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Abstract 

 Speech perception is an integral part of the speech chain. Since the speech 

information is delivered by continuous acoustic signals, how listeners perceive these 

continuous signals as discrete phonemes, so-called categorical speech perception, 

attracts researchers’ attention. With the brain growth and shrinkage across the lifespan, 

how the categorical speech perception developing and degenerating remains unclear. 

What neural mechanisms older adults adapt to actively compensate for the brain 

shrinkage during categorical speech perception are also unknown. Especially, there is 

an urgent need to figure out these questions in Mandarin-speaking older adults to cope 

with the challenges of the increased aging population in China. This dissertation aims 

to shed light on these questions and bridge the research gap. 

To investigate the maturation of categorical speech perception during 

childhood, we conduct a cross-sectional study in four/six/10-year-old children, 14-

year-old adolescents, and young adults. The maturation processes of different 

Mandarin phonemes are asynchronous. The identification and discrimination abilities 

also show different developmental trajectories. Children aged four years already could 

identify Mandarin vowels (/u/-/i/) as well as the adults could. Children aged six years 

have achieved an adult-like ability to discriminate vowels and to identify and 

discriminate tones (Tone 1-Tone 2). Children aged 10 years could identify aspiration 

of stops (/p/-/ph/) maturely. Adolescents 14 years of age could discriminate aspiration 

of stops as well as adults could, and they could also maturely identify and discriminate 

the transition of stops (/p/-/t/). The observation that tone and vowel perception are 

easier to achieve supports the phonological saliency hypothesis. 

To explore the degeneration of categorical speech perception during late 

adulthood, we directly compare older adults below 65 years old and those above 75 

years old with young adults. Older adults below 65 years of age could perceive all 
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Mandarin phonemes categorically as well as the young adults could, revealing that 

they still maintain the normal categorical speech perception. The perception of vowels 

also remains intact in the older adults above 75 years old. However, their perception 

of consonant transition has degraded, as have their abilities to discriminate tones and 

aspiration of consonants. The perception of tones and consonants degenerate earlier 

than vowel perception does. Furthermore, hearing loss may partially explain their 

decreased perceptual abilities.  

In addition to hearing loss, we also examine the effect of cognitive decline on 

categorical speech perception. We find that older adults with normal cognitive ability 

could maintain a normal ability to perceive Mandarin tones, vowels, and aspiration of 

consonants categorically. They could also identify the transition of consonants as well 

as young adults could, whereas their transition discrimination has degenerated. Those 

with mild cognitive impairment (MCI) maintain intact identification of tones, vowels, 

and aspiration of consonants, but their ability to identify the transition of consonants 

has degraded. They also show a decreased ability to discriminate all phonemes. Thus, 

cognitive impairment poses a threat to phoneme discrimination in older adults. 

Moreover, the perception of consonant transition degrades earlier than other phonemes 

do in the older adults.  

 When we look at categorical speech perception across the human lifespan, our 

findings indicate that categorical speech perception follows an inverted-U trajectory. 

Categorical speech perception develops during childhood, enters a stable stage during 

early adulthood, and then degenerates during the sunset years of life. In addition, the 

perceptual development and later degeneration of different Mandarin phonemes are 

asynchronous. During childhood, the categorical perception of Mandarin vowels is 

acquired earlier than that of consonant transition. However, during the sunset of life, 

the categorical perception of consonant transition degrades earlier than that of vowels 
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does. Thus, in support of the order of language acquisition and loss proposed by 

Jakobson (1968), we report that the phonemes acquired later may be lost earlier during 

one’s lifespan. 

Nonetheless, aging is not ‘development in reverse’. To further uncover the 

neural mechanisms underlying the degeneration of categorical speech perception, we 

investigate event-related potential components in older adults with normal cognitive 

ability and those with MCI. With young adults as a control group, we observe 

increased cortical excitability in older adults during early phonetic and phonological 

processing. They show larger P2 amplitude across different phonemes. In addition, 

they show a posterior-anterior shift of scalp distribution of P2 waves. In support of the 

PASA model, we believe that the age-related neural reorganisation could be regarded 

as an active adaptive compensation in older adults. Furthermore, healthy older adults 

also present some unique characteristics that are absent in those with MCI. During 

early auditory processing, the healthy older adults show a more negative N1 amplitude 

when perceiving the aspiration of consonants, and during relatively late phonological 

processing of transition of consonants, they exhibit a larger P300 amplitude as a 

compensatory mechanism that appears to help them achieve normal between-category 

discrimination. More work is needed to specify how and to what extent internal 

adaptive neural changes and external training regimens could promote successful 

aging. 
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Chapter 1. Introduction 

Speech perception enables listeners to understand others’ speech and monitor 

their own speech on a real-time basis. This ability constitutes an important stage in the 

human speech chain and is a foundation of social communication (Denes & Pinson, 

2015). As one aspect of speech perception, categorical speech perception enables 

listeners to perceive continuous acoustic cues as discrete phonemes (Liberman et al., 

1957). It is one of the basic speech processing abilities, but it is not a simple thing to 

achieve. There is a quite complex process before the correct perception of the speech 

signal. On the one hand, the mechanical energy of acoustic signals should be quickly 

transmitted in both ears, and the central auditory nervous system needs to encode the 

acoustic information precisely. In addition, auditory information should be maintained 

and manipulated in working memory efficiently. The sensory representations also need 

to be mapped accurately to intrinsic mental phonological categories. Thus, a well-

developed ability of categorical speech perception reflects a highly coordinated 

auditory-cognitive-phonological processing in the human. 

As we all know, the structure and function of human organs (e.g., ear and brain) 

change with age. Notably, the human brain grows dramatically after birth and suffers 

from atrophy during late adulthood (Purves et al., 2013), and such biological and 

physiological factors can influence categorical speech perception profoundly. In 

addition, exposure to languages becomes complex after birth. The acquisition and loss 

of phonological systems are also crucial to categorical speech perception. With the 

interplay of all of these factors, categorical speech perception may exhibit 

heterogeneity across the lifespan.  

In this chapter, we will briefly introduce the development and degeneration of 

categorical speech perception from childhood to late adulthood. Following that, we 

will explain the objectives and present the outline of this dissertation. 
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1.1. Development of Categorical Speech Perception 

The human auditory system is reported to be precocious (Kisilevsky et al., 

2009). Foetuses can recognise their mother’s voice during the prenatal stage. Brain 

weight and synaptic density of newborn infants grow dramatically in the first two years 

of life (Purves et al., 2013). These developments provide a physiological basis for 

infants in their acquisition of various abilities. Accumulated evidence has also shown 

that infants can perceive phonemic contrasts at a very early age. Kuhl (2004) proposed 

a universal language timeline for the development of speech perception in infants. 

Along that timeline, infants develop language-specific perceptual ability beginning 

from the age of six months. For the perception of segments, vowel perception develops 

earlier (at approximately six months old) than consonant perception does (at 

approximately 11 months old). The perception of suprasegments, such as stress 

patterns, develops at roughly eight months of age (Kuhl, 2004). This timeline indicates 

that the development of different phonemes is asynchronous.  

However, it is noteworthy to distinguish phonological emergence, 

phonological stabilisation, and phonological maturation in progressive language 

development. According to Peng and Chen (2020), the first time that infants can 

perceive and produce a phonetic unit is referred to as the age of emergence. 

Stabilisation represents the child’s ability to perceive and produce speech sounds with 

relatively high accuracy. Maturation reflects the children being able to perceive and 

produce speech sounds similarly to adults. On that topic, the precocity of the auditory 

system is different from its maturation. The maturation of the auditory system and the 

brain is a long and slow developmental course after birth. Thus, although infants 

develop speech perception at a very young age, the age at which they obtain an adult-
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like ability to categorically perceive fine-grained acoustic cues into phonemic 

contrasts remains unclear.  

To study the maturation of segment perception, Hazan and Barrett (2000) 

examined perceptual development of four phonemic contrasts (i.e., /g/-/k/, /d/-/g/, /s/-

/z/, and /s/-/ʃ/) in children aged six to 12 years. Those authors observed that children 

at the age of 12 still could not categorically perceive phonemic contrasts as well as 

adults do, and the children lacked perceptual flexibility when they perceived speech 

with signal degradation. To examine the maturation of suprasegment perception, F. 

Chen et al. (2017) compared the categorical perception of Mandarin tones (high-level 

tone vs. mid-rising tone) in children aged four to seven years. They observed that six-

year-old children could clearly identify tones as well as adults can, with narrow 

boundary width. Although the children they studied at older ages became more 

sensitive to between-category discrimination, those at the age of seven had not 

acquired an adult-level ability to discriminate tones. 

 

1.2. Degeneration of Categorical Speech Perception 

Aging is associated with structural and functional brain senescence, hearing 

loss, and degeneration in cognitive processing. Considering that the basilar membrane 

of the cochlea, hair cells in the organ of Corti, central auditory neural pathways, and 

primary auditory cortex are tonotopically organised (Kandel et al., 2013), degeneration 

in any stage of auditory transduction can destroy signal audibility in the aging 

population. Certain essential cognitive abilities that are closely associated with speech 

perception, such as working memory, processing speed, inhibition, and attention, are 

also found to decline in older adults (Jutten et al., 2021). In empirical studies, more 

and more evidence has indeed shown that older adults have deficits in speech 

perception because of low hearing sensitivity and inefficient cognitive processing (e.g., 
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Cerella, 1990; Gordon-Salant & Fitzgibbons, 1997; Gordon-Salant et al., 2006). 

Aging-related deficits of speech perception thus give us a new insight with which to 

observe the behavioural performances and neural mechanisms that are easily 

overlooked in normal conditions.  

Mild cognitive impairment (MCI) is a transitional stage from normal aging 

towards Alzheimer’s disease, in the dementia continuum (Petersen, 2000). People with 

MCI present a detectable decline in cognitive function only and retain intact daily 

functioning (Zou et al., 2017). Bidelman et al. (2017) recently studied the perception 

of English vowels (/u/-/a/) in older adults with MCI. Although they observed no 

significant difference in the behavioural identification of vowels between healthy older 

adults and those with MCI, those authors found a hypersensitivity of cortical and 

subcortical responses in the MCI group, thus providing evidence for the existence of a 

decline compensation mechanism. 

With the development of neuroimaging technology, more and more researchers 

are paying attention to the brain compensation mechanisms in the aging population, 

and several hypotheses have been proposed. One well-known hypothesis is the model 

of the posterior-anterior shift of aging (PASA) (Davis et al., 2008), which postulates 

that the aging population increase their frontal activation to compensate for the 

relatively low function in other regions. Hemispheric asymmetry reduction in older 

adults (HAROLD), proposed by Cabeza (2002), is another well-known hypothesis and 

is a compensation model which assumes that when older adults are doing the same 

cognitive task, their cortical activation will be less lateralised than that younger adults. 

Reuter-Lorenz and Cappell (2008) proposed another hypothesis about compensation: 

Compensation-related utilisation of neural circuit hypothesis (CRUNCH), which 

posits that older people can utilise more brain regions in order to perform as well as 
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young adults in simple tasks, whereas aging-related behavioural differences might still 

happen when the task difficulty is relatively high. 

Previous research has also investigated the perception of segments and 

suprasegments in older adults (Bidelman et al., 2014; Gordon-Salant et al., 2006; Y. 

Wang, Yang, & Liu, 2017; Y. Wang et al., 2021; Xiao et al., 2020). However, the 

findings in those studies were not consistent across different phonemes, indicating that 

the perceptual degeneration might be asynchronous. Regarding the perception of 

segments, Gordon-Salant et al. (2006) found age-related differences in the perception 

of specific temporal cues associated only with the consonant manner of articulation 

(e.g., the silent duration for DISH/DITCH, and the transition duration for 

BEAT/WHEAT), and not with those related to consonant voicing (e.g., voice onset 

time (VOT) for BUY/PIE, and vowel duration for WHEAT/WEED). Regarding the 

perception of suprasegments, Y. Wang et al. (2021) observed an asymmetric 

deterioration effect of aging on the categorical perception of lexical tones. The 

perception of Tone 1-2 in quiet was degraded in older adults, whereas that of Tone 1-

4 in quiet was relatively intact. 

 

1.3. Objectives of the Dissertation 

Most research on categorical speech perception has focused primarily on 

populations in Western, educated, industrialised, rich, and democratic (WEIRD) 

countries (Henrich et al., 2010a, 2010b), and language diversity has not been reflected 

in most studies. Still, categorical speech perception is language-specific to some extent 

(Peng et al., 2010; Zheng et al., 2014). Distinct from English, which is the most 

investigated language in the world, Mandarin is a tonal language, with its tones being 

suprasegmental. Four main tones exist in Mandarin, and they differ in pitch height and 

slope and can distinguish different lexical meanings. They are the high-level tone 
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(Tone 1), the mid-rising tone (Tone 2), the falling-rising tone (Tone 3), and the falling 

tone (Tone 4) (Chao, 1968; Peng, 2006; W. S.-Y. Wang, 1973). Spectral pitch 

information of tones is reflected by fundamental frequency (F0) in the acoustic domain, 

and it also conveys phonological and lexical information in the speech-specific domain. 

Thus, lexical tone perception in Mandarin-speaking people requires both spectral 

processing of acoustic cues and retrieval of mental phonological categories. Previous 

literature has well delineated that native listeners can perceive lexical tones 

categorically (F. Chen & Peng, 2016; Peng et al., 2010). In addition, and different from 

the distinction between voiced and voiceless consonants in some Indo-European 

languages, Mandarin has six pairs of aspirated and unaspirated voiceless consonants, 

which also differ in VOT. Mandarin also contains some unique vowels (e.g., /y/, /ʅ/, 

and /ɿ/). When Mandarin-speaking children acquire an adult-level perceptual ability, 

and when older adults lose perceptual ability, remain unclear. Differing languages and 

populations in previous studies prevent direct comparison of the developmental and 

degenerative trajectories of categorical speech perception, and controversial 

observations have been reported on the inverted-U model across the human lifespan 

(Strauss, 1982). Moreover, Jakobson (1968) proposed that the order of language 

dissolution is opposite to that of acquisition –– although that hypothesis was based on 

observations in aphasics. Evidence from the aging population can examine that 

hypothesis more directly. 

The first aim of this dissertation is to examine the development of categorical 

perception of different Mandarin phonemic contrasts in children and adolescents. 

Although children reportedly have the ability to perceive phonemes at a very early age, 

when they actually acquire adult-level perceptual ability is unclear. The maturation of 

categorical speech perception may be a long and slow process, because it is associated 

not only with the developmental courses of the auditory system, but also with the 
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development of cognitive abilities and the phonological system. We hope to uncover 

the timepoints of mature categorical perception of tones, vowels, and consonants, to 

fill that research gap. 

The second objective of this dissertation is to test the degeneration of 

categorical speech perception in Mandarin-speaking older adults. In China, there are 

more than 264 million senior citizens above 60 years of age, accounting for 18.7% of 

the total population (National Bureau of Statistics of the People’s Republic of China, 

2021). However, research on the difficulties of speech perception in this cohort is 

rather limited. We want to identify the timepoints of the perceptual degeneration of 

different Mandarin phonemes to explain the categorical speech perception across the 

human lifespan. 

The third objective of this dissertation is to determine the effect of cognitive 

decline on categorical speech perception. The prevalence of MCI in China is 

approximately 14.71% (Xue et al., 2018). Older adults who live in rural areas and those 

of older age show an even higher prevalence of MCI. However, only limited attempts 

have been made to investigate the perceptual ability of older adults with MCI in China. 

Research on MCI patients may provide a potential reference for early clinical 

intervention to slow or even halt the further cognitive deterioration and consequently 

increase people’s quality of life in their sunset years. 

