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Abstract 

This study examined age-related differences in categorical 
perception of Mandarin lexical tones through comparing 

identification and discrimination performance among young 
adults, seniors aged 60-65 years, and older seniors aged 75-80 
years. Results showed a significantly wider boundary and 
smaller peakedness in older seniors. There was also a positive 
correlation between the hearing level at 125 Hz and boundary 
width, and a negative correlation between hearing level (125 
Hz) and peakedness in older seniors, indicating that the 
decline of tone perception in this population might be 

associated with degradation of hearing sensitivity. However, 
there was no significant difference between young adults and 
seniors aged 60-65 years, which might reveal that younger 
seniors could maintain normal ability to perceive tones 
categorically. 

Index Terms: Mandarin, categorical perception, tone, age-
related decline 

1. Introduction 

Distinct from the common European languages, for tonal 
language like Mandarin, the lexical tone is a suprasegmental 
feature that can distinguish different meanings of words. There 
are four tones in Mandarin differing in fundamental frequency 
(F0): high-level tone (Tone 1), mid-rising tone (Tone 2), 

falling-rising tone (Tone 3), and falling tone (Tone 4) [1, 2]. 
F0 here not only reflects the spectral pitch information in the 
general acoustic domain, but also includes phonological 
information in the language-specific domain. Thus, the 
perception of lexical tone in native listeners is a combination 
of spectral signal processing and phonemic category 
knowledge retrieving.  

Categorical perception of speech is a basic cognitive 
ability to perceive continuous acoustic signals as discrete 
phonemes [3]. Repp [4] summarized several characteristics of 
categorical perception: 1) a sharp boundary between two 
categories in identification function, 2) an accuracy peak at 
category boundary in discrimination function predicted from 

identification function, and 3) discrimination accuracy for 
within-category pairs is near chance level. Previous literature 
has well-documented that Mandarin lexical tones could be 
perceived categorically by native listeners [5, 6]. 

Because of hearing loss, cognitive decline, structural and 
functional brain senescence, elderly listeners are reported to 
have difficulty with speech perception in daily communication 
[7, 8]. There are more than 249 million seniors aged above 60 
years in China, which account for 17.9% of the total 

population [9]. More and more studies focus on the perceptual 
decline in Chinese seniors, rather than only those from 
western, educated, industrialized, rich and democratic 

countries [10]. Wang et al. [11] investigated the categorical 
perception of Mandarin lexical tones (Tone 2 vs. Tone 3) 
among 13 older adults aged 60-70 years and found that older 
adults showed a significant decline in tone identification and 
discrimination, with young adults as a comparison. They 
further examined the impact of signal duration on Mandarin 
tone perception (Tone 1 vs. Tone 2, Tone 1 vs. Tone 4) in 
native older adults [12], and indicated that this cohort was 

more sensitive to sound duration: Short duration impaired 
seniors’ perceptual ability. Recently, Feng et al. [13] 
investigated lexical tone perception (Tone 1 vs. Tone 2) of 
Mandarin-speaking seniors aged 60-81 years with normal 
cognitive ability and those with mild cognitive impairment 
(MCI). A significant decline was observed in MCI seniors, 
rather than normal seniors, which indicated that general 
cognitive decline might be associated with perceptual 

impairment of tone. However, these studies did not allow for a 
direct comparison across ages in the aging population. 

Besides behavioral tests mentioned above, some recent 
research measures electroencephalograms to observe cortical 
changes of event-related potentials when older adults perceive 

Mandarin tones. Xiao et al. [14] compared mismatch 
negativity (MMN) between young adults and older adults aged 
55.6-79.6 years with normal cognitive ability when they 
perceived between/within-category lexical tones (Tone 2 vs. 
Tone 4) and nonspeech tone without attention. They 
discovered that the amplitude of MMN decreased and latency 
increased in older adults when perceiving between-category 
lexical tones. Older adults maintained the perceptual ability of 

within-category lexical tones by increasing latency of MMN, 
while no compensation was found in the nonspeech tone 
condition. The MMN findings provided neural evidence for 
the speech-specific preservation in processing pitch 
information and the decline in retrieving tone category 
knowledge. There are also some subcortical changes being 
observed in the elderly. All four lexical tones in Mandarin 
could elicit frequency-following responses (FFRs), 

emphasizing the important role of phase-locking ability in 
neural encoding of tones [15]. Some previous studies on FFR 
observed a decreased pitch discrimination and reduced FFR 
phase coherence and amplitude with increased age, indicating 
that the declined phase-locking ability involving the brainstem 
and the impaired neural representation of frequency in the 
elderly was associated with the age-related deficit in pitch 
perception [16]. 
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In order to solve the issues on the age comparison of the 

spectral and suprasegmental perception at the phonological 
level in the aging population, this study aims to investigate the 
age-related decline trajectory of the categorical perception of 
Mandarin lexical tones among native elderly listeners with 
normal cognitive ability. Three groups for age comparison 
consist of young adults, seniors aged 60-65 years and older 
seniors aged 75-80 years. 

