses evoked by the auditory stimuli were amplified by the amplifier, which was then processed and averaged across trials. The positive mismatch response (p-MMR) was obtained by subtracting the event-related potentials (ERPs) elicited by standard stimuli (S) from those elicited by deviant stimuli (D).




Data analysis

All children completed three blocks of recording. The off-line analysis of EEG data was conducted with the EEGLAB 14.01, which was an open source for electrophysiological data processing running on the Matlab 9.5 (R2018b; The Mathworks, MA, USA). Upon EEG data import, trials with saccades were first removed by visual inspection. The remaining EEG data was then digitally filtered, with the high-pass and low-pass filter being 0.1 and 30 Hz, respectively. Next, the continuous EEG data was further divided into 1,100-ms epochs, including 200-ms pre-stimulus onset and 900-ms post-stimulus onset. Following baseline correction, which used the 200-ms pre-stimulus brain waves as standards, EEG data in each child was decomposed into 40 independent components using the independent component analysis (ICA) algorithm. Independent components that represented vertical and horizontal eye movements and CI electrical artifacts, as indicated by the 2-D voltage map and the activity spectrum, were rejected by visual inspection. Preprocessing of EEG data is completed by recombining the remaining independent components. Approximately, 70% of trials remained after artifact rejection.

The grand-averaged waveforms elicited by standard and deviant stimuli were obtained in each child and each electrode. In the F0 contour condition, neural responses to standard stimuli were obtained by averaging the waveforms elicited by seven flat F0 contours. In the F0 level condition, neural responses to standard and deviant stimuli were calculated as the averaged waveforms that, respectively, obtained from block 1 and 2. The p-MMRs were calculated by subtracting averaged waveforms elicited by the standard stimuli from that elicited by the deviant stimuli.

Consistent with previous studies (Näätänen et al., 2007; Debener et al., 2008), visual inspection on the topography of p-MMR showed that fronto-central region of brain cortex exhibited the largest amplitudes, except for the CI group in the F0 level condition (see Figure 3). Therefore, nine electrodes that were located in the fronto-central region, i.e., F3, Fz, F4, FC3, FCz, FC4, C3, Cz, and C4 were selected as electrodes of interest, and the amplitudes and peak latencies of p-MMRs among these nine electrodes were, respectively, averaged and analyzed.
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FIGURE 3
The positive mismatch response (p-MMR) amplitude scalp distributions in the selected time windows for fundamental frequency (F0) contour and F0 level conditions in the normal-hearing (NH) group and the CI group.





Results

The group-level grand-averaged waveforms elicited by standard and deviant stimuli, as well as the difference waves between standard and deviant waveforms (i.e., the p-MMRs) at electrode FCz are shown in Figure 4. Based on the waveforms of p-MMRs averaged across the nine selected electrodes, time windows in F0 contour and F0 level conditions in the NH group were 270–310 ms and 235–275 ms post stimulus, respectively, and those in the CI group were 180–220 ms and 380–420 ms post stimulus, respectively. In both groups, the peak latency of p-MMR was measured as the time (from the onset of stimuli) required for p-MMR amplitude to reach its maximum within the selected time window. The p-MMR amplitudes elicited by F0 level and F0 contour change were calculated as the mean amplitudes across the selected 40-ms time window, which centered on the peak of the waveform within the time window.
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FIGURE 4
The grand-averaged waveforms elicited by standard (gray solid line) and deviant (gray dashed line) stimuli at electrode FCz. The difference wave, i.e., positive mismatch responses (p-MMRs), were shown in black solid line. Time windows in each condition and each group were marked with rectangles.



Mean amplitudes

A two-way analysis, with group (NH/CI) as the between-subject factor, and F0 dimension (F0 contour/F0 level) as the within-subject factor, was conducted to find out the effects of hearing experience (i.e., NH vs. CIs) and F0 dimension (i.e., F0 contour vs. F0 level) on p-MMR amplitudes. Statistical analysis did not reveal any significant main effect of group [F(1, 38) = 0.62, p > 0.05], F0 dimension [F(1, 38) = 0.94, p > 0.05], or interaction between group and F0 dimension [F(1, 38) = 2.14, p > 0.5].