The fourth objective of this dissertation is to investigate the neural mechanism 

of categorical speech perception in the Chinese aging population. Evidence has 

suggested that categorical speech perception is language-specific to some extent (Peng 

et al., 2010; Zheng et al., 2014). Several neural mechanisms have been proposed in 

recent neuroimaging studies on speech processing in English-speaking aging 

populations (e.g., Cabeza, 2002; Peelle et al., 2013). However, the neural mechanisms 
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focusing on speech processing in aging Chinese people remain unclear due to limited 

research.  

In summary, to investigate the issues mentioned above, we have conducted 

research to assess the categorical perception of different Mandarin phonemic contrasts 

(tones, vowels, articulation manners of consonants, and places of consonants) in native 

children, adolescents, young adults, healthy older people, and those with MCI. The 

acoustic cues in this research include the F0 as a spectral cue for Mandarin tones, the 

formant as a spectral cue for vowels, the VOT as a temporal cue for the articulation 

manner of consonants, and formant transition as a spectral cue for the articulation place 

of consonants. We have conducted behavioural experiments and 

electroencephalography (EEG). Protocols for all of our experiments were approved by 

the Human Subjects Ethics Subcommittee of The Hong Kong Polytechnic University. 

 

1.4. Outline of the Dissertation 

Chapter 2 is a literature review of research published on categorical speech 

perception across the human lifespan. First, we introduce the theories on phonological 

acquisition and loss. Next, to identify the gaps in research, we separately review the 

development and degeneration of categorical speech perception from three aspects: the 

development/degeneration of the auditory system, cognitive abilities, and the 

phonological system.  

Chapter 3 focuses on the development of categorical speech perception in 

Mandarin-speaking children and adolescents. The timepoints for the maturation of 

categorical perception of different Mandarin phonemes (i.e., tones, vowels, and 

consonants) are analysed by comparing the behavioural performances of children, 

adolescents, and young adults.  



9 

 

Chapter 4 investigates the degeneration of categorical speech perception in 

older Mandarin-speaking adults. We compare the behavioural performance of young 

adults, older adults below 65 years old, and those above 70 years old, to uncover the 

timepoints of the perceptual degeneration of different Mandarin phonemes. We also 

discuss the effects of hearing loss on categorical speech perception in older adults.  

In addition to hearing loss, cognitive impairment also affects categorical 

speech perception. Thus, in Chapter 5, by comparing the behavioural performance of 

young adults, healthy older adults, and those with MCI, we explore the effects of 

cognitive decline on categorical speech perception.  

Moreover, to further identify the neural mechanisms of categorical speech 

perception in Mandarin-speaking older adults, in Chapter 6 we report on an EEG study 

that we conducted, using an oddball paradigm to elicit N1, P2, and P300 in older adults 

with normal cognitive ability and those with MCI. Scalp distribution, amplitude, and 

peak latency of cortical responses were calculated to uncover which neural 

mechanisms are shared by all older adults and which ones are unique to healthy older 

adults. These data may provide evidence for paths of successful aging. 

Chapter 7 discusses in general and then summarises the findings of this 

dissertation. The developmental order of categorical speech perception in Mandarin-

speaking children and adolescents is compared with the degenerative order in native 

older adults to explain categorical speech perception across the human lifespan. We 

find that the development and degeneration of categorical speech perception follow an 

inverted-U trajectory, and we document that the perception of different Mandarin 

phonemes is asynchronous across an individual’s lifespan. Phonemes acquired later 

during childhood may be lost earlier during the sunset years of life.  

In Chapter 8, we review the significance and limitations of the research we 

report in this dissertation, and we shine a light on directions for future research.  
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Chapter 2. Literature Review 

Research on speech development in children, and especially on their 

phonological development, has a very long history. Scholars have conducted 

thousands of empirical studies and proposed several hypotheses and theories to 

uncover children’s phonological development. It is also well-known that the 

acquisition of different phonemes in children is not consistent. Some phonemes (e.g., 

the high-level tone in Mandarin) are relatively easier and are acquired earlier by 

typically developing children, whereas other phonemes (e.g., the retroflex consonants 

in Mandarin) are relatively more difficult and are acquired later (Zhu & Dodd, 2000). 

Moreover, such a developmental order is not consistent across different populations. 

For example, the developmental order of phonology varies in children with language 

deficits, such as autism spectrum disorders (Wu et al., 2020). In recent decades, 

research has also accumulated on the difficulty of speech perception in older adults, in 

response to the dramatic growth of the aging population around the world.  

In this chapter, we provide a literature review on categorical speech perception 

across the human lifespan. We include theories related to phonological acquisition and 

loss, the development of categorical speech perception in children and adolescents, 

and the degeneration of categorical speech perception in older adults. 

 

2.1. Theories Related to Phonological Acquisition and Loss  

2.1.1. The Inverted-U Model 

Children provide an opportunity for scholars to observe language development, 

and older adults provide insight through observations of their language decline. 

Compared with the tremendous research on and theories developed about children, the 

theories on speech decline in older adults are relatively limited. Encompassing both, 

the inverted-U model summarises a development-degeneration pattern of certain 
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cognitive abilities across our lifespan (Strauss, 1982). The model assumes that 

cognitive abilities develop throughout childhood, reach stability during young and 

middle adulthood, and finally degenerate in the sunset years of life. Considerable 

evidence from large-scale cross-sectional studies has supported the inverted-U model, 

such as data on the development and degeneration of inhibitory control in speech 

perception (Westerhausen et al., 2015) and on the magnitude of illusion and visual 

span in visual perception (Comalli, 1970). However, evidence from categorical colour 

perception argues against the inverted-U model. Development of colour categorisation 

is observed only in children, and it remains stable during the rest of life (Raskin et al., 

1983). In consideration of those inconsistent observations, it is necessary to investigate 

categorical speech perception across the entire human lifespan on a large scale in order 

to determine whether it truly conforms to the inverted-U model. 

 

2.1.2. The Law of Irreversible Solidarity 

Jakobson (1968) proposed the law of irreversible solidarity to explain the 

developmental order of different phonemic contrasts in typically developing children. 

That is, the most basic phonemes in all human languages can be acquired earlier by 

children than other phonemes can. The law of irreversible solidarity determines not 

only the phonological systems but also the occurrence frequency and combination 

ability of phonemes, and all of these can affect the developmental order of phonemes 

in children. For example, from the perspective of structural linguistics, stops are 

widely distributed and frequently used in languages around the world, whereas 

fricatives are absent in many languages. Even in languages with fricatives in 

phonological systems, fricatives occur less frequently than stops do. Jakobson believed 

that this is the reason why stops are acquired earlier than fricatives are in children’s 

language development.  
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In addition to the geographical distribution of phonemes, Jakobson (1968) 

proposed the markedness theory, which assumes that unmarked phonemes (i.e., those 

more basic in the phonological system and less complex in articulation) are acquired 

earlier than marked phonemes are, in certain phonological oppositions. For example, 

the nasal vowel is acquired later than the oral vowel is, because the nasal vowel is less 

basic and more complex than the oral vowel is. 

As a mirror-image of language development, language dissolution also 

conforms to the law of irreversible solidarity, according to Jakobson (1968). He 

proposed that the dissolution of the phonological system is governed in reverse order 

to that for acquisition. Thus, the primary phoneme is acquired earlier than the 

secondary phoneme, and the loss of the primary phoneme is later than that of the 

secondary phoneme. This concept is similar to a “push-down storage” device, which 

assumes that the first value to be taken out is the one that was last stored. However, 

this hypothesis was based on Jakobson’s (1968) observations of aphasics, and whether 

the decline of phonological perception in the aging population supports this hypothesis 

remains unclear. A direct comparison of phonological development and degeneration 

across the lifespan is called for, to provide more direct evidence for this hypothesis. 

 

2.1.3. The Phonological Saliency Hypothesis 

Zhu and Dodd (2000) proposed the phonological saliency hypothesis, with the 

assumption that phonemes with higher saliency are acquired earlier in children. Three 

rules determine the saliency of phonemes: 1) in a specific language, a compulsory 

phoneme is more salient than an optional phoneme, 2) a phoneme that can distinguish 

different meanings of words is more salient than other phonemes are, and 3) a phoneme 

with fewer permissible choices is more salient than others are. In Mandarin, all tones, 

vowels, and consonants can distinguish lexical meanings. Both Mandarin tones and 
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vowels are compulsory in syllabic structure, whereas consonants are optional. In 

addition, there are 21 permissible initial consonants, which is  more than the number 

of permissible tones and vowels. Therefore, the saliency of Mandarin tones and vowels 

is higher than that of the initial consonants. Zhu and Dodd (2000) believed that the 

lower saliency of consonants in the Mandarin phonological system leads to the later 

acquisition of consonants in children. However, this hypothesis only covers 

phonological development in childhood, and whether phonological degeneration 

conforms to this order remains unknown. Investigating the patterns of phonological 

development and degeneration across the human lifespan may bridge this gap and 

further develop the hypothesis. 

 

2.2. Development of Categorical Speech Perception in Children and 

Adolescents 

 Categorical speech perception is closely correlated with auditory processing, 

cognitive manipulation, and phonological processing. In this section, we introduce the 

development of the auditory system, the cognitive abilities, and the phonological 

system in children and adolescents. 

 

2.2.1. Development of the Auditory System 

Previous research has reported that hearing begins in the foetus at 

approximately the 22nd week of gestation (D. R. Moore, 2002), and in fact foetuses 

can recognise their mother’s voice during the prenatal period (Kisilevsky et al., 2009). 

The auditory system is precocious in newborns, but the precocity of the auditory 

system is not equal to its maturation. The postnatal development of the auditory system 

lasts a decade after birth because of the immature middle ear and the development of 
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auditory transmission through the brainstem (D. R. Moore, 2002; Litovsky, 2015; 

Werner, 2007).  

Werner (2007) summarised different stages of postnatal auditory development. 

During the first six months of life, newborns’ neural encoding of fundamental 

characteristics of sounds, especially sounds in the high-frequency range, becomes 

mature. From six months old to the school years, children’s abilities to process 

complex sounds and flexibly use acoustic information improve with age.  

Incomplete neural development is closely associated with the slow 

development of the auditory system (D. R. Moore, 2002; J. K. Moore, 2002; J. K. 

Moore & Linthicum, 2007). J. K. Moore and Linthicum (2007) reviewed the 

anatomical development related to maturation of the auditory system and noted that 

during the perinatal period, the brainstem becomes mature. During early childhood, 

from six months to five years of age, the thalamic projections to the preliminary 

auditory cortex reach a mature state, and that facilitates categorical perception of the 

native language in children (J. K. Moore, 2002). Maturation of the superficial cortical 

layers and intracortical connections happens between the ages of six and 12 years, and 

that can facilitate speech perception in adverse conditions, such as speech in a noisy 

environment (J. K. Moore, 2002).  

The development of the auditory system can improve children’s categorical 

speech perception, whereas their hearing impairment can impair speech perception 

(Blankenship et al., 2018; Luo et al., 2014). Cochlear implants and hearing aids are 

reported to be helpful to improve categorical speech perception in children with 

hearing impairment (Bouton et al., 2012; Zhang et al., 2020). Indeed, all of the 

evidence demonstrates the important role of auditory development in categorical 

speech perception in children. 
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2.2.2. Development of Cognitive Abilities 

Previous research has reported that cognitive load negatively affects 

categorical speech perception (Casini et al., 2009; Chiu et al., 2019; Feng et al., 2021; 

Mattys et al., 2014). These studies provide evidence for the important role of cognitive 

manipulation in categorical speech perception. The development of different cognitive 

abilities related to speech perception is a very long course in children. 

As we mentioned at the beginning of Chapter 1, categorical speech perception 

recruits working memory. The phonological store is a component of the phonological 

loop in the working memory model (Baddeley, 2007), which is also described as 

phonological short-term memory or memory span. The phonological store is used to 

maintain speech information temporarily, and its capacity and processing speed 

increase with age in children, so that older children can memorise more speech 

information and do so with higher efficiency (Henry, 2012). Five-year-old children 

can recall three words, nine-year-olds can recall four words, and 11-year-olds can 

recall five words (Hitch et al., 1989). The higher processing speed can also help 

children quickly access long-term phonological representations in categorical speech 

perception (Henry, 2012). 

When we discuss categorical speech perception in children, another important 

cognitive function is that of attention. Although categorical speech perception can be 

automatic in adults (Zheng et al., 2014), this is a controlled process in children and 

requires their focused attention (Gomes, Molholm, Christodoulou et al., 2000; Gomes, 

Molholm, Ritter et al., 2000). Many behavioural experiments on categorical speech 

perception also have required children to pay sustained attention to tasks (e.g., F. Chen 

et al., 2017; Ma et al., 2021). For example, in those studies sound stimuli were repeated 

several times in phonemic identification and discrimination tasks. The duration of an 

entire task may last several minutes or even longer, and that is challenging for young 
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children without mature sustained attention. Previous research has delineated a 

progressive development of sustained attention in children by the age of 10, and after 

10 years of age their sustained attention becomes mature (Betts et al., 2006; Levy, 

1980). 

 

2.2.3. Development of the Phonological System 

In addition to the development of an individual’s auditory system and cognitive 

abilities, the development of the mental phonological system also plays an important 

role in the development of categorical speech perception. Nittrouer and Miller (1997) 

proposed a developmental weighting shift model and believed that children with 

accumulated native language experience can gradually learn optimal cue weighting 

strategies and perceive phonemic contrasts similarly to the way that adults can. 

Nittrouer and Crowther (1998) further excluded the possible effect of the age-related 

difference in auditory sensitivity on weighting shifts and suggested that a weighting 

shift is caused by exposure to the native language and consequently facilitates 

perceptual development in children. In this section, we introduce the perception of 

segments and suprasegments. An overview of some representative studies is listed in 

Table 2.1. 

 

2.2.3.1. Segments. Research in recent decades has reported that infants can 

perceive segments at a very early age. For example, Eimas et al. (1971) indicated that 

infants aged 14 months could discriminate phonemic distinctions in voiced and 

voiceless stops (/b/-/p/). Kuhl (2004) proposed a universal language timeline for the 

development of segment perception in infants. Along that timeline, infants develop 

language-specific vowel perception at approximately six months of age and consonant 

perception at roughly 11 months. Nonetheless, when infants or children obtain a 
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mature, adult-level ability to categorically perceive segments remains unclear. Arai 

and colleagues (2008) investigated the identification of Japanese vowel duration (/a:/-

/a/) in children aged five to eight years and found a significant developmental 

improvement from five-year-old children to those aged six years, and the identification 

performance of seven-year-old children was similar to that of adults. For consonant 

perception, Flege and Eefting (1986) examined the perception of English voiceless and 

voiced stops (/t/-/d/) in 10 children at the age of nine whose mother tongue was English 

or Spanish. They found that the boundary position in children was closer to /d/ with a 

shorter voice onset time(VOT) than that in adults. English-speaking participants 

obtained steeper identification functions than Spanish-speakers did, and the boundary 

position of English speakers was closer to /t/ with a longer VOT. That study’s results 

revealed that age and language background affect the perception of stops, and in those 

languages nine-year-old children had not obtained an adult-level perceptual ability.  

There are two types of tasks in the classic paradigm of categorical perception: 

identification task and discrimination task (Liberman et al., 1957), both of which are 

essential in processing natural speech. However, the phonemic discrimination task was 

not included in the studies mentioned above. It is necessary to combine identification 

and discrimination performance to predict perceptual ability in detail. 

Another crucial issue is the developmental order of the categorical perception 

of different phonemic contrasts. Jakobson (1968) proposed that language acquisition 

in children occurs in an ordered way. However, limited research on categorical 

perception has compared the developmental order of multiple phonemic contrasts in 

children. Hazan and Barrett (2000) examined perceptual development of four 

phonemic contrasts (i.e., /g/-/k/, /d/-/g/, /s/-/z/, and /s/-/ʃ/) in children between the ages 

of six and 12 years and observed a significant increase in the steepness of the 

identification gradient from children aged six years to those aged 12 years. However, 
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children at the age of 12 still could not categorically perceive these phonemic contrasts 

comparably to adults. The children also lacked perceptual flexibility when they 

perceived phonemes with signal degradation. The researchers further found that 

perception of plosive contrasts was more categorical than that of fricative contrasts.  