2. Method 

2.1. Participants 

Twenty-four young adults aged 20-30 years (15 male, mean 
age = 24.58 yr, SD = 2.73), 24 younger seniors aged 60-65 
years (9 male, mean age = 62.71 yr, SD = 1.37), and 19 older 
seniors aged 75-80 years (12 male, mean age = 77.74 yr, SD = 
2.00) were recruited from northern China who could fluently 

speak Mandarin in daily life. Participants in two elder groups 
also lived in northern China during childhood and tone 
systems (especially high-level tone and mid-rising tone) in 
their northern dialects are similar to that in Mandarin. No 
participant reported language impairments or psychiatric 
illness, surgery in ear or head, nervous system medications, or 
formal music learning experience. Beijing Version of 
Montreal Cognitive Assessment (MoCA) [17] was conducted 

and all participants matched in MoCA score (F (2, 64) = 
2.883, p = 0.063) representing normal cognitive ability (26-30 
points). Two elderly groups also matched in total years of 
formal education (t (1, 41) = 0.935, p = 0.355) and social-
economic status. They were compensated for voluntary 
participation in this study, and consent forms were obtained 
from them with a protocol approved by the Human Subjects 
Ethics Sub-committee of The Hong Kong Polytechnic 

University. 

2.2. Material 

Speech samples /i/ with Mandarin high-level tone (‘衣 ’, 

clothes) and /i/ with mid-rising tone (‘姨’, aunt) were uttered 

by a native male speaker from northern China and recorded 
using Praat [18] with a 44,100 Hz sampling rate and 16-bit 

resolution. Two words (i.e., ‘衣’, ‘姨’) are frequently used in 

spoken and written Chinese. TANDEM-STRAIGHT [19] was 

used to generate the tone continuum with nine stimuli from the 
high-level tone (Sound 1) to the mid-rising tone (Sound 2) 
(see Figure 1). The step size between two adjacent stimuli was 
around 5 Hz. All stimuli were adjusted to 350 ms in duration 
and 70 dB SPL in intensity. 

 

Figure 1: Schematic diagram of tone continuum. 

2.3. Procedure 

In order to exclude participants with severe hearing 
impairment, a hearing level test was conducted in all 

participants using an audiometer (GSI 18), with results shown 

in Figure 2. For young adults, the hearing threshold was 

normal at all frequencies (≤ 20 dB HL). For seniors aged 60-

65 years, the hearing threshold was normal at low-to-mid 
frequencies (125-2000 Hz), and they showed mild hearing loss 

at high frequencies (3000-8000 Hz) (20-40 dB HL). For older 
seniors aged 75-80 years, they showed mild hearing loss at 
low-to-mid frequencies and moderate hearing loss at high 

frequencies (≥ 40 dB HL). No ear asymmetry of the hearing 

level was found in three groups (all ps > 0.05). 

 The classic paradigm of categorical perception [3, 5, 6] 
was adopted in this study, including identification and 
discrimination tasks, and all participants were asked to 

complete both tasks. In the identification task, participants 
were required to determine the stimulus they heard as Sound 1 

(i.e., ‘衣’) (pressing key ‘1’ on keyboard) or Sound 2 (i.e., 

‘姨’) (pressing key ‘2’), which was a two-alternative forced 

choice task. In the testing block, all stimuli were presented 
randomly with only five repetitions to avoid older participants 
being tired. The discrimination task required participants to 
judge whether the two stimuli they heard were the same 

(pressing key ‘1’) or different (pressing key ‘2’). There were 
23 pairs of stimuli with five repetitions in total, including 9 
pairs of same stimuli (i.e., 1-1, 2-2, 3-3,…8-8, 9-9) and 14 
pairs of different stimuli in forward order (i.e., 1-3, 2-4, 3-
5,…6-8, 7-9) or reverse order (i.e., 3-1, 4-2, 5-3,…8-6, 9-7) 
with two steps difference. All pairs of stimuli were randomly 
presented in the testing block. The interstimulus interval was 
500 ms. A practice block with feedback was available for 
participants to be familiar with all procedures before all testing 

blocks. 

 

Figure 2: Hearing level of the three groups (Data label: mean

±SD). 

2.4. Data analysis 

For tone identification, the percentage of responses on high-

level tone was defined as the identification score. Boundary 
position and boundary width were further calculated based on 
the identification score using Probit analysis [20] according to 
the procedure in [6]. Boundary position was defined as the 
50% point of identification score, and boundary width was 
defined as the linear distance between 25% and 75% 
percentiles of identification score. Narrower boundary width 
means sharper categorical transition in tone identification near 

the boundary. 