Peak latencies

A two-way analysis, with group (NH/CI) as the between-subject factor, and F0 dimension (F0 contour/F0 level) as the within-subject factor, was conducted to find out the effects of hearing experience (i.e., NH vs. CIs) and F0 dimension (i.e., F0 contour vs. F0 level) on peak latencies of p-MMRs. Results indicated significant main effects of group [F(1, 38) = 129.03, p < 0.001, partial η2 = 0.77] and F0 dimension [F(1, 38) = 1,082.44, p < 0.001, partial η2 = 0.97], and interaction between group and F0 dimension [F(1, 38) = 2,494.12, p < 0.001, partial η2 = 0.99]. Simple effect test on the interaction between group and condition found that peak latencies of p-MMRs significantly differed between children with CIs and NH children in both F0 contour [F(1, 38) = 948.01, p < 0.001, partial η2 = 0.96] and F0 level [F(1, 38) = 2494.12, p < 0.001, partial η2 = 0.98] conditions. Moreover, in the NH group, peak latency of p-MMR in F0 contour condition was significantly longer than that in F0 level condition [F(1, 38) = 152.83, p < 0.001, partial η2 = 0.80], while in the CI group, peak latency of p-MMR in F0 contour condition was significantly shorter than that in F0 level condition, [F(1, 38) = 3,267.97, p < 0.001, partial η2 = 0.99], which was even shorter than the peak latency of p-MMR in F0 level condition in NH children (see Figure 5).
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FIGURE 5
Peak latencies of positive mismatch responses (p-MMRs) as a function of fundamental frequency (F0) contour and F0 level in both groups. The error bar denotes one standard error of the mean. NH: children with normal hearing; CI: children with CIs. ***p < 0.001.





Discussion

F0 contour and F0 level are the two important acoustic features that make up F0, which is the primary acoustic cue for Mandarin tone recognition (Lin, 1988). To the best of our knowledge, this is the first study investigating F0 processing in Mandarin-speaking preschool children with CIs at the pre-attentive stage. Results in the current study showed that amplitudes of p-MMRs did not show significant difference between children with CIs and NH children; rather, peak latencies of p-MMRs significantly differed between both groups and conditions. In NH children, the peak latency of p-MMR to F0 contour change was significantly longer than that to F0 level change, which was opposite to the situation in children with CIs. Moreover, the peak latency of p-MMR to F0 contour change in children with CIs was the shortest across the two conditions in two groups. The opposite pattern of change detection of F0 contour and F0 level change between children with CIs and NH children suggested different F0 processing in these two groups of children. In addition, the outstanding sensitivity to F0 change at the pre-attentive stage in children with CIs, as reflected by the relatively short peak latency of p-MMR in the F0 contour condition, seemed to be inconsistent with previous behavioral findings in Peng et al. (2017), which indicated that there might be a dissociation on F0 contour perception between pre-attentive and attentive stage.