 

2.2.3.2. Suprasegments. In addition to the perception of segments, infants also 

develop the language-specific perception of suprasegments very early. Indeed, Mampe 

et al. (2009) found that the crying contours of German and French newborns aged two 

to five days matched the intonation contours of their corresponding mother tongues. 

Kuhl (2004) proposed that the perception of stress patterns develops at approximately 

eight months of age.  

The studies mentioned above focused primarily on the perception of 

suprasegments in children whose native languages were non-tonal languages, however, 

and only limited attempts have been made in the development of categorical perception 

in Mandarin-speaking children. Mandarin is a tonal language with four lexical tones, 

and the tones differ in pitch height and slope. Tone as a suprasegment can distinguish 

different lexical meanings. Accumulated evidence has shown that tone perception in 

listeners with tonal language experience differs from that in listeners with non-tonal 

language experience (e.g., Peng et al., 2010; Zheng et al., 2014). F. Chen et al. (2017) 

compared the categorical perception of Mandarin tones (the high-level tone vs. the 

mid-rising tone) in children aged four to seven years and observed that six-year-old 

children could clearly identify tones just as adults did with narrow boundary width. 

However, although children of older ages became more sensitive to between-category 

discrimination, children at the age of seven had not acquired an adult-level ability to 

discriminate tones.  
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Some studies have attempted to identify the developmental order of categorical 

perception of segments and suprasegments. Xi et al. (2009) investigated the 

identification of Mandarin tones (the high-level tone vs. the rising tone) and consonant 

aspiration (/pa/ vs. /pha/) in children aged five to seven years. Those authors found that 

children at the age of six had acquired adult-level categorical perception of Mandarin 

tones, whereas the categorical perception of consonant aspiration in seven-year-old 

children was not mature. These findings revealed that the categorical perception of 

Mandarin tone and consonant aspiration followed different developmental courses. 

However, Xi et al. (2009) did not explore the development of phonemic discrimination. 

Recently, Ma et al. (2021) compared the development of identification and 

discrimination of Mandarin tones and aspiration of consonants in children aged four 

to six years old. Those authors found that the children’s tone identification ability 

reached the adult level at the age of six, and their discrimination ability became mature 

at the age of five. However, six-year-old children could not identify or discriminate 

aspiration of consonants as well as adults can. Thus, the development of tone 

perception was earlier than aspiration perception was. 

The research discussed above was based on traditional behavioural 

experiments. However, in the past 10 years, more and more studies have used 

neuroimaging techniques to investigate perceptual development. To determine the 

effect of phonological saliency on perceptual development in children, Lee et al. (2012) 

recorded pre-attentive mismatch responses to tones (the high-level tone vs. the rising 

tone vs. the falling-rising tone), vowels (di-da-du), and initial consonants (ba-da-ga) 

in Taiwanese Mandarin-speaking children aged four to six years. According to the 

phonological saliency hypothesis (Zhu & Dodd, 2000), Mandarin tones and vowels 

are more salient than initial consonants are. Adult-level mismatch negativity (MMN) 

was elicited by large deviant tone stimuli, whereas small deviant tone stimuli elicited 



20 

 

positive mismatch responses in all of that study’s children. Similarly, large deviant 

vowel stimuli also elicited an adult-level MMN in all of the children. The six-year-old 

children showed mature MMN patterns elicited by small deviant vowel stimuli. 

However, no MMN was found in initial consonant perception, although a positive 

mismatch response was elicited by large/small deviant consonant stimuli in all of the 

children. Those findings indicated that the automatic and pre-attentive discrimination 

of initial consonants for these children was immature and difficult. Thus, those results 

support the phonological saliency hypothesis. Moreover, the physical properties of 

different phonemic contrasts may also contribute to the developmental order of 

perception. Compared with tones and vowels, acoustic changes in consonants are more 

rapid, which might increase the difficulty for children in perceiving fine-grained 

acoustic cues of consonants. Liu et al. (2014) also used electroencephalography (EEG) 

to investigate the perceptual development of Mandarin consonants (/thɕ/ vs. /ɕ/) and 

lexical tones (Tone 2 vs. Tone 3) in children aged three to eight years. Their results 

support the notion that the maturation of phoneme discrimination is a long and slow 

process in preschool- and school-aged children.  
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2.3. Degeneration of Categorical Speech Perception in Older Adults  

 Aging is associated with hearing loss and degradation in cognitive processing, 

both of which lead to difficulty understanding speech in the aging population. In this 

section, we introduce the degeneration of the auditory system, cognitive abilities, and 

phonological system in older adults and discuss how those individuals actively 

reorganise neural resources to compensate. 

 

2.3.1. Degeneration of the Auditory System 

Hearing loss is quite prevalent in older adults (Walling & Dickson, 2012). 

There are three types of hearing loss. Conductive hearing loss is caused by problems 

in the outer/middle ear, such as otitis media and otosclerosis, such that the mechanical 

energy of sounds cannot be conducted to the inner ear efficiently. Another type of loss 

is due to problems along the auditory nerve pathway from the inner ear to the brain, 

causing sensorineural hearing loss. The third type of hearing loss is mixed hearing loss, 

which combines conductive hearing loss and sensorineural hearing loss. The 

prevalence of hearing loss is 58.85% in Chinese older adults above 60 years of age, 

and hearing loss becomes more severe with increasing age (Gong et al., 2018). Chronic 

diseases, ear disease, and noise exposure are also important factors that impair hearing 

sensitivity in the aging population. 

The auditory pathway is organised tonotopically. It is reported that age-related 

hearing loss is first observed at high frequencies (above 4,000 Hz), and then progresses 

to the middle frequency range (2,000 – 4,000 Hz) (Fetoni et al., 2011). Thus, the 

perception of spectral cues varying within this range can be influenced by age-related 

hearing loss. Molis and Leek (2011) investigated English vowel identification (/ɪ/, /ʊ/, 

and /ɝ/) in normal-hearing and hearing-impaired listeners (61-80 years old) and found 

that those with hearing impairment could not distinguish different vowel categories 
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clearly. Clinard et al. (2010) also reported that the phase-locking ability in older adults 

had degenerated. Krishnan et al. (2004) found that the neural encoding of four Chinese 

lexical tones in the low-frequency range depends on the phase-locking ability, so older 

adults may also show impaired tone perception because of their decreased phase-

locking ability. Furthermore, along with the negative effect of hearing loss on the 

perception of spectral cues mentioned above, the perception of temporal cues is also 

influenced by age-related hearing loss. Gordon-Salant et al. (2006) found that older 

adults with hearing impairment showed poor identification and discrimination of 

temporal cues (e.g., DISH vs. DITCH). 

 

2.3.2. Degeneration of Cognitive Abilities 

The process of categorical speech perception consists of low-level sensory 

encoding and high-level cognitive processing. Thus, the causes of perceptual difficulty 

in older adults are complex. Although the effect of age-related hearing loss on speech 

perception was found to be uniform in previous studies (Bidelman et al., 2019; Fostick 

et al., 2013), the role of cognitive functions has been shown to be inconsistent 

(Heinrich & Knight, 2016). In terms of the complex interplay of different cognitive 

components, increased attention has been paid to the extent to which cognitive decline 

can explain the inter-listener variability of speech perception in older adults. 

Working memory is one of the cognitive components receiving the most 

interest. Working memory refers to the ability to temporarily store and manipulate 

information essential for complex cognitive tasks, such as language comprehension 

(Baddeley, 2007). Füllgrabe et al. (2015) investigated the contributions of different 

cognitive functions to consonant identification in normal-hearing older adults without 

cognitive impairment. They used a backward digit span (DS-B) and reading span test 

(RS) to assess working memory capacity. Older adults did not perform as well as 
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younger adults did in the RS test. However, there was no correlation between RS 

performance and consonant identification. Although the two groups performed 

similarly in DS-B, the DS-B score was found to be correlated with consonant 

identification accuracy in noise among older adults. Therefore, different tasks 

measuring working memory may draw different conclusions about the effect of a 

decline in working memory on speech perception. Thus, it is important to determine 

the nature of different cognitive tasks and choose the most appropriate tasks for 

measuring corresponding cognitive functions. 

Inhibition is another cognitive function that is commonly reported to 

degenerate in older adults. Two well-known theories construct the processes of speech 

perception from acoustic-phonetic information extraction to mapping of the 

information onto cognitive representations. One is the interactive model (e.g., the 

TRACE model, McClelland & Elman, 1986), and the other is the autonomous model 

(e.g., the merge model, Norris et al., 2000). Although no consensus has been made on 

interactive or autonomous processing in speech perception, inhibition plays an 

important role in both of the models. For example, in the TRACE model, an inhibitory 

connection is proposed within the acoustic feature level, phoneme level, and word 

level to explain the multidirectional competition of input units. In the merge model, 

inhibition is also assumed within the phoneme decision level and the lexical level, to 

control unit-to-unit competitions of input from the prelexical level. Thus, the 

perceptual decline observed in older adults theoretically may be attributable to the 

degradation of inhibition. Stothart and Kazanina (2016) investigated the perception of 

consonants (/ba/-/da/) in older adults between the ages of 62 and 88 years and observed 

increased P50 and N1 amplitudes and a reduced N2, thus supporting the inhibitory 

deficit hypothesis of aging (Hasher et al., 2007; Hasher & Zacks, 1988). 
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In a recent empirical study, Roque et al. (2019) investigated the correlation 

between working memory/inhibitory control and vowel identification in normal-

hearing older adults. Working memory, inhibitory control ability, and vowel 

identification were poorer in older adults than in young adults, but no significant 

correlations were observed –– perhaps because of the low cognitive load required for 

vowel identification in their study. Compared with phoneme identification, phoneme 

discrimination requires more cognitive load, because listeners need to quickly encode 

and compare two auditory stimuli. In another study using a dichotic listening paradigm, 

Westerhausen et al. (2015) found that inhibitory control of consonant perception 

decreased in older adults. Another possible explanation could be that the extent to 

which working memory, inhibitory control, and vowel identification decline in the 

normal aging population may not be large enough for scholars to observe a potential 

correlation. Thus, it will be necessary to further investigate the correlation between 

categorical speech perception and working memory/inhibitory control in older adults 

with cognitive impairment.  

In addition to the cognitive decline that occurs with normal aging, evidence 

from research on cognitive impairments, such as mild cognitive impairment (MCI) and 

Alzheimer’s disease, also indicates that cognitive decline influences categorical 

speech perception. Mild cognitive impairment is a transitional stage from normal aging 

towards dementia (Petersen, 2000). People with only a mild decline in cognitive 

function can complete activities independently in daily life (Zou et al., 2017). 

Bidelman et al. (2017) studied the categorical perception of English vowels (/u/-/a/) in 

normal older adults and those with MCI and failed to find a significant difference in 

the behavioural identification of vowels between the two groups. However, the 

researchers did observe a larger frequency-following response (FFR) and a larger N1-

P2 amplitude in older adults with MCI, which suggested that hypersensitivity of 
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subcortical and cortical responses was a decline compensation mechanism in the MCI 

group. Whether the categorical perception of other phonological features shows the 

same pattern as that of vowels in the MCI population remains unclear. Notably, 

Bidelman et al. (2017) focused on the English-speaking population, and considering 

the effect of language background on categorical speech perception (Peng et al., 2010), 

the effect of cognitive deficits on categorical speech perception in the Chinese 

population also requires more investigation. Indeed, Feng et al. (2019) investigated the 

categorical perception of Mandarin lexical tones in Chinese healthy older adults and 

those with MCI and reported that healthy participants maintained normal tone 

perception, whereas cognitive impairment yielded impaired tone discrimination. 

 

2.3.3. Degeneration of the Phonological System 

Accumulated evidence has shown that older adults suffer from a decline in 

temporal and spectral processing of speech and perception of segments and 

suprasegments (Ning, 2018). In this section, we introduce some representative studies 

on the categorical perception of segments and suprasegments in older adults.  

 

2.3.3.1. Segments. Formants are essential spectral cues for vowel perception. 

Bidelman et al. (2014) found that older listeners showed slower performance and less 

clear categorical boundary than younger listeners in the identification of English 

vowels /u/ and /a/. Reduced brainstem responses and increased but delayed cortical 

auditory-evoked responses (i.e., N1-P2) were also observed in older adults, suggesting 

that weakened subcortical spectral information processing along the central auditory 

pathway was compensated for by increased cortical disinhibition. Those authors also 

reported that the increased neural redundancy decreased neural flexibility and 

consequently impaired acoustic-phonological mapping.  
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Moreover, vowel duration is also an important temporal cue for vowel 

perception in some Indo-European languages. Roque et al. (2019) examined the impact 

of age, cognitive functions, and subcortical and cortical encoding on the perception of 

vowel duration (i.e., WHEAT vs. WEED) in normal-hearing older adults. They 

observed a less clear distinction between the two categories in older adults, and that 

was only negatively correlated with the latency of early cortical response (i.e., the 

steeper the slope, the earlier the P1). Compared with younger normal-hearing adults, 

older adults also showed a decline in working memory, in speed of information 

processing, and in inhibitory control, as well as a weakened stimulus-to-response 

morphology of FFR and phase-locking ability. However, none of those was found to 

be correlated with behavioural perceptual performance. That study’s results indicated 

that the perceptual deficit in older adults was attributable to the extent to which cortical 

excitability was a compensation for the degraded early subcortical auditory processing. 

Transition is a spectral cue that is necessary for the perception of consonants. 

Harkrider et al. (2005) investigated the perception of consonant transition (/ba/-/da/-

/ga/) in older adults and found that the older adults had larger /d/ categories, greater 

N1 amplitudes, and longer P2 latencies than young adults did. They also found that 

the age differences decreased when the audibility of transition information was 

enhanced by minimising the gain at low frequencies and increasing it at the mid to 

high frequencies.  

Voice onset time is a temporal cue that is also important for consonant 

perception. Strouse et al. (1998) examined the perception of VOT (/ba/-/pa/) in older 

adults and found a shallower identification slope and lower peak of discrimination 

accuracy in older adults than young adults. Additionally, Tremblay et al. (2002) 

investigated the perception of VOT (/ba/-/pa/) in 10 older adults aged 61-79 years with 

a normal hearing threshold and found relatively poorer VOT discrimination in the 
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older adults. The older adults also showed delayed N1 and P2 latency, indicating a 

negative aging effect on neural inhibitory and excitatory regulation. However, studies 

have produced controversial findings on the temporal processing deficit in older adults. 

Gordon-Salant et al. (2006) found age-related differences only in the perception of 

specific temporal cues associated with the consonant manner of articulation (e.g., the 

silent duration for DISH/DITCH, and the transition duration for BEAT/WHEAT), and 

not in those related to consonant voicing (e.g., VOT for BUY/PIE, and vowel duration 

for WHEAT/WEED). Therefore, categorical perception of different phonemic 

contrasts in older adults seems to have different patterns of decline.  

 

2.3.3.2. Suprasegments. The degeneration of suprasegment perception has 

attracted researchers’ attention in the past decade. Y. Wang, Yang, Zhang et al. (2017) 

explored the lexical tone (Tone 2 vs. Tone 3) perception among 13 Chinese older 

adults between the ages of 60 and 70 years. Significantly shallower slopes in the tone 

identification and smaller peakedness in the discrimination accuracy were found in the 

older adults, compared with young adults. This research team (Y. Wang, Yang, & Liu, 

2017) also investigated whether signal duration influenced lexical tone perception 

(Tone 1 vs. Tone 2, and Tone 1 vs. Tone 4) in native older adults. Those authors 

observed that short signal duration impaired perceptual ability in older adults. 