       For tone discrimination, all 23 pairs of stimuli were 
divided into seven comparison units, each consisting of four 
types of stimuli pairs (A-A, B-B, A-B, B-A). Discrimination 

accuracy was analyzed using the formula proposed in [21]: 

P = P (‘S’|S) × P (S) + P (‘D’|D) × P (D)                  (1) 
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where P (S) and P (D) represented the percentage of same 

pairs (e.g., 1-1, 3-3) and different pairs (e.g., 1-3, 3-1), 
respectively. P (‘S’|S) represented the percentage of ‘the 
same’ responses to the same pairs. P (‘D’|D) represented the 
percentage of ‘different’ responses to different pairs. 
Discrimination accuracy was further divided into between-
category discrimination accuracy and within-category 
accuracy. Between-category accuracy was defined as the mean 
of discrimination accuracies of the comparison units straddling 

the category boundary, and within-category accuracy was 
defined as the mean of discrimination accuracies of the 
remaining comparison units. Discrimination peakedness was 
further defined as the difference between within-category 
accuracy and between-category accuracy. Wider boundary and 
smaller peakedness represented the lower degree of 
categoricalness of perception. 

3. Results 

3.1. Tone identification 

Boundary position and width of Mandarin lexical tone 
perception among young adults, seniors aged 60-65 years, and 
older seniors aged 75-80 years are shown in Table 1. 
Identification responses of high-level tone in the three groups 
are presented in Figure 3. One-way ANOVA with a 

Bonferroni post-hoc test revealed a significant group 
difference in boundary width (F(2, 64) = 3.737, p = 0.029). 
Pairwise comparison showed that the boundary width of older 
seniors aged above 75 years was significantly wider than that 
of seniors aged below 65 years (p = 0.029). No significant 
difference was found between younger seniors and young 
adults nor between young adults and older seniors (both ps > 
0.05). For older seniors, there was also a marginally positive 

correlation between boundary width and hearing level at 125 
Hz (r = 0.441, p = 0.059). No significant difference was found 
in boundary position (F(2, 64) = 2.534, p = 0.087). 

Table 1: Boundary position and width of the three 
groups. 

Group  Position (SD)  Width (SD) 

Young adults  5.31 (0.48)  1.02 (0.51) 

Seniors aged 60-65 yr 4.98 (0.57) 0.82 (0.45) 
Seniors aged 75-80 yr 5.25 (0.60) 1.62 (1.68) 

 

Figure 3: Identification curves of the three groups. 

3.2. Tone discrimination 

Discrimination accuracy of three groups is shown in Figure 4. 
A two-way repeated-measures ANOVA was conducted to 
determine the impact of group (young adults, seniors aged 60-
65 yr, and older seniors aged 75-80 yr) and category 

(between-category and within-category), with group as the 

between-subject factor and category as the within-subject 
factor. The Greenhouse-Geisser correction was used when 
appropriate. Significant main effects of group (F(2, 64) = 
4.825, p = 0.011) and category (F(1, 64) = 238.465, p < 0.001) 
were found. There was also a significant interaction effect 
between group and category (F(2, 64) = 7.781, p = 0.001). 
Simple main effect analysis indicated that between-category 
discrimination accuracy was higher than within-category 

discrimination accuracy in all groups (ps < 0.001) (see Figure 
5). For within-category accuracy, no significant difference was 
found among the three groups (ps > 0.05). However, for 
between-category accuracy, older seniors performed worse 
than young adults (p = 0.008) and seniors aged below 65 years 
(p = 0.004). 

 

Figure 4: Discrimination curves of the three groups. 

 

Figure 5: Between/within-category discrimination accuracy 
and peakedness in the three groups. 

 

Figure 6: Correlation between peakedness and hearing level 
at 125 Hz in older seniors. 

Besides, results of one-way ANOVA indicated a 
significant group difference in discrimination peakedness of 
tone perception (F(2, 64) = 7.781, p = 0.001). The pairwise 
comparison revealed that peakedness in older seniors was 
significantly smaller than that in young adults (p = 0.005) and 
seniors aged below 65 years (p = 0.002). For older seniors, a 
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significant negative correlation between peakedness and 

hearing level at 125 Hz was found (r = -0.524, p = 0.021) (see 
Figure 6). 