In a previous study measuring just-noticeable differences (JNDs) of contoured pitch and level pitch change in Mandarin-speaking NH adults, researchers found that JND of contoured pitch change was significantly larger than that of level pitch change, suggesting that adults with normal hearing were more sensitive to level pitch change (Huang et al., 2015). Similar findings were also reported in electrophysiological studies. For example, Wang et al. (2013) compared peak latencies of MMNs to pitch level and pitch contour change in twelve Mandarin-speaking NH adults and found that detection of pitch level change was significantly faster than that to pitch contour change. In this study, higher sensitivity to F0 level change than to F0 contour change in NH children, as reflected by the significantly shorter peak latency of p-MMR to F0 level change, was consistent with findings in Wang et al. (2013) and Huang et al. (2015). Except for the difference on peak latencies of MMNs to F0 contour and F0 level change, Wang et al. (2013) also reported a hemispheric lateralization for change detection of pitch level and pitch contour change in NH adults. While right hemisphere was responsible for pitch level change detection, pitch contour processing was more lateralized to the left hemisphere (Wang et al., 2013). In the current study, the lateralization effect of F0 contour and F0 level processing was also investigated in NH children; however, paired t-tests of peak latencies of p-MMRs to F0 level/F0 contour change between left (electrodes F3, FC3, and C3) and right (electrodes F4, FC4, and C4) hemisphere did not yield any significant difference (all ps > 0.05), indicating no hemispheric lateralization of F0 contour and F0 level processing in this group. The non-lateralized F0 processing may be attributed to the protracted development of tonal processing before school age, reflecting an immature central auditory processing of F0 information in these children compared to adults (Ponton et al., 2002; Moore and Linthicum, 2007; Lazard et al., 2012). Also, the p-MMRs observed in children and MMNs observed in adults may support the hypothesis that p-MMR is a pre-mature form of MMN (Trainor et al., 2001; He et al., 2007, 2009a,b; Cheng et al., 2013; Liu et al., 2014).

Consistent with findings at the attentive stage in Huang et al. (2022), the relative sensitivity to F0 contour and F0 level change in children with CIs was opposite to that in NH children, as reflected by the peak latencies of p-MMRs to F0 contour and F0 level change in the two groups. Note that children with CIs in this study were prelingually deaf, and their hearing experience mainly came from CIs. Thus, the different pattern of F0 processing between NH children and children with CIs probably originated from their different hearing experience. It is well recognized that the way speech sounds being processed in CI systems was different from that in normally functioned cochlea. In CI systems, sound frequency up to 300 Hz is mainly coded and perceived by temporal information in voiced sounds (Shannon, 1983; Zeng, 2002). Although tonal language-oriented speech processing strategies have been developed in recent years, F0 amplitude modulation depth remains inconsistently coded, which results in inconsistent F0 level perception even in the same talkers. However, perception of F0 contour seems not to be affected by the inaccurate F0 amplitude modulation depth (Moore and Carlyon, 2005; Vandali et al., 2013). In this case, it is not surprising that sensitivity to F0 level change is significantly compromised compared to that to F0 contour change.

The unexpected finding in the current study is that the peak latency of p-MMR to F0 contour change in children with CIs was significantly shorter than that to F0 change in NH children. Note that in some of previous studies, F0 contour processing at the attentive stage in Mandarin-speaking children with CIs was reported to be significantly worse than that in their NH peers. For example, Peng et al. (2017) found that compared to NH peers, Mandarin-speaking children with CIs demonstrated less reliance on F0 contours when performing word recognition tasks. Moreover, although Huang et al. (2022) also reported a higher sensitivity to F0 contour change than to F0 level change in Mandarin-speaking preschool children, the overall sensitivity to F0 contour change in children with CIs was, however, significantly compromised compared to that in NH children. In this study, the salient sensitivity to F0 contour change in children with CIs found at the pre-attentive stage in this study may result from the properties of both speech processing strategies in CIs and significant role of F0 in Mandarin Chinese. Limited by speech processing strategies in CI systems, acoustic information (especially F0 cues) available for children with CIs remains insufficient compared to that for NH children. Contour information plays a primary role in Mandarin speech understanding (Lin, 1988). Given the decisive role of contour information in Mandarin Chinese and the limited access to F0 information through CIs, children with CIs may have developed a special “contour processing strategy” for acoustic information use, being highly sensitive to contour information of the incoming sound signals. These discrepant findings on F0 processing in children with CIs between pre-attentive stage and attentive stage may suggests a dissociation on bottom-up and top-down F0 (at least F0 contour) processing. The detection of F0 contour change at the pre-attentive stage resembled a bottom-up processing, in which perception was built on the current input of sensory information (Gibson and Carmichael, 1966). At this stage, the speedy detection of F0 contour change in children with CIs, as reflected by the short peak latency of p-MMR, was consistent with the speculation of “contour processing strategy.” However, at the attentive stage, F0 processing was dominated by the top-down processing, which interpreted of incoming information based on prior knowledge and experience (Gregory, 1970). Given the well-known limitations on F0 transmission in CI systems, it is not surprising that CI users exhibited compromised F0 processing at attentive stage. In future studies, it would be interesting to find out what prevents the interpretation of early and sensitive F0 contour processing in children with CIs from pre-attentive stage to attentive stage.