Furthermore, Y. Wang et al. (2021) explored the effect of speech-shaped noise on 

categorical perception of Mandarin lexical tones (Tone 1 vs. Tone 2, Tone 1 vs. Tone 

4) in 12 60-to-70-year-old adults and found not only that noise degraded the older 

listeners’ tone perception, but also that the effect of noise was more salient in their 

perception of Tone 1 and Tone 4. 

However, the age ranges of the older adults in these studies limited the 

generalisation of the findings to those aged above 70 years in terms of increased life 
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expectancy. We know that life expectancy increases with better sanitation and medical 

innovations across the years, and the global life expectancy was 72 years in 2016, 

according to the World Health Organization (World Health Organization, 2020). Some 

projections even claim that life expectancy may be able to break 90 years by 2030 

(Kontis et al., 2017). In fact, the current life expectancy in China is above 76 years 

now (H. Chen et al., 2020), so it is necessary to include more older adults aged above 

70 years in age-related studies. Furthermore, all of the studies mentioned above failed 

to conduct a direct age comparison in older adults. Feng et al. (2020) conducted an age 

comparison of lexical tone perception in older adults aged below 65 years and those 

aged above 75 years and found that tone perception remained intact in the younger 

seniors, whereas tone discrimination degenerated in the older ones. 

The differing age ranges and languages in previous studies hinder a direct 

comparison of the perceptual decline of different segments and suprasegments in older 

adults. It remains unclear whether the perceptual decline trajectories of different 

phonemes are asynchronous. 

 

2.3.4 Neural Mechanisms of Categorical Speech Perception in Older Adults 

In recent decades, neuroimaging technologies, such as electroencephalography 

(EEG), functional magnetic resonance imaging (fMRI), positron emission tomography 

(PET), magnetoencephalography (MEG), functional near-infrared spectroscopy 

(fNIRS), and electrocorticogram (ECoG), have developed rapidly. Via these 

techniques, scholars have observed the neural mechanisms of speech processing at 

both the cortical and subcortical levels and have proposed several compensation 

models for speech perception in older adults.  

Electroencephalography is one of the most widely used noninvasive tools 

available with a fairly high temporal resolution. Via analysing time-locked EEG 
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signals, we can obtain a series of event-related potentials (ERPs) reflecting cortical 

responses to relevant stimuli on the order of milliseconds (Luck, 2014). Underlying 

the ERP waveform is the ERP component, which is conceptually defined as ‘a scalp-

recorded neural signal that is generated in a specific neuroanatomical module when a 

specific computational operation is performed’, according to Luck (2014). 

Operationally, an ERP component is a source of systematic amplitude change across 

conditions (Luck, 2014). Different ERP components show different polarities, 

latencies, and scalp distributions.  

An early positive ERP component that reflects preperceptual detection of 

stimuli is the P1 wave (Näätänen & Winkler, 1999). Roque et al. (2019) noted a larger 

P1 amplitude and earlier P1 latency in older adults when perceiving vowel duration. 

Because the age-related decreased efficiency of post-synaptic gamma-aminobutyric 

acid (GABA) neurotransmission reduces inhibitory potentials, the increased neural 

excitability may be attributable to an imbalance between inhibition and excitation in 

older adults. Roque et al. (2019) also found that individuals with a greater slope of 

vowel identification showed an earlier P1 latency, thus indicating that the increased 

neural excitability may be a compensatory mechanism for the perceptual decline in 

normal-hearing older adults.  

Another early negative ERP component, occurring at approximately 100 ms, 

is the N1 wave, which reflects the focusing of attention to stimuli. A positive-going 

ERP component emerging at approximately 200 ms is the P2, and it reflects auditory 

identification of stimuli (Näätänen & Winkler, 1999). Bidelman et al. (2014) observed 

larger N1-P2 magnitudes but delayed N1 latency in older adults when identifying 

English vowels. In contrast to Roque et al. (2019), Bidelman et al. (2014) found that 

older adults with greater N1-P2 magnitudes performed more poorly in vowel 

classification, thus revealing that the neural redundancy impaired speech perception. 
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Because of the differing manipulations of stimuli (vowel duration vs. vowel formant), 

differing participants (clinically normal hearing vs. mild-to-moderate hearing loss at 

high frequency), and differing ERP components (P1 vs. N1-P2) that were examined 

between these two studies, it is difficult to explain the controversial findings through 

direct comparison. 

In addition to the P1-N1-P2 complex, MMN has also been investigated in older 

adults. Mismatch negativity reflects an automatic cortical response to discriminable 

auditory changes of stimuli, with a frontal scalp distribution (Näätänen et al., 2012). 

The sensitivity of MMN correlates with listeners’ perceptual discrimination ability 

(Näätänen & Winkler, 1999). Xiao et al. (2020) recorded the MMN of between- and 

within-category discrimination of lexical tones (Tone 2 vs. Tone 4) and nonspeech 

tones without attention in young adults and in older adults between the ages of 55.6 

and 79.6 years. The pitch in Mandarin lexical tone conveys both acoustic and 

phonological information, whereas the pitch in nonspeech only reflects acoustic 

information. It is interesting to explore whether the decline of auditory spectral 

processing in older adults is domain-general or domain-specific. Xiao et al. (2020) 

found a decreased amplitude and increased latency of MMN in the discrimination of 

between-category lexical tones in older adults, and they also showed an increased 

MMN latency as a neural compensation in the discrimination of within-category 

lexical tones. However, there was no compensation in the discrimination of nonspeech 

tones. These findings demonstrated a preserved speech-specific cortical processing of 

pitch information in older adults, but a decreased ability to retrieve mental knowledge 

of tonal categories. Moreover, compared with young adults, older adults showed lower 

MMN amplitude and longer MMN latency when perceiving Polish voiced and 

voiceless stops (/to/-/do/) differing in VOT (Oron et al., 2019). That finding indicated 
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that the auditory perceptual sensitivity to between-category temporal cues also 

degenerated with age. 

The P300 wave is a positive ERP component with a centro-parietal scalp 

distribution, and it peaks at approximately 300 ms or more. It reflects the attention-

driven processing of rare stimuli and is commonly elicited by the oddball paradigm 

(Duncan et al., 2009). Indeed, using an oddball paradigm, Wall et al. (1991) 

investigated the aging effect on cortical responses to the discrimination of pure tones 

(1,000 Hz vs. 2,000 Hz), consonants ([bɛ]-[dɛ]-[pɛ]) varying in place of articulation 

and VOT, and vowels ([i]-[ɪ]-[ɛ]), and they found a longer latency of P300 in older 

adults than in young adults, across all stimulus conditions. However, P300 amplitude 

showed no age difference. This provided evidence for an auditory processing deficit 

and declined linguistic ability in older adults. In both age groups, there was the shortest 

P300 latency and largest P300 amplitude in the pure tone condition versus those in 

consonant and vowel conditions, and the P300 latency in the place of the articulation 

condition was longest. That finding may indicate that the perception of pure tone is 

relatively easier and the perception of consonant transition is relatively more difficult. 

However, in Wall et al. (1991), pure tone perception involved only acoustic processing, 

whereas consonant and vowel perception involved both acoustic and phonetic 

processing. Thus, directly comparing pure tone processing and consonant/vowel 

processing is unequal and inappropriate. Distinct from pure tone processing, Mandarin 

lexical tone encoding involves both acoustic and phonological processing. To solve 

this problem from Wall et al. (1991), therefore, it is necessary to further examine the 

aging effect on P300 in response to Mandarin lexical tones and compare the P300 

patterns across different phonemes. 

Compared with the inconsistency of cortical ERP findings mentioned above, 

previous research has observed a relatively consistent subcortical auditory encoding in 
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older adults. Waveforms of auditory brainstem responses (ABRs) reflect neural firing 

along the central auditory pathway, including that of the cochlear nerve, cochlear 

nuclei, superior olivary complex, lateral lemniscus, and inferior colliculus (Møller & 

Jannetta, 1985). The decreased ABR to encode speech signals (e.g., consonant 

transition and vowel duration) found in older adults demonstrates an age-related 

degradation of phase-locked neural activity (Rishiq et al., 2020; Roque et al., 2019). 

The phase-locking ability to encode nonspeech signals in the brainstem has also been 

found to degrade in older adults (Clinard et al., 2010). 

Although an EEG has a relatively high temporal resolution, its low spatial 

resolution hinders us from localising the brain source of speech perception in older 

adults. Using an ECoG, Chang et al. (2010) demonstrated direct evidence for the neural 

representation of categorical speech perception (/ba/-/da/-/ga/) in the superior temporal 

gyrus. However, neural mechanisms in older adults have been reported to differ from 

those in young adults. Du et al. (2016) investigated syllable identification (/ba/, /ma/, 

/da/, /ta/ in English) at varying signal-to-noise ratios in older adults using an fMRI and 

found a stronger activation in frontal speech motor areas in older adults that appeared 

to provide a means of compensation for speech perception in noise.  

Evidence from other fMRI and PET studies also has indicated that older adults 

can utilise additional brain regions as compensation for brain atrophy. For example, 

Cabeza (2002) proposed a compensation model in the elderly –– the HAROLD model 

(Hemispheric Asymmetry Reduction in Older Adults) –– based on findings of word 

recognition, semantic retrieval, and inhibitory control from fMRIs and PET scans. This 

model assumed that when older adults and younger adults perform the same cognitive 

task, cortical activation would be less lateralised in the older ones. Other studies further 

discovered that only older adults with better performance in tasks showed 
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compensatory mechanisms, and compensation was absent in those with poorer 

performance (Mattay et al., 2006; Peelle et al., 2013).  

Reuter-Lorenz and Cappell (2008) proposed another hypothesis about 

compensation –– the CRUNCH (Compensation-Related Utilization of Neural Circuit 

Hypothesis) –– which posits that older people can utilise more brain regions in order 

to perform as well as young adults do in simple tasks, whereas an aging-related 

behavioural difference might happen when the task difficulty is high for them. Thus, 

such overactivation in older adults compensates for functional declines elsewhere. 

Specifically, Davis et al. (2008) proposed the model of the posterior-anterior shift in 

aging (PASA), and they observed an age-related decrease in occipital activity and a 

correlated increased activity in the frontal lobe, across tasks. 

Furthermore, Park and Reuter-Lorenz (2009) summarised the different neural 

compensation models that we discussed above and proposed the scaffolding theory of 

aging and cognition (STAC). According to the STAC, when people age, some 

inevitable neural changes (e.g., shrinkage and cortical thinning) and functional 

deterioration (e.g., functional dedifferentiation and increased default activity) occur in 

the aging brain. Nonetheless, certain adaptive neural changes (e.g., frontal recruitment 

and bilateral activation) could compensate for the functional deterioration, and 

cognitive training and exercise could further enhance the scaffolding effect. Those 

authors believe that such self-generated compensatory scaffolding created by 

continuous recruitment of additional neural circuits helps older adults maintain a 

behavioural performance similar to that of young adults. Reuter-Lorenz and Park 

(2014) further augmented the STAC model by adding life course experience that 

affects cognitive abilities before aging, thus proposing the STAC-r model, which could 

better explain individual variations in cognitive aging. However, none of these 

compensation mechanisms was based on findings from Chinese older adults.   
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Chapter 3. Development of Categorical Speech Perception in 

Mandarin-Speaking Children and Adolescents 

3.1. Introduction 

In daily communication, speech consists of continuous acoustic cues that are 

highly variable. To understand the meanings of speech, humans first need to encode 

those acoustic cues into discrete phonemes, via so-called categorical perception (CP). 

Acquiring CP is thus an important and basic stage of language development for 

children. Although previous literature has demonstrated that children can perceive 

phonemes at quite a young age, the age of perceptual maturation remains unclear (see 

Table 2.1 for details). As we discussed in Chapter 2, the interplay of the immature 

auditory system, cognitive abilities, and phonological system affects the development 

of categorical speech perception. Previous literature has also reported that the 

developmental courses of different phonemes are different (Xi et al., 2009; Ma et al., 

2021). Thus, in this chapter, we will report on a study we conducted on the 

development of CP for different phonemic contrasts (i.e., tones, vowels, and 

consonants) in Mandarin-speaking children and adolescents from four years old to 14 

years old. The research on the typical development of categorical speech perception 

might provide a potential reference to the assessment of atypical language 

development.  

In the classical paradigm of CP (Liberman et al., 1957), there are two types of 

tasks –– identification and discrimination tasks –– reflecting different phonological 

processing abilities. Repp (1984) described several CP characteristics of identification 

and discrimination performance. In the identification curve, there should be a steep 

change from one phonological category to the other. In the discrimination curve, a 

peak of discrimination accuracy should appear at the position of the category boundary. 

In addition, between-category accuracy should be significantly higher than within-
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category accuracy, and within-category accuracy should be close to the level of chance 

(50%). Some previous studies on the development of CP tested only the identification 

or discrimination abilities (see more details in Table 2.1). F. Chen et al. (2017) and Ma 

et al. (2021) reported that the developmental courses of identification and 

discrimination abilities differ.  

Thus, in this chapter’s study we investigated the identification and 

discrimination abilities together. The behavioural performances of children and 

adolescents (target groups) in this study were directly compared with that of young 

adults (control group). A significant difference between the target group and the 

control group indicated an immature CP in the target group. Otherwise, if the target 

group had acquired a mature CP ability comparable to that of the control group, we 

would observe no significant difference between the target group and the control group.  

 

Table 3.1  

Features of tones, vowels, aspiration of consonants, and transition of consonants. 

Phonemic 

contrasts 

Segment/ 

suprasegment 

Spectral/ 

temporal cue 

High/low 

frequency 

Rapid/slow 

change 

Tone Suprasegment Spectral Low Slow 

Vowel Segment Spectral High Slow 

Aspiration of 

consonant 

Segment Temporal N/A Rapid 

Transition of 

consonant 

Segment Spectral High Rapid 

Note: N/A is ‘not applicable’ 
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In this study, to investigate the perception of segments and suprasegments with 

different temporal and spectral acoustic features, we chose four phonemic contrasts, 

the features of which are listed in Table 3.1. A tone is a suprasegment differing in 

fundamental frequency (F0) and is a spectral acoustic cue with relatively low 

frequency and slow changing. A vowel is a segment differing in formants, which are 

spectral acoustic cues with relatively high frequency and changing slowly. The 

aspiration of consonants differing in voice onset time (VOT) is a temporal acoustic 

cue with a rapid change. The articulatory manner of consonants that differ in transition 

is a spectral acoustic cue with high frequency and rapid changing.  

 

3.2. Methods 

3.2.1. Participants 

One hundred and four participants were recruited in this study: 20 four-year-

old children (11 males) from kindergarten, 20 six-year-old children (10 males), and 20 

10-year-old children (10 males) from primary school, 20 14-year-old adolescents (10 

males) from middle school, and 24 young adults (15 males, 20-30 years old). Young 

adults and parents of children and adolescents were from northern China. All 

participants learned Mandarin when they began to speak. They were native Mandarin 

speakers, and they reported no hearing, language, or cognitive impairment. Three 

children aged four years and one child aged six years failed to complete tasks because 

of fatigue and were excluded from further data analyses. Consent forms were obtained 

from all of the children’s parents and young adults.  

 

3.2.2. Materials 

We selected four pairs of contrasting words (‘衣’ /i1/, clothes – ‘姨’ /i2/, aunt; 

‘嘟’ /tu/, toot – ‘滴’ /ti/, drip; ‘八’ /pa/, eight – ‘趴’ /pha/, grovel; ‘八’ /pa/, eight – ‘搭’ 
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/ta/, build) that are frequently used in Chinese. These words were naturally uttered by 

a male native Mandarin speaker from northern China. Speech samples were recorded 

by Praat (Boersma & Weenink, 2020) with a 44.1 kHz sampling rate and 16-bit 

resolution. Four continua were generated by TANDEM-STRAIGHT software 

(Kawahara & Morise, 2011). Each continuum included nine stimuli with an intensity 

of 70 dB SPL and a duration of 350 ms. Figure 3.1 shows the schematic diagrams of 

the four continua. 