4. Discussion 

This study examined age-related differences of Mandarin 
lexical tone perception in native young adults, seniors aged 
60-56 years, and older seniors aged 75-80 years using classic 
categorical perception paradigm. Compared with previous 
studies, our study enlarged sample size and divided the elderly 
population into two groups to thoroughly examine the age-

related decline of the categorical perception of lexical tone. 
On the other hand, some recent research paid attention to the 
difference between chronological age and biological age, and 
they claimed that age-related differences of cognitive ability in 
the elderly could be predicted by biological age independent 
of chronological age [22]. As biological age is a 
comprehensive predictor considering impacts from gene and 
health conditions, it might advance the understanding of 
predictors of perceptual decline from the sole perspective of 

chronological age [23]. Therefore, in this study, we discussed 
the aged-related difference of tone perception with the 
combination of chronological age, hearing sensitivity and 
cognitive ability. 

In this study, there was a steep boundary in the 
identification curve, a peak at category boundary in the 
discrimination curve, and a significant difference between 
within-category accuracy and between-category accuracy 
among the three groups, indicating that all participants 
perceived lexical tones categorically according to Repp [4]. 

Our results indicated that older seniors aged 75-80 years 
showed a wider boundary and smaller peakedness, revealing 
that the degree of categoricalness in older seniors was lower. 
Older seniors aged above 75 years showed a significant 
decline when perceiving Mandarin lexical tones. Many factors 
like hearing loss and reduction in functional connectivity have 

been discovered to partially account for the less distinctive 
phoneme representations in the aging brain [24, 25], so-called 
neural de-differentiation. The lower ability to perform fine-
grained speech perception might be correlated with age-related 
neural de-differentiation in speech-relevant regions. 

We also observed a positive correlation between boundary 
width and hearing level at 125 Hz, and a negative correlation 
between discrimination peakedness and hearing level at 125 
Hz in older seniors. This indicated that those with hearing 
impairment at low frequency performed worse in tone 
identification and discrimination. The decline of lexical tone 
perceptual ability in this population might be associated with 
hearing loss. One noteworthy point is that 125 Hz is one of the 

fixed discrete frequencies provided by the audiometer (see 
Figure 2) and is the closest to the pitch range of the tone 
continuum in this study. Our finding was also consistent with 
previous research [7] supporting that for seniors with normal 
cognitive ability, hearing level played a more important role in 
predicting perceptual performance, but not cognitive ability. 
Bidelman et al. [26] found a less efficient information 
exchange and less integrated communication pathway in the 

full brain, and reverse flow of neural signal in the dorsal-
ventral pathway in the left hemisphere among hearing-
impaired seniors. This abnormal neural transmission might 
explain the impact of hearing loss on speech perception.  

For tone discrimination, only between-category 

discrimination accuracy in older seniors was found to be lower 
than the other two groups, but within-category accuracies of 
the three groups were similar. This was consistent with the 
findings in [14], which proposed that perceptual ability of 
within-category speech tones in seniors was preserved through 
potential compensatory mechanisms (e.g., longer processing 
time demonstrated by longer latency in ERP in [14]), while 
that of between-category tones was impaired because of 

difficulty in utilizing phonemic category knowledge. Another 
possible explanation for this finding was the floor effect as 
within-category discrimination accuracy was close to the 
chance level (50%). 

For seniors aged 60-65 years with normal cognitive ability 

and hearing sensitivity at low frequency, we found no 
significant difference in tone identification and discrimination, 
with young adults as a comparison. Some previous studies 
also observed that seniors could perform similarly or even 
better than young adults since seniors had more abundant 
language knowledge and language experience [27, 28]. 
Although seniors showed similar ability to young adults in 
behavioural performance, several brain-imaging research 

proposed that compensation mechanisms played an important 
role by recruiting more brain regions and functional brain 
networks in seniors to maintain the normal behavioural 
performance [24, 29, 30].  

Some limitations could not be ignored in this study. First, 
the number of female and male participants was not balanced 
in the three groups because of the difficulty in participant 
recruitment. Thus, it is difficult to discuss any potential 
differences caused by gender in this paper, although some 
previous research documented the sex difference of cognitive 
ability in normal older adults [31, 32]. Second, in order to 
thoroughly examine the correlation between hearing loss and 

tone perception, we need to distinguish the impact of hearing 
sensitivity from that of age in further research. 

5. Conclusions 

This study explored the perceptual difference of Mandarin 
lexical tones among young adults, seniors aged below 65 
years, and older seniors above 75 years with normal cognitive 
ability. Results revealed that older seniors performed worse in 
both identification and discrimination tasks. Older seniors also 
showed a positive correlation between the hearing level at 125 

Hz and boundary width, and a negative correlation between 
hearing level (125 Hz) and discrimination peakedness, 
indicating that the decline of perceptual ability in older seniors 
might be correlated with hearing loss. However, seniors aged 
60-65 years performed similar to young adults, revealing that 
they still maintained the normal perceptual ability of lexical 
tones. Our study demonstrated that not all seniors, but those 
who aged above 75 years showed a decline in tone perception. 
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