There are several limitations in the current study. Firstly, the age range of children (3.42–5.7 years) recruited in this work was of a relatively large span, within which language acquisition developed at a high speed (e.g., McCarthy, 1943; Lee et al., 2012). Unfortunately, the sample size in this study was too small to separate into subgroups and investigate the developmental trajectory of F0 processing in children with CIs. Secondly, given the very young age of children, the “attentive” F0 contour and level processing tasks were not performed in the current study, which limited the comparison for current findings with the previous ones. Thirdly, lots of previous studies have demonstrated that acoustic hearing experience or low frequency residual hearing level significantly correlated with pitch perception performance (Tao et al., 2015, 2018, 2022; Liu et al., 2019). However, the detailed aided and unaided hearing thresholds were not well documented across all children in this study, making it difficult to investigate the relationship between hearing level and neural responses to F0 change.

In conclusion, the current study reported for the first time F0 processing at the pre-attentive stage in Mandarin-speaking children with CIs. Investigations on the peak latencies of p-MMRs to F0 contour and F0 level change reveled a higher sensitivity to F0 level change than to F0 contour change in NH children; however, children with CIs were more sensitive to F0 contour change than to F0 level change. The opposite pattern of sensitivities to F0 contour and F0 level change in children with CIs and NH children may indicate different neural mechanisms of F0 processing at pre-attentive stage between these two groups. Moreover, as reflected by the shorter peak latency of p-MMR to F0 contour change in the CI group, detection of F0 contour change in children with CIs was even faster than that of F0 level change in NH children, which contradicted the compromised F0 contour perception at the attentive stage that was reported by some studies (e.g., Xu and Zhou, 2011; Peng et al., 2017; Huang et al., 2022). It would be interesting to find out the representation of F0 contour information in the intermediate process between the pre-attentive and attentive stage in future studies.
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6 M 4.33 0.75 325 Phonak Cochlear ACE 1.08 1.08
7 M 3.92 Null 1.33 Phonak Med-EL FS4 2.59 2.5

8 M 533 Null 317 Phonak Med-EL FS4 2.16 2:17
9 M 3.5 Null 1.58 Phonak Cochlear ACE 1.92 1.92
10 F 3.42 0.67 2.08 Med-EL Phonak FS4 1:33 1.33
11 M 4.17 Null 3 Med-EL Phonak FS4 1.17 1.17
12 F 4.17 0.67 1.58 Cochlear Widex ACE 2.59 1.58
13 M 3.83 0.67 1.92 Cochlear Phonak ACE 1.92 1.92
14 F 4.08 1 3.33 Med-EL Phonak FS4 0.75 0.75
15 F 5.08 0.42 333 Phonak Cochlear ACE 1.75 1.75
16 F 4 0.33 2.75 Phonak Cochlear ACE 1.25 1.25
17 F 4.83 0.83 2.92 Cochlear Phonak ACE 1.92 1.75
18 ja 4.08 Null 2.58 Med-EL Phonak FS4 1.5 1.33
19 M 4 Null 2.08 Phonak Cochlear ACE 1.92 1.67

AAT, age at test; HAT, hearing aid trial before implantation; AAI, age at implantation; DCI, duration of CI use; DAVT, duration of auditory-verbal training; AB, Advanced Bionics; FS4,
Fine Structure 4; ACE, advanced combination encoder; HiRes 120, HiResolution 120.
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