Stimuli in the tone continuum differed in F0. Syllables /i/ with high-level tone 

(stimulus 1, ‘衣’) and /i/ with mid-rising tone (stimulus 9, ‘姨’) were selected as two 

endpoints. The F0 onset of stimulus 1 was 151 Hz, and that of stimulus 9 was 109 Hz, 

as shown in Figure 3.1 (A). The onset of F0 decreased from 151 Hz to 109 Hz at a step 

size of approximately 5 Hz.  

Stimuli in the vowel continuum differed in the first and second formants (F1, 

F2). Consonant-vowel (CV) structure syllables /tu/ (stimulus 1, ‘嘟’) and /ti/ (stimulus 

9, ‘滴’) were chosen as endpoints. The F1 frequency of stimulus 1 was 384 Hz, and 

the F2 frequency of stimulus 1 was 1,002 Hz. The F1 frequency of stimulus 9 was 282 

Hz, and the F2 frequency of stimulus 9 was 2,273 Hz. The F1 frequency changed from 

384 Hz to 282 Hz, with a step size of 13 Hz. The F2 increased from 1,002 Hz to 2,273 

Hz, with a step size of 159 Hz.  

Stimuli in the aspiration continuum differed in VOT. Syllables /pa/ (stimulus 

1, ‘八’) and /pha/ (stimulus 9, ‘趴’) were selected as two endpoints. The VOT of 

stimulus 1 was 6 ms, and that of stimulus 9 was 76 ms. The step size of VOT was 

approximately 8.75 ms between two adjacent stimuli.  

Stimuli in the transition continuum differed in frequencies of transition. 

syllables /pa/ (stimulus 1, ‘八’) and /ta/ (stimulus 9, ‘搭’) were chosen as two endpoints. 

The duration of transition was 40 ms. The F2 onset frequency of stimulus 1 was 1,207 
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Hz, and that of stimulus 9 was 1,554 Hz. The step size of F2 onset between two 

adjacent stimuli was approximately 43.38 Hz. 

A  

B  

C  

D  

Figure 3.1 Schematic diagrams of (A) F0 contours in the tone continuum, (B) formants 

in the vowel continuum, (C) VOT in the aspiration continuum, and (D) transition in 

the transition continuum. 
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3.2.3. Procedures 

Based on a pilot study, we asked all children and adolescents to complete the 

tone perception task. Only children aged four to 10 years were involved in the vowel 

perception task, and only children aged six to 10 years and adolescents aged 14 years 

were involved in the aspiration and transition perception tasks. All adults finished the 

perceptual tasks of the four continua. The order of the continua was counterbalanced 

across the participants. All participants were required to complete the identification 

task and discrimination task in a quiet room. A laptop with E-Prime 2.0 was used to 

conduct the experiment. 

In the identification task, participants needed to quickly judge whether the 

sound stimulus was Sound 1 (e.g., ‘衣’ in tone continuum) or Sound 2 (e.g., ‘姨’), and 

press the corresponding keys: Key ‘1’ for Sound 1 and key ‘2’ for Sound 2. Before the 

testing block, there was a practice block with only stimulus 1 and stimulus 9 for the 

participants, to help them become familiar with the task. To ensure that they had 

understood the task, the testing block was only released when they obtained an 

accuracy above 90%. Four-year-old children were illiterate and unable to press the 

keys by themselves, so experimenters first taught them to label Sound 1 (e.g., a picture 

of clothes for ‘衣’ in tone continuum on the left of a computer screen) and Sound 2 

(e.g., a picture of a middle-aged woman for ‘姨’ on the right of a computer screen). 

Then, the experimenters helped them to press the corresponding key after they pointed 

at a picture to indicate their decision. There were nine repetitions of each stimulus in 

the testing block for adults, and five repetitions for children and adolescents, to avoid 

tiredness. All stimuli were presented randomly.  

In the discrimination task, participants were asked to quickly judge whether 

two sequentially released stimuli were the same (pressing key ‘1’) or different 
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(pressing key ‘2’) (AX pattern). For four-year-old children, experimenters asked them 

to make judgments and helped them to press the corresponding keys. The interstimulus 

interval (ISI) was 500 ms. Twenty-three pairs of stimuli were included: nine stimuli 

paired with themselves (i.e., 1-1, 2-2, 3-3, … 8-8, 9-9) and 14 pairs of different stimuli 

separated by two steps in forward order (i.e., 1-3, 2-4, 3-5, … 7-9) and reverse order 

(i.e., 3-1, 4-2, 5-3, … 9-7). All pairs of stimuli were presented randomly and repeated 

five times for all participants. Before the testing block, there was a practice block to 

help participants become familiar with the task. To ensure that they had understood 

the task, the testing block was only released when they obtained an accuracy above 

90%. 

 

3.2.4. Data Analyses 

For the identification task, responses of Sound 1 in the four continua were 

analysed. We conducted a Probit analysis on the identification responses to calculate 

the position of category boundary and boundary width (Finney, 1971). We defined the 

boundary position as the 50% crossover point of the identification curve, and the 

boundary width was the distance between the 25th and the 75th percentiles of the 

identification curve. A wider boundary reflected a more ambiguous distinction of 

phonological categories. 

For the discrimination task, all stimuli pairs were grouped into seven 

comparison units, each of which included four types of stimuli pairs: A-A, B-B, A-B, 

and B-A (e.g., 1-1, 3-3, 1-3, and 3-1). Discrimination accuracies of seven comparison 

units were calculated by the formula proposed by Xu et al. (2006): P = P (‘S’|S) × P 

(S) + P (‘D’|D) × P (D). In this formula, P (S) is the percentage of the same stimuli 

pairs (e.g., 1-1, 3-3) and P (D) refers to the percentage of different stimuli pairs (e.g., 

1-3, 3-1). Here, P (‘S’|S) and P (‘D’|D) respectively index the percentage of ‘the same’ 
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responses to the same stimuli pairs, and the percentage of ‘different’ responses to 

different stimuli pairs. Based on the boundary position, the discrimination accuracies 

were further divided into between-category accuracy and within-category accuracy. 

The between-category accuracy was the average accuracy of two comparison units 

straddling the categorical boundary. The within-category accuracy was the average 

accuracy of the remaining comparison units. Discrimination peakedness is an indicator 

of one’s discrimination ability to enhance between-category discrimination and inhibit 

within-category discrimination (Xu et al., 2006). Thus, it referred to the difference 

between within-category accuracy and between-category accuracy. 

 

3.3. Results 

3.3.1. Tone Identification and Discrimination 

Figure 3.2 (A) shows the identification responses to the high-level tone by the 

children, adolescents, and young adults. There was a sharp decrease of identification 

response from the high-level tone to the mid-rising tone in each group. The boundary 

widths and boundary positions (means) are listed in Table 3.2.  

 

Table 3.2 Boundary positions and boundary widths of tone identification in children, 

adolescents, and young adults. 

Groups Boundary position (SD) Boundary width (SD) 

Children aged four years 4.561 (0.669) 2.689 (1.303) 

Children aged six years 4.490 (0.492) 1.322 (0.883) 

Children aged 10 years 4.608 (0.665) 1.366 (0.843) 

Adolescents aged 14 years 5.087 (0.501) 1.329 (0.659) 

Young adults 5.314 (0.483) 1.020 (0.507) 
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A  

B  

C  

Figure 3.2 (A) Identification curves, (B) discrimination curves, and (C) discrimination 

accuracy of tones in children, adolescents, and young adults. Note: Error bars = ±1 

SD. 

 

We conducted a one-way analysis of variance (ANOVA) with boundary width 

as a dependent variable and group as an independent variable, and the results revealed 
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a main effect of group (F(4, 95) = 10.718, p < 0.001). A post hoc test with Bonferroni 

adjustment indicated that children aged four years showed a wider categorical 

boundary of tones than the other four groups did (all ps < 0.001), and no significant 

difference was found among the other four groups (all ps = 1.000). For boundary 

position, a one-way ANOVA (F(4, 95) = 8.975, p < 0.001) again found a main effect 

of group. A post hoc test with Bonferroni adjustment demonstrated that the boundary 

position in the children aged four to 10 years was significantly closer to the high-level 

tone than that in the adults was (all ps ≤ 0.001). No significant difference in boundary 

position was found between the adolescents and adults (p = 1.000), nor was there a 

difference between the 10-year-old children and adolescents (p = 0.084). 

Discrimination accuracy of each tone comparison unit, and between- and 

within-category accuracies of the five groups, are presented in Figures 3.2 (B) and (C), 

respectively. A peak of discrimination accuracy occurred around the categorical 

boundary of tones in the six-to-10-year-old children, 14-year-old adolescents, and 

adults, as well as a higher between-category accuracy than within-category accuracy. 

However, the between- and within-category accuracies in the four-year-old children 

were close to the chance level (50%).  

A two-way repeated-measures ANOVA with group (five groups) as a between-

subject factor and category (within-category vs. between-category) as a within-subject 

factor was conducted on discrimination accuracy. A significant main effect of group 

(F(4, 95) = 13.693, p < 0.001) and of category (F(1, 95) = 266.925, p < 0.001), and a 

significant interaction effect between group and category (F(4, 95) = 12.237, p < 

0.001), were found. Simple main effect analysis further demonstrated no significant 

difference between within-category accuracy and between-category accuracy in 

children aged four years (p = 0.374), but there was a significant difference between 

within-category accuracy and between-category accuracy in the other four groups (all 
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ps < 0.001). We also observed a significant difference between four-year-old children 

and 14-year-old adolescents in the within-category accuracy (p = 0.017). The between-

category accuracy of the four-year-old children was also significantly lower than those 

of the other four groups (all ps < 0.001).  

A one-way ANOVA was also conducted on the peakedness of discrimination, 

and the results indicated a main effect of group (F(4, 95) = 12.237, p < 0.001). A post 

hoc test with Bonferroni adjustment showed that the children aged four years had a 

significantly smaller peakedness than the other four groups did (all ps < 0.001). 

However, no significant difference was found among the other four groups (all ps > 

0.1). 

 To conclude, the four-year-old children showed a poorer ability to identify and 

discriminate Mandarin tones than the other four groups did. Furthermore, those aged 

six years had acquired a mature CP of tones. 

 

3.3.2. Vowel Identification and Discrimination  

Figure 3.3 (A) shows identification responses of vowel /u/ in children and 

young adults. A steep change in the response score could be observed from /u/ to /i/ in 

the identification curve in each group. Table 3.3 lists the boundary widths and 

boundary positions (means) of vowel identification.  

Table 3.3 Boundary positions and boundary widths of vowel identification in children 

and young adults. 

Groups Boundary position (SD) Boundary width (SD) 

Children aged 4 years 5.766 (0.568) 1.799 (1.646) 

Children aged 6 years 5.783 (0.626) 1.801 (1.312) 

Children aged 10 years 5.922 (0.435) 1.004 (0.565) 

Young adults 5.683 (0.497) 1.313 (0.657) 
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Figure 3.3 (A) Identification curves, (B) discrimination curves, and (C) discrimination 

accuracy of vowels in children and young adults. Note: Error bars = ±1 SD. 

 

A one-way ANOVA was conducted with boundary width as a dependent 

variable, and the results demonstrated no significant main effect of group (F(3, 76) = 
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2.475, p = 0.068). A one-way ANOVA conducted on boundary position also revealed 

no significant main effect of group (F(3, 76) = 0.746, p = 0.528). These findings 

indicated that the performances of vowel identification in the four groups were similar. 

The discrimination accuracy of vowels is shown in Figure 3.3 (B). An accuracy 

peak was found around the category boundary of vowels in each group. A two-way 

repeated-measures ANOVA was conducted on discrimination accuracy to examine the 

impact of category and group. We found a significant main effect of category (F(1, 

76) = 396.758, p < 0.001) and of group (F(3, 76) = 14.303, p < 0.001), and a significant 

interaction effect between category and group (F(3, 76) = 12.289, p < 0.001). Simple 

main effect analysis further indicated a significant difference between within-category 

accuracy and between-category accuracy in each group (all ps < 0.001). There was 

also a significant difference between the four-year-old group and the other three groups 

in between-category accuracy (all ps < 0.001), but no significant difference was found 

among the other three groups (all ps = 1.000). In addition, we observed a significant 

difference in within-category accuracy between the four-year-old children and the 

adults (p = 0.005), and also between the 10-year-old children and adults (p = 0.001).  

A one-way ANOVA was calculated on discrimination peakedness, and it 

revealed a significant impact of group (F(3, 76) = 12.289, p < 0.001). A post hoc test 

with Bonferroni adjustment indicated a significantly smaller peakedness in the 

children aged four years than that in the other three groups (all ps ≤ 0.001), and no 

significant difference was observed among the other three groups (all ps > 0.1). 

To summarise, the children aged four years could identify Mandarin vowels as 

well as adults could, but their discrimination ability was immature. The six-year-old 

children had acquired an adult-level ability to discriminate vowels. 
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3.3.3. Consonant Identification and Discrimination 

3.3.3.1. Aspiration of Consonants. Identification responses of unaspirated 

consonant /p/ in the four groups are presented in Figure 3.4 (A). Each group showed a 

sharp decrease in response scores from unaspirated consonant /p/ to aspirated 

consonant /ph/. The mean values of boundary width and boundary position in the four 

groups are listed in Table 3.4. 

 

Table 3.4 Boundary positions and boundary widths of aspiration identification in 

children, adolescents, and young adults. 

Groups Boundary position (SD) Boundary width (SD) 

Children aged 6 years 3.813 (0.983) 1.995 (1.327) 

Children aged 10 years 3.710 (0.965) 1.643 (0.979) 

Adolescents aged 14 years 3.571 (0.666) 1.081 (0.699) 

Young adults 3.808 (0.867) 1.241 (0.636) 

 

We conducted a one-way ANOVA on boundary width, and the results 

indicated a main effect of group (F(3, 79) = 3.885, p = 0.012). A post hoc test with 

Bonferroni adjustment showed that the six-year-old children had a wider boundary 

width than the 14-year-old adolescents (p = 0.018) and adults (p = 0.061) did. However, 

there were no significant differences among the 10-year-old group, 14-year-old group, 

and adults (all ps > 0.1). Furthermore, a one-way ANOVA on boundary position 

revealed no significant main effect of group (F(3, 79) = 0.343, p = 0.794). 
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Figure 3.4 (A) Identification curves, (B) discrimination curves, and (C) discrimination 

accuracy of consonant aspiration in children, adolescents, and young adults. Note: 

Error bars = ±1 SD. 
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Discrimination accuracy of consonant aspiration is demonstrated in Figure 3.4 

(B). In each group, we found a peak of accuracy around the category boundary 

predicted from the identification curve. The within- and between-category accuracies, 

and discrimination peakedness of the children, adolescents, and young adults are 

shown in Figure 3.4 (C). A two-way repeated-measures ANOVA was calculated on 

discrimination accuracy with category and group as independent variables, and it 

revealed a main effect of group (F(3, 79) = 6.844, p < 0.001) and a main effect of 

category (F(1, 79) = 226.893, p < 0.001). There was also an interaction effect between 

group and category (F(3, 79) = 3.752, p = 0.014). Simple main effect analysis further 

found that in each group, there was a significant difference between within-category 

accuracy and between-category accuracy (all ps ≤ 0.001), and there was a significant 

difference in within-category accuracy between the children aged 10 years and the 

adults (p = 0.045). Furthermore, the children aged six to 10 years had significantly 

lower between-category discrimination accuracy than the adults did (both ps < 0.01).  

A one-way ANOVA conducted on discrimination peakedness indicated a main 

effect of group (F(3, 79) = 3.752, p = 0.014). A post-hoc test with Bonferroni 

adjustment revealed that only the six-year-old group had a marginally smaller 

peakedness than the adults did (p = 0.055), and no significant difference was found 

among the other three groups (all ps > 0.1). 

In summary, the CP of consonant aspiration in the six-year-old children was 

immature. The 10-year-old children could maturely identify consonant aspiration, but 

their discrimination ability was immature. The 14-year-old adolescents had acquired 

an adult-level ability to discriminate aspiration of consonants. 

 

3.3.3.2. Transition of Consonants. Identification responses of consonant /p/ 

in the four groups are shown in Figure 3.5 (A). A steep decrease of the response score 
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from consonant /p/ to /t/ could be observed in the children aged 10 years, adolescents 

aged 14 years, and adults. However, there was a continuous and gradual change of 

response score in the children aged six years. Boundary positions and boundary widths 

(means) are listed in Table 3.5.  

 

Table 3.5 Boundary positions and boundary widths of transition identification in 

children, adolescents, and young adults. 

Groups Boundary position (SD) Boundary width (SD) 

Children aged six years 3.942 (1.616) 2.801 (1.182) 

Children aged 10 years 4.076 (1.081) 1.753 (0.932) 

Adolescents aged 14 years 4.393 (0.737) 1.459 (1.019) 

Young adults 4.512 (0.835) 0.968 (0.464) 

 

A one-way ANOVA conducted on boundary position revealed no significant 

main effect of group (F(3, 79) = 1.229, p = 0.305), whereas a one-way ANOVA 

conducted on boundary width did indicate a main effect of group (F(3, 79) = 14.733, 

p < 0.001). A post hoc test with Bonferroni adjustment showed that the six-year-old 

group had a significantly wider categorical boundary than the other three groups did 

(all ps < 0.005). There was also a significant difference in boundary width between the 

children aged 10 years and the adults (p = 0.035), but no significant difference was 

found between the 10-year-old children and adolescents (p = 1.000), nor between the 

adolescents and adults (p = 0.484).  

Discrimination accuracy of consonant transition in each group is displayed in 

Figure 3.5 (B). We conducted a two-way repeated-measures ANOVA on 

discrimination accuracy with group as the between-subject factor and category as the 

within-category factor, and we found a main effect of group (F(3, 79) = 14.615, p < 
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0.001) and a main effect of category (F(1, 79) = 157.060, p < 0.001). There was also 

an interaction effect between group and category (F(3, 79) = 11.246, p < 0.001). 

Simple main effect analysis further indicated no significant difference between within-

category accuracy and between-category accuracy in the six-year-old children (p = 

0.075), whereas in the other three groups, within-category accuracy was significantly 

lower than between-category accuracy was (all ps < 0.001). In addition, there was no 

significant difference in within-category accuracy across the four groups (all ps = 

1.000), but the six-year-old children showed significantly lower between-category 

accuracy than the other three groups did (all ps < 0.01). There was also a significant 

difference in between-category accuracy between the 10-year-old children and the 

adults (p = 0.010). No significant difference was observed between the children aged 

10 years and the adolescents (p = 1.000), nor between the adolescents and adults (p = 

0.066). 

A One-way ANOVA was conducted on discrimination peakedness, and the 

results revealed a main effect of group (F(3, 79) = 11.246, p < 0.001). A post hoc test 

with Bonferroni adjustment indicated a significant difference between the six-year-old 

group and the other three groups (all ps < 0.015). However, no significant difference 

was found among the other three groups (all ps > 0.07). 

 In conclusion, the six-to-10-year-old children could not perceive the transition 

of consonants maturely. However, the adolescents aged 14 years had acquired an adult-

level ability to identify and discriminate consonant transition. 
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Figure 3.5 (A) Identification curves, (B) discrimination curves, and (C) discrimination 

accuracy of consonant transition in children, adolescents, and young adults. Note: 

Error bars = ±1 SD.  
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3.4. Discussion 

In this study, we investigated the maturation of the CP of different Mandarin 

phonemes in children and adolescents. In particular, we separately tested their 

identification and discrimination abilities. We found that the four-year-old children 

could identify Mandarin vowels (/u/ vs. /i/) as well as the adults could. The six-year-

old children had obtained an adult-level ability to identify and discriminate tones 

(high-level tone vs. mid-rising tone) and vowels (/u/ vs. /i/). The 10-year-old children 

could identify aspiration of consonants (/p/ vs. /ph/) as well as the adults could. The 

14-year-old adolescents had acquired an adult-level ability to identify and discriminate 

transition (/p/ vs. /t/) and aspiration (/p/ vs. /ph/) of consonants (see Figure 3.6).  

 

 

Figure 3.6 Maturation of identification and discrimination of different Mandarin 

phonemes. 

 

For tone perception, native listeners above the age of six years showed a steep 

change of identification responses, a peak of discrimination accuracy around the 

category boundary, and a significant difference between within-category accuracy and 

between-category accuracy. These findings indicated that the children older than six 

years could perceive Mandarin tones categorically, according to the characteristics of 

CP in Repp (1984). However, no significant difference between within-category 

accuracy and between-category accuracy was observed in the four-year-old children, 
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which demonstrated that they could not categorically perceive tones. Consistent with 

the findings of F. Chen et al. (2017) and Ma et al. (2021), this study found that the six-

year-old children could perceive Mandarin tones as well as the adults could. 

Nonetheless, we observed an age difference in the boundary position, which had not 

been reported in previous studies. Indeed, boundary position showed a trend of moving 

from high-level tone to mid-rising tone with age. In the children aged below 10 years, 

boundary position was significantly closer to the high-level tone than it was in the 

adolescents and adults. W. S.-Y. Wang (1976) proposed two kinds of tonal boundary: 

psychophysical boundary for listeners who lack tonal language experience, and 

linguistic boundary for native tonal language listeners. Listeners with the linguistic 

boundary could distinguish the level tone and rising tone on the basis of phonological 

knowledge. However, those with the psychophysical boundary could only differentiate 

level tone and non-level tone, according to acoustic signal differences, so that their 

boundary position was closer to the level tone. Therefore, inadequate native language 

knowledge and experience could perhaps account for the difference of boundary 

position in children below 10 years of age. Our results suggested that the maturation 

of CP depended on the participants’ accumulative native language experience. 

The four-year-old children showed mature vowel identification ability, because 

no significant age difference in boundary width and boundary position was detected. 

This timepoint was earlier than that in Arai et al. (2008), which showed a significant 

improvement of vowel identification in six-year-old children. A possible reason for 

the differing results is that the acoustic variation of vowels in Arai et al.’s (2008) study 

was duration, whereas that in this study was formant frequency. The perceptual 

development of temporal and spectral cues may be different. In addition, we found that 

the four-year-old children differed from adults in vowel discrimination ability, and the 

vowel discrimination became mature in children aged six years –– a timepoint that was 
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consistent with that reported in Lee et al. (2012). This finding also suggested different 

developmental courses of phonemic identification and discrimination abilities, which 

was consistent with the findings of F. Chen et al. (2017) and Ma et al. (2021) and thus 

provided evidence for the need to separately assess those two abilities in the 

investigation of CP.  

For aspiration perception, each group showed a steep change of identification 

responses, a peak of discrimination accuracy around the category boundary, and a 

significant difference between within-category accuracy and between-category 

accuracy. These results demonstrated that all participants could perceive the aspiration 

of consonants categorically. Nonetheless, the identification ability in the children aged 

six years was poorer than that of the adults, whereas the children aged 10 years had 

acquired a mature identification ability for consonant aspiration perception that was 

equal to that of the adults. The immature identification ability for consonant aspiration 

perception of the six year olds and the mature identification ability of the 10 year olds 

were consistent with the findings of Xi et al. (2009), who observed the immature 

identification of consonant aspiration in Mandarin-speaking children aged seven years. 

However, it was inconsistent with Hazan and Barrett (2000), who reported that the 

identification of initial consonants differing in VOT in English-speaking children aged 

12 years was still immature. A possible explanation is that the differences in the VOT 

of English voiced and voiceless consonants (e.g., 50 ms in Hazan & Barrett, 2000) 

were much smaller than those in the VOT of Mandarin aspirated and unaspirated 

consonants (e.g., 70 ms in this study). This language difference may account for the 

relatively earlier maturation of identification of aspirated and unaspirated consonants 

than that of voiced and voiceless consonants. Moreover, Hazan and Barrett (2000) and 

Xi et al. (2009) tested identification ability only and did not test discrimination ability. 

We further found that the discrimination ability in those aged 10 years was also poorer 
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than that of the adults, and that too was consistent with the findings in Ma et al. (2021). 

We also found that the adolescents aged 14 years had reached an adult level in their 

ability to discriminate aspiration of Mandarin consonants. Ours is the first study 

reporting the timepoint of maturation of aspiration discrimination. 

For transition perception, the lack of a steep change in the identification curve 

and the lack of a difference between within-category accuracy and between-category 

accuracy in the children aged six years indicated that they could not categorically 

perceive the transition of consonants in Mandarin, whereas listeners aged above 10 

years could perceive the transition continuum categorically. However, a significantly 

wider boundary width and lower between-category accuracy in the children aged 

below 10 years revealed that they had not obtained a CP ability equal to that of the 

adults –– a finding that was consistent with that of Hazan and Barrett (2000), who 

found that children aged 12 years still could not perceive the transition of consonants 

as well as adults could. We further found that the adolescents aged 14 years had 

achieved an adult-level ability to identify and discriminate the transition of consonants. 

Ours is the first study reporting the timepoint of the maturation of transition perception. 

Our study observed an improvement of CP ability with age in children and 

adolescents. Nittrouer and Miller’s (1997) proposed model of developmental 

weighting shift which assumed that different weights were assigned to several 

properties of acoustic signals in order to perceive phonemes efficiently, and that 

children could develop the weighting scheme with accumulated language experience 

by shifting the weights assigned to different properties and ultimately could maturely 

perceive phonemes as well as adults. Thus the accumulated language experience would 

facilitate children to focus on critical features of acoustic signals in different phonetic 

environments and gradually to establish an adult-level perceptual weighting scheme 

(Nittrouer & Miller, 1997). Those authors also believed that children’s improved 
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understanding of the relationship between phonetic environment and phonetic 

informativeness guides the developmental weighting shifts. Phonetic informativeness 

refers to the importance of certain properties to convey phonetic information in the 

native language. Still, another possible explanation is that explicit instruction on 

metalinguistic knowledge of Mandarin phonemes in primary school and middle school 

could account for such improvement. In China, no formal explicit instruction on 

phonemic knowledge is delivered to children in kindergarten, and that might lead to 

the poor performance of phonemic identification and discrimination in children aged 

four years.  

Although language experience and phonemic knowledge certainly played an 

important role in the development of CP, we also considered it necessary to examine 

the perceptual development within a broader cognitive science framework, with the 

thought that such findings might be helpful in explaining the developmental cognitive 

mechanism underlying speech perception. This study suggested that the development 

of identification and discrimination ability was asynchronous. We know that phonemic 

identification and discrimination require different cognitive resources (Fujisaki & 

Kawashima, 1971). For phonemic identification, listeners need to map the sound to 

long-term developed phonemic knowledge and classify continuous sound signals into 

corresponding limited phonemic categories. For phonemic discrimination (e.g., the 

AX pattern in this study), listeners need to memorise the first sound until the release 

of the second sound and then compare the two sounds. Short-term auditory memory is 

recruited to determine the within-category pairs. Not only auditory memory but also 

long-term memory with phonemic knowledge are recruited for between-category pairs. 

It seemed to us that that the process of phonemic discrimination was more complex 

and required more cognitive resources than identification, and that might explain why 

discrimination ability was more difficult for the children to acquire. Another possible 
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explanation is the different durations of identification and discrimination tasks. For 

example, in the experimental design for children, the identification task for each 

continuum lasted approximately 6 minutes, whereas the discrimination task lasted 15 

minutes. Because sustained and focused attention in children develops with age (Lin 

et al., 1999; Ruff & Lawson, 1990), this result might be correlated with the children’s 

poor sustained and focused attention for long-duration tasks.  

We also found that the perceptual ability of different phonemic contrasts had 

different mature phases. Our findings were consistent with some previous observations 

(Lee et al., 2012): The perceptual development of tone and vowel with higher saliency 

was easier than consonant perception, and that supported the phonological saliency 

hypothesis (Zhu & Dodd, 2000). In addition, this developmental order could also be 

attributed to the feature of acoustic signals. Compared with tone and vowel (i.e., 350 

ms in this study), transition (i.e., 40 ms) and aspiration (i.e., 6-76 ms) of consonants 

changed rapidly. Such a rapid change might increase the perceptual difficulty in 

children whose auditory systems were not mature. Several studies have attempted to 

determine the impact of general auditory sensitivity development on speech perception 

in children (Holt & Lotto, 2008; Nittrouer & Crowther, 1998; Wong & Cheng, 2020). 

For example, some brain-imaging studies have found that musical training can 

strengthen general sound processing in children and improve their perception of tones, 

vowels, and consonants (Nan et al., 2018; Wong et al., 2007). However, contradictory 

findings also exist –– Wong and Cheng (2020) observed that the nonlinguistic pitch 

perceptual ability in children aged four to six years was not correlated with lexical tone 

perception, and those authors doubted the effect of general auditory training on 

language perception. Although the findings observed in previous studies have been 

controversial, it is helpful to unite the development of speech perception and general 
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auditory/cognitive processing in an effort to uncover the underlying mechanisms in 

further research. 

 

3.5. Conclusions 

In the current study, we found a long and slow maturation process of CP with 

accumulated language experience in Mandarin-speaking children and adolescents. 

Children aged four years already could identify Mandarin vowels as well as adults 

could. Children aged six years had achieved an adult-level ability to identify and 

discriminate tones and vowels. Children aged 10 years were able to identify aspiration 

of stops maturely. Adolescents aged 14 years could categorically perceive aspiration 

and transition of stops as well as adults can. The observation that tone and vowel 

perception were easier to achieve supported the phonological saliency hypothesis. The 

children’s abilities for identification and discrimination showed different 

developmental trajectories. Thus, it is necessary to separately examine the two abilities 

when exploring the development of CP.  
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Chapter 4. Degeneration of Categorical Speech Perception in 

Mandarin-Speaking Older Adults 

4.1. Introduction 

Aging is always accompanied by a progressive degeneration of organs, tissues, 

and cells in our bodies. Among these, brain atrophy and presbycusis negatively affect 

speech perception significantly in older adults. For example, conductive hearing loss 

impairs the transduction of the mechanical energy of sounds in the ear. The 

degeneration of the central auditory pathway influences preliminary neural encoding 

of sounds. These changes can decrease signal audibility in older listeners. In addition 

to the low-level acoustic processing, cortical or subcortical senescence also interferes 

with higher-level speech processing, such as phonological processing. All of these 

difficulties in speech perception severely decrease the self-efficacy of older adults. In 

recent decades, researchers have made great efforts to investigate what happens during 

normal aging, in the desire to help older adults live with grace. 

Previous research has observed degraded categorical speech perception in 

older adults (Gordon-Salant et al., 2006; Y. Wang et al., 2021; Y. Wang, Yang, & Liu, 

2017; Y. Wang, Yang, Zhang et al., 2017; Xiao et al., 2020). However, as we discussed 

in Chapter 2, limited attempts have been made to directly compare younger seniors 

and older seniors. Some literature on normal aging has well documented that a decline 

of cognitive abilities related to speech perception (e.g., vocabulary, short-term 

memory, and working memory) becomes much sharper after approximately 70 years 

of age (Hartshorne & Germine, 2015). Thus, it is expected that categorical speech 

perception in younger seniors is different from that in older seniors.  

Furthermore, although it has been reported that the developmental courses of 

different phonemes are asynchronous in children (see Chapter 3 for more details), 

whether the degeneration of different phonemes in older adults is also asynchronous 
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remains unknown. As we mentioned in Chapter 2, Jakobson (1968) proposed the law 

of irreversible solidarity on language dissolution. That hypothesis assumes that the 

dissolution order of linguistic competence is opposite to the order of acquisition. 

Thoroughly investigating the CP of different phonemes in older adults could provide 

empirical evidence for this hypothesis. 

In order to solve the age comparison of categorical speech perception, the study 

that we report in this chapter sought to investigate the CP of Mandarin lexical tones, 

vowels, and consonants among native young adults, seniors aged 60-65 years, and 

older seniors aged 75-80 years with normal cognitive ability. 

 

4.2. Methods 

We recruited 67 participants in this experiment: 24 young adults between the 

ages of 20 and 30 years (15 males, Mage = 24.58, SD = 2.73), 24 seniors aged 60-to-65 

(9 males, Mage = 62.71, SD = 1.37), and 19 older seniors from 75 to 80 years old (12 

males, Mage = 77.74, SD = 2.00). All participants were from northern China and could 

speak Mandarin fluently in daily life. None of them reported having formal experience 

learning music, language impairments, psychiatric illness, nervous system medications, 

or surgery involving the ears or head. To test their general cognitive abilities, the 

Beijing Version of Montreal Cognitive Assessment (MoCA) (Yu et al., 2012) was 

conducted by a trained experimenter. All participants obtained MoCA scores between 

26 and 30 points, indicating they had normal cognitive ability. No significant 

differences were found in the MoCA scores across the three groups (F (2, 64) = 2.883, 

p = 0.063). The total years of the participants’ formal education (t (1, 41) = 0.935, p = 

0.355) and their socioeconomic status were matched in the two groups of elders. The 

participants had been engineers, doctors, or teachers before retirement. All were 

compensated for their voluntary participation in this study. 
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We used an audiometer (GSI 18) to examine the participants’ hearing level, 

and the results are shown in Figure 4.1. The hearing threshold of the young adults was 

normal (≤ 20 dB HL) between 125 Hz and 8,000 Hz. The hearing threshold of the 

older adults below 65 years was normal between 125 Hz and 2,000 Hz, and they 

showed mild hearing loss (20-40 dB HL) between 3,000 Hz and 8,000 Hz. The older 

seniors, above 75 years, showed mild hearing loss between 125 Hz and 2,000 Hz and 

moderate hearing loss (≥ 40 dB HL) between 3,000 Hz and 8,000 Hz. There was no 

ear asymmetry of the hearing level in the three groups (all ps > 0.05). 

 

 

Figure 4.1 Hearing level of young adults, older adults below 65 years old, and those 

above 75 years. 

 

The stimuli (i.e., tone continuum, vowel continuum, aspiration continuum, and 

transition continuum) used in this study were the same as those used in the study 

reported in Chapter 3. All participants were asked to complete perceptual tasks of the 

four continua. As before, the classic paradigm of CP (Liberman et al., 1957) was 

adopted in this study, including identification and discrimination tasks. A laptop with 

E-Prime 2.0 was used to conduct the experiment. In the identification task, participants 

needed to determine the sound stimulus as Sound 1 (e.g., ‘衣’ in tone continuum) or 

Sound 2 (e.g., ‘姨’). Key ‘1’ for Sound 1 and key ‘2’ for Sound 2. This was a two-
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alternative forced-choice task. In the testing block, to avoid tiredness, there were only 

five repetitions of all randomly presented stimuli. In the discrimination task, 

participants needed to judge whether the two released sound stimuli were the same or 

different, using key ‘1’ for ‘the same’ and key ‘2’ for ‘different’. There were 23 stimuli 

pairs: nine stimuli paired with themselves (i.e., 1-1, 2-2, 3-3,…8-8, 9-9) and 14 pairs 

of different stimuli separated by two steps 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). All pairs of stimuli were randomly 

presented with five repetitions in the testing block. The interstimulus interval was 500 

ms. Before all testing blocks, there was a practice block with feedback for the 

participants to help them become familiar with all procedures. Data analyses were also 

the same as those described in Chapter 3, to provide a direct comparison between 

developmental trajectory in childhood and decline trajectory in late adulthood. 

 

4.3. Results 

4.3.1. Tone Identification and Discrimination 

Identification responses for the high-level tone among young adults, seniors 

aged 60-65 years, and older seniors aged 75-80 years are presented in Figure 4.2 (A). 

Table 4.1 lists the boundary positions and boundary widths (means) of lexical tone 

identification in the three groups.  

We conducted a one-way ANOVA on boundary width, and the results revealed 

a significant main effect of group (F(2, 64) = 3.737, p = 0.029). A post hoc test with 

Bonferroni adjustment showed that the boundary width of the older seniors aged above 

75 years was significantly wider than that of the seniors aged below 65 years (p = 

0.029). However, we failed to observe significant differences between the younger 

seniors and the young adults, and between the young adults and the older seniors (both 
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ps > 0.05). A one-way ANOVA conducted on boundary position demonstrated no 

significant main effect of group (F(2, 64) = 2.534, p = 0.087). 

 

Table 4.1 Boundary positions and boundary widths of tone identification in young 

adults, older adults below 65 years old, and those above 75 years. 

Groups Boundary position (SD) Boundary 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 4.2 (C) presents the between- and within-category accuracies in the 

three groups. A two-way repeated-measures ANOVA was calculated on 

discrimination accuracy to examine the impact of group and category. There were 

significant main effects of group (F(2, 64) = 4.825, p = 0.011) and of category (F(1, 

64) = 238.465, p < 0.001), and there was a significant two-way interaction effect (F(2, 

64) = 7.781, p = 0.001). Simple main effect analysis further indicated that between-

category accuracy was higher than within-category accuracy across the three groups 

(all ps < 0.001). Between-category accuracy in the older seniors was significantly 

lower than that in the young adults (p = 0.008) and the seniors aged below 65 years (p 

= 0.004). However, there was no significant difference in within-category accuracy 

across the three groups (all ps > 0.05). 

We also conducted a one-way ANOVA with discrimination peakedness as a 

dependent variable, and the results indicated a significant main effect of group (F(2, 

64) = 7.781, p = 0.001). A post hoc test with Bonferroni adjustment revealed that 

discrimination peakedness in the older seniors was significantly smaller than that in 

the young adults (p = 0.005) and seniors aged below 65 years (p = 0.002). Pearson 
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correlation analysis demonstrated a significant negative correlation between 

peakedness of discrimination and hearing level at 125 Hz in the older seniors (r = -

0.524, p = 0.021). 

A  

B  

C  

Figure 4.2 (A) Identification curves, (B) discrimination curves, and (C) discrimination 

accuracy of tones in young adults, older adults below 65 years old, and those above 

75 years. Note: Error bars = ±1 SD. 
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 To conclude, the older seniors aged above 75 years showed reduced ability to 

discriminate Mandarin tones. In addition, the poorer their hearing sensitivity was, the 

poorer their discrimination ability was in this population. However, those aged below 

65 years maintained an intact CP of tones. 

 

4.3.2. Vowel Identification and Discrimination 

 Identification curves of vowel /u/ in the three groups are presented in Figure 

4.3 (A). The categorical boundary positions and boundary widths (means) of vowel 

identification in the three groups are shown in Table 4.2. We conducted a one-way 

ANOVA on boundary position and boundary width separately, and our results 

indicated no significant main effect of group on boundary position (F(2, 64) = 1.087, 

p = 0.343), and none on boundary width (F(2, 64) = 2.642, p = 0.079).  

  

Table 4.2 Boundary positions and boundary widths of vowel identification in young 

adults, older adults below 65 years old, and those above 75 years. 

Groups Boundary position (SD) Boundary width (SD) 

Young adults  5.68 (0.50) 1.31 (0.66) 

Seniors aged 60-65 yr 5.68 (0.62) 1.35 (1.34) 

Seniors aged 75-80 yr 5.42 (0.82) 2.11 (1.66) 
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A   

B  

C  

Figure 4.3 (A) Identification curves, (B) discrimination curves, and (C) discrimination 

accuracy of vowels in young adults, older adults below 65 years old, and those above 

75 years. Note: Error bars = ±1 SD. 

 

Discrimination curves of the three groups are shown in Figure 4.3 (B). A 

repeated-measures ANOVA was conducted on discrimination accuracy, with the 
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results revealing a significant main effect of category (F(1, 64) = 300.266, p < 0.001) 

and an interaction effect between category and group (F(2, 64) = 5.142, p = 0.008), 

but with no significant main effect of group (F(2, 64) = 2.623, p = 0.080). Simple main 

effect analysis demonstrated that in each group, there was a significant difference 

between within-category accuracy and between-category accuracy (all ps < 0.001). A 

significant difference in within-category accuracy between the young adults and the 

older seniors above 75 years was also found (p = 0.016). However, no significant 

differences in between- and within-category accuracies were observed between the 

young adults and the younger seniors aged below 65 years (both ps > 0.1). 

A one-way ANOVA conducted on discrimination peakedness revealed a 

significant main effect of group (F(2, 64) = 5.142, p = 0.008). A post hoc test with 

Bonferroni correction showed a significant difference between younger seniors and 

older seniors (p = 0.008). 

 In summary, the ability to categorically perceive Mandarin vowels remained 

intact in older adults across different age ranges, with young adults as a baseline.  

 

4.3.3. Consonant Identification and Discrimination 

4.3.3.1. Aspiration of Consonants. Identification curves of unaspirated 

consonant /p/ in the three groups are shown in Figure 4.4 (A). Boundary positions and 

boundary widths (means) are listed in Table 4.3. We conducted a one-way ANOVA 

on boundary position and found no significant main effect of group (F(2, 64) = 1.092, 

p = 0.342). 

A one-way ANOVA was also conducted on boundary width, and the results 

showed a significant main effect of group (F(2, 64) = 5.338, p = 0.007). A post hoc 

test with Bonferroni adjustment indicated a significant difference only between the 

younger seniors and the older seniors (p = 0.005). Pearson correlation analysis showed 
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a positive correlation between boundary width and general hearing level (i.e., average 

hearing thresholds from 125 Hz to 8,000 Hz) in the older seniors (r = 0.547, p = 0.015).  

 

Table 4.3 Boundary positions and boundary widths of aspiration identification in 

young adults, older adults below 65 years old, and those above 75 years. 

Groups  Boundary position (SD)  Boundary width (SD) 

Young adults  3.81 (0.87) 1.24 (0.64) 

Seniors aged 60-65 yr 3.50 (0.73) 0.73 (0.33) 

Seniors aged 75-80 yr 3.46 (1.06) 1.78 (1.80) 

 

Discrimination curves of consonant aspiration are presented in Figure 4.4 (B). 

A two-way repeated-measures ANOVA was conducted on discrimination accuracy, 

and the results showed a significant main effect of category (F(1, 64) = 184.306, p < 

0.001) and of group (F(2, 64) = 12.258, p < 0.001) and also a significant interaction 

effect between category and group (F(2, 64) = 9.291, p < 0.001). Simple main effect 

analysis further indicated that between-category accuracy in each group was 

significantly higher than within-category accuracy (all ps < 0.001). The older seniors 

aged above 75 years showed significantly lower between-category accuracy than the 

young adults and the younger seniors aged below 65 years did (both ps < 0.001). 

However, there was no significant difference in within-category accuracy across the 

three groups (all ps > 0.1).  

A one-way ANOVA was conducted on discrimination peakedness of 

consonant aspiration, and the results indicated a significant main effect of group (F(2, 

64) = 9.291, p < 0.001). A post hoc test with Bonferroni adjustment showed a 

significantly smaller peakedness in the older seniors than in the younger seniors (p < 

0.001) and the young adults (p = 0.003). However, no significant difference was found 

between the younger seniors and the young adults (p = 1.000). 
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A  

B  

C  

 Figure 4.4 (A) Identification curves, (B) discrimination curves, and (C) 

discrimination accuracy of consonant aspiration in young adults, older adults below 

65 years old, and those above 75 years. Note: Error bars = ±1 SD. 
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In conclusion, the older seniors aged above 75 years showed a degenerated 

ability to discriminate aspiration of consonants. In addition, their hearing sensitivity 

was correlated with aspiration perception. However, the perceptual ability of 

consonant aspiration in the younger seniors aged below 65 years remained intact. 

 

4.3.3.2. Transition of Consonants. Identification curves of consonant /p/ in 

the three groups are shown in Figure 4.5 (A). Categorical boundary positions and 

boundary widths (means) across the three groups are listed in Table 4.4. A one-way 

ANOVA was used to examine the impact of group on boundary position and boundary 

width, and we found no significant main effect of group on boundary position (F(2, 

64) = 0.577, p = 0.564), but there was a significant main effect of group on boundary 

width (F(2, 64) = 15.897, p < 0.001). A post hoc test with Bonferroni adjustment 

showed that the older seniors had a wider categorical boundary than the younger 

seniors and young adults did (both ps < 0.001). No significant difference was found 

between the younger seniors and young adults (p = 1.000). 

 

Table 4.4 Boundary positions and boundary widths of transition identification in 

young adults, older adults below 65 years old, and those above 75 years. 

Groups  Boundary position (SD)  Boundary width (SD) 

Young adults  4.51 (0.83) 0.97 (0.46) 

Seniors aged 60-65 yr 4.79 (1.06) 1.00 (0.59) 

Seniors aged 75-80 yr 4.85 (1.44) 3.30 (2.74) 
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A  

B  

C  

Figure 4.5 (A) Identification curves, (B) discrimination curves, and (C) discrimination 

accuracy of consonant transition in young adults, older adults below 65 years old, and 

those above 75 years. Note: Error bars = ±1 SD. 

Discrimination curves of consonant transition are presented in Figure 4.5 (B). 

A two-way repeated-measures ANOVA was conducted on discrimination accuracy, 
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and the results revealed a significant main effect of group (F(2, 64) = 15.032, p < 0.001) 

and of category (F(2, 64) = 131.244, p < 0.001), and a significant interaction effect 

between group and category (F(2, 64) = 9.066, p < 0.001). Simple main effect analysis 

further indicated a significantly higher between-category accuracy than within-

category accuracy across the three groups (all ps < 0.005). We failed to find a 

significant difference in within-category accuracy across the three groups (all ps > 0.1), 

but the older seniors showed significantly lower between-category accuracy than the 

younger seniors (p = 0.001) and young adults did (p < 0.001). Pearson correlation 

analysis also found a negative correlation between average hearing level from 1,000 

Hz to 2,000 Hz and between-category accuracy (r = -0.453, p = 0.051) in the older 

seniors. This revealed that the older seniors, with their reduced hearing sensitivity, 

could not clearly distinguish between-category consonants differing in transition. 

We also conducted a one-way ANOVA on discrimination peakedness and 

found a significant main effect of group (F(2, 64) = 9.066, p < 0.001). A post hoc test 

with Bonferroni adjustment indicated a smaller peakedness in the older seniors than in 

the younger seniors (p = 0.015) and young adults (p < 0.001). No significant difference 

was found between the younger seniors and young adults (p = 0.508). 

To summarise, the perceptual ability of consonant transition in older seniors 

above 75 years of age had degenerated. Additionally, the degeneration of CP was 

correlated with their decreased hearing sensitivity. However, the younger seniors, 

below 65 years, retained an intact ability to categorically perceive the transition of 

consonants. 
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4.4. Discussion 

The study we report in this chapter explored the age differences of CP 

degeneration in Mandarin lexical tones, vowels, and consonants. Compared with 

previous studies using the classic CP paradigm (Y. Wang, Yang, & Liu, 2017; Y. 

Wang, Yang, & Zhang et al., 2017; Y. Wang et al., 2021), this study enlarged the 

sample size and conducted an age comparison between older adults below 65 years 

and those above 75 years. In addition, more and more research has delineated that 

chronological age is different from biological age, which further takes the effects of 

genes and health conditions on cognitive ability into consideration (DeCarlo et al., 

2014). It has been reported that biological age might predict cognitive ability in older 

adults without consideration of chronological age (MacDonald et al., 2004). Thus, we 

controlled for the cognitive ability of each group in this study and considered the effect 

of chronological age and hearing level on the degeneration of CP. 

In the perception of lexical tones, vowels, and aspiration of consonants, we 

observed a steep boundary in the identification curves, a peak at category boundary in 

the discrimination curves, and a significant difference between within-category 

accuracy and between-category accuracy in the three groups. These findings indicated 

that all participants perceived the three continua categorically, in accord with Repp 

(1984). However, in contrast to the other two groups, the older seniors aged above 75 

years showed a continuous and gradual curve for the identification of consonant 

transition, revealing that they could not perceive consonant transition categorically, as 

could the younger seniors. 

In the older adults below 65 years, there was no significant age difference in 

the identification and discrimination of all phonemes. Some previous studies have 

reported finding that older adults possessed more abundant language knowledge and 

experience, so that they showed similar or even better behavioural performance than 
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young adults (Matzen & Benjamin, 2013; Wulff et al., 2019). On the other hand, some 

neuroimaging research has proposed several compensatory mechanisms in seniors that 

could help them maintain normal behavioural performance (Du et al., 2016; Mattay et 

al., 2006; Reuter-Lorenz & Cappell, 2008). For instance, seniors could recruit more 

brain regions and functional brain networks to compensate for the functional 

degeneration in other regions (e.g., the PASA, HAROLD, CRUNCH, and STAC 

models). That kind of neuroplasticity could help them perform normally in daily 

activities. 

Our results revealed that the older seniors, aged 75-80 years, showed a wider 

boundary when identifying the transition of Mandarin consonants (/p/-/t/). However, 

their identification of vowels (/u/-/i/), tones (Tone 1-Tone 2), and aspiration of 

consonants (/p/-/ph/) was similar to that of the young adults, thus demonstrating that 

the identification of consonant transition degenerated earlier than that of other 

phonemes. Furthermore, the older seniors above 75 years of age showed lower 

between-category accuracy and smaller peakedness of tone and consonant 

discrimination, whereas their vowel discrimination was relatively intact. That finding 

revealed that the discrimination of tones and consonants was degraded earlier than that 

of vowels. Previous studies have reported larger thresholds for frequency modulation 

detection, F0 contour discrimination, and gap detection in older adults, reflecting their 

worse psychoacoustic capacity (He et al., 2007; Strouse et al., 1998; Wang, Yang, 

Zhang et al., 2017). The decline of tone and consonant discrimination may be 

attributed to their decreased psychoacoustic capacity (Gordon-Salant et al., 2006; 

Wang, Yang, Zhang et al., 2017). 

In the older adults above 75 years, there was also a significant correlation 

between CP and hearing level, which indicated that those with more severe hearing 

loss performed more poorly in categorical speech perception than their peers did. We 
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know that the age-related physiological degeneration along the auditory pathway 

decreases signal audibility. Previous research also has reported that the hearing level 

can predict speech perception in older adults with normal cognitive ability (Fostick et 

al., 2013). Bidelman et al. (2019) found that the neural pathway was abnormal and less 

efficient in older adults with hearing impairment. Additionally, hearing impairment 

has been delineated to somewhat decrease the ability to distinguish mental 

phonological representations in older adults (Du et al., 2016; Goh, 2011) via a form of 

impairment that is termed neural dedifferentiation. That neural dedifferentiation may 

account for the observed poorer perceptual ability of those with hearing loss. 

Certain limitations in this study cannot be ignored. First, a gender difference 

of cognitive ability is well delineated in older adults (McCarrey et al., 2016; Van 

Hooren et al., 2007), but the number of female and male participants was not balanced 

in this study because of the difficulty in participant recruitment during the period of 

the COVID-19 pandemic. Thus, it is difficult to discuss any potential differences 

caused by gender in this study. Second, we could not clearly distinguish hearing loss 

from the aging effect in this study. More work and further research will be necessary 

to examine the impact of hearing loss on CP. 

 

4.5. Conclusions 

This study provided a direct age comparison of the CP of Mandarin lexical 

tones, vowels, and consonants in native older adults. We found that younger seniors, 

below 65 years of age, performed similarly to young adults in all conditions, thus 

revealing that they still maintained normal CP. The CP of vowels also remained intact 

in older adults above 75 years old, but their CP of consonant transition had degraded. 

Their abilities to discriminate tones and aspiration of consonants had also degraded. 

The perception of tones and consonants degenerated earlier than their vowel 
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perception did. In addition, hearing loss may account for the decline of their perceptual 

abilities. Our study demonstrated an impaired categorical speech perception only in 

the older adults above 75 years of age. Furthermore, not all Mandarin phonemes –– 

just the CP of tones and consonants –– had degenerated during late adulthood. 
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Chapter 5. Effect of Cognitive Decline on Categorical Speech 

Perception in Mandarin-Speaking Older Adults 

5.1. Introduction 

We reported on the association between hearing loss and degeneration of 

categorical speech perception in older adults in Chapter 4. In addition to hearing loss, 

older adults are also prone to cognitive declines, such as degeneration of working 

memory, inhibition, and executive function. These cognitive abilities are related to 

speech perception, so it is expected that the cognitive decline of older adults may play 

a negative role in their speech perception. Previous literature has also documented that 

cognitive decline is not attributed to age alone in older adults (Starr et al., 1997). The 

age comparison we reported in Chapter 4 does not seem to be enough to uncover the 

role of cognitive decline. Therefore, in the study we report in this chapter, we 

investigated the effect of cognitive decline on categorical speech perception. 

In general, older adults with different degrees of cognitive decline are divided 

into different clinical stages on a dementia continuum. For example, the National 

Institute on Aging – Alzheimer’s Association research framework in the U.S. outlines 

a novel clinical staging scheme of dementia, with a total of six stages ranging from a 

preclinical stage without overt clinical symptoms to a stage of severe dementia (Jack 

et al., 2018). Mild cognitive impairment (MCI) in the dementia continuum is a 

transitional stage from normal aging to dementia. Older adults suffering from MCI 

show apparent cognitive abnormalities and detectable mild functional impairment. 

Appropriate and timely treatment may help them by palliating their cognitive decline 

and decreasing their risk for developing dementia. Thus, it is necessary to pay more 

attention to the changes in cognitive abilities in older adults.  

In China, there are more than 264 million senior citizens older than 60 years of 

age, and they account for 18.7% of the total population (National Bureau of Statistics 
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of the People’s Republic of China, 2021). It is reported that approximately 14.71% of 

older adults in China suffer from MCI (Xue et al., 2018). However, limited attempts 

have been made to investigate the perceptual ability of MCI seniors in China, as 

mentioned in Chapter 2. To solve this issue, in the study we shall report in this chapter, 

we assessed the categorical perception of different Mandarin phonemes (i.e., tones, 

vowels, and consonants) in native young adults, older adults with normal cognitive 

ability, and those with MCI. 

 

5.2. Methods 

We recruited a total of 66 participants in this experiment: 24 young adults aged 

20-30 years (15 males, Mage = 24.58, SD = 2.73), 25 healthy older adults between the 

ages of 60 and 81 years with normal cognitive ability (14 males, Mage = 73.79, SD = 

5.82), and 17 older adults from 63 to 81 years of age with MCI (10 males, Mage = 72.93, 

SD = 6.23). One normal older participant with severe hearing loss and two illiteracy 

participants with MCI were excluded from data analysis. The Beijing Version of the 

Montreal Cognitive Assessment (MoCA) was used to assess the cognitive functions of 

each participant (Yu et al., 2012). All of the young adults and healthy older adults 

obtained MoCA scores between 26 and 30 points. The scores of the MCI participants 

were within the range from 19 to 25 points. Figure 5.1 shows the MoCA scores for the 

three groups.  

We used an audiometer (GSI 18) to test the participants’ hearing level in a quiet 

room (see Figure 5.2). The hearing thresholds of young adults were normal (≤ 20 dB 

HL) from 125 Hz to 8,000 Hz. The hearing thresholds of the two elder groups were 

near normal from 125 Hz to 500 Hz, but those participants showed mild-to-moderate 

hearing loss (20 – 60 dB HL) from 750 Hz to 8,000 Hz. There was no significant 

difference in the hearing level between the two elder groups (t = 1.649, p = 0.108), nor 
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was there a significant ear difference in the three groups (all ps > 0.05). This suggested 

that all participants had a symmetrical hearing level. 

 

 

Figure 5.1 MoCA scores for young adults, healthy older adults, and those with MCI. 

 

 

Figure 5.2 The audiograms of young adults, healthy older adults, and those with MCI. 

 

Here, too, all participants were from northern China and could speak Mandarin 

fluently in daily communication. They reported having no experience of formal 

musical training, no history of psychiatric illness, and no surgery involving the ears or 

head. The age (t = 0.424, p = 0.674) and total years of formal education (t = 1.904, p 

= 0.065) were matched in the two elder groups. Also, older participants in this 

experiment had been professors, teachers, doctors, or engineers before retirement, so 
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their socioeconomic status was similar as well. All participants were reimbursed for 

participation.  

 The stimuli used in the study we report in this chapter were the same as those 

described in Chapter 3 and Chapter 4, including the tone continuum, vowel continuum, 

aspiration continuum, and transition continuum. The procedures of identification and 

discrimination tasks in this study were the same as those used in the study reported in 

Chapter 4. Data analyses were the same as those reported in Chapter 3 and Chapter 4. 

 

5.3. Results 

5.3.1. Tone Identification and Discrimination 

Identification curves for the high-level tone in the three groups are shown in 

Figure 5.3 (A). Table 5.1 lists the boundary positions and boundary widths (means) of 

tone identification. We separately conducted one-way ANOVA with boundary 

position and boundary width as dependent variables, with the results indicating no 

significant main effect of group on boundary position (F(2,60) = 0.053, p = 0.948) and 

also none on the boundary width (F(2,60) = 3.016, p = 0.057).  

 

Table 5.1 Boundary positions and boundary widths of tone identification in young 

adults, healthy older adults, and those with MCI. 

Groups Boundary position (SD) Boundary width (SD) 

Young adults  5.314 (0.483) 1.020 (0.507) 

Healthy seniors  5.260 (0.625) 1.423 (1.232) 

MCI seniors 5.275 (0.669) 1.957 (1.693) 

 



83 

 

A   

B  

C  

Figure 5.3 (A) Identification curves, (B) discrimination curves, and (C) discrimination 

accuracy of tones in young adults, healthy older adults, and those with MCI. Note: 

Error bars = ±1 SD. 

 

Discrimination curves for each tone comparison unit in the three groups are 

shown in Figure 5.3 (B), and Figure 5.3 (C) presents the within- and between-category 
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discrimination accuracies for tones in the three groups. We conducted a repeated-

measure ANOVA on discrimination accuracy with category as a within-subjects factor 

and group as a between-subjects factor, and the results revealed a significant main 

effect of category (F(1,60) = 161.450, p < 0.001) and a significant two-way interaction 

effect (F(2,60) = 4.709, p = 0.013). However, there was no main effect of group 

(F(2,60) = 2.452, p = 0.095). Simple main effect analysis revealed that in each group, 

there was a significant difference between the within-category accuracy and between-

category accuracy (all ps < 0.001). There was also a significant difference in between-

category accuracy between the young adults and the older adults with MCI (p = 0.034).  

A one-way ANOVA was conducted on the peakedness in the participants’ tone 

discrimination, and the results showed a significant main effect of group (F(2, 60) = 

4.709, p = 0.013). A post hoc test with Bonferroni adjustment indicated that the 

peakedness among the MCI seniors was smaller than that with the young adults (p = 

0.018). However, no significant difference in peakedness was found between the 

healthy seniors and the young adults (p = 0.079). 

To summarise, the healthy older adults maintained an intact ability to identify 

and discriminate Mandarin tones. Those with MCI could also identify tones as well as 

the healthy ones could, but their ability for tone discrimination had degenerated. 

 

5.3.2. Vowel Identification and Discrimination 

Identification curves of vowel /u/ in the three groups are shown in Figure 5.4 

(A). The boundary position and boundary width of vowel identification are listed in 

Table 5.2. A one-way ANOVA with the boundary position as a dependent variable 

revealed no main effect of group (F(2,60) = 0.895, p = 0.414), and a one-way ANOVA 

conducted on boundary width also failed to find a main effect of group (F(2,60) = 

2.345, p = 0.105).  
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Table 5.2 Boundary positions and boundary widths of vowel identification in young 

adults, healthy older adults, and those with MCI. 

Groups Boundary position (SD) Boundary width (SD) 

Young adults  5.683 (0.497) 1.313 (0.657) 

Healthy seniors  5.410 (0.773) 1.875 (1.558) 

MCI seniors 5.534 (0.866) 2.070 (1.064) 

 

Discrimination curves of vowels are presented in Figure 5.4 (B), and the 

between- and within-category discrimination accuracies of vowels in the three groups 

are shown in Figure 5.4 (C). A repeated-measure ANOVA on discrimination accuracy 

was calculated with category and group as independent variables, and the results 

revealed a significant main effect of category (F(1,60) = 156.181, p < 0.001) and a 

significant category × group interaction effect (F(2,60) = 4.684, p = 0.013). No main 

effect of group was found (F(2,60) = 0.796, p = 0.456). Simple main effect analysis 

indicated a marginal difference between the young adults and the healthy seniors in 

terms of within-category accuracy (p = 0.05). In all groups, between-category accuracy 

was significantly higher than within-category accuracy (all ps < 0.001).  

A one-way ANOVA was also conducted on the peakedness of vowel 

discrimination, with the results indicating a significant main effect of group (F(2, 60) 

= 4.684, p = 0.013). A post hoc test with Bonferroni adjustment revealed a significantly 

smaller peakedness in the MCI participants than in the young adults (p = 0.023). 

However, there was no significant difference between the healthy seniors and the 

young adults (p = 0.058). 

In conclusion, the healthy older adults maintained an intact ability to perceive 

Mandarin vowels categorically. Those with MCI could also identify vowels as well as 
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the healthy seniors and young adults could. However, their ability to discriminate 

vowels had degenerated. 

A  

B  

C  

Figure 5.4 (A) Identification curves, (B) discrimination curves, and (C) discrimination 

accuracy of vowels in young adults, healthy older adults, and those with MCI. Note: 

Error bars = ±1 SD. 
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5.3.3. Consonant Identification and Discrimination 

5.3.3.1. Aspiration of Consonants. Identification curves for unaspirated 

consonant /p/ in the three groups are shown in Figure 5.5 (A), and Table 5.3 lists the 

boundary positions and boundary widths of aspiration identification. Results of a one-

way ANOVA indicated no main effect of group on the boundary position (F(2,60) = 

0.674, p = 0.513) and none on the boundary width (F(2,60) = 1.448, p = 0.243). 

 

Table 5.3 Boundary positions and boundary widths of aspiration identification in 

young adults, healthy older adults, and those with MCI. 

Groups Boundary position (SD) Boundary width (SD) 

Young adults  3.808 (0.867) 1.241 (0.636) 

Healthy seniors  3.520 (0.879) 1.469 (1.186) 

MCI seniors 3.581 (0.948) 1.955 (2.010) 

 

Discrimination curves of consonant aspiration in three groups are shown in 

Figure 5.5 (B). The between- and within-category discrimination accuracies of 

consonant aspiration are demonstrated in Figure 5.5 (C). We conducted a repeated 

measure ANOVA on discrimination accuracy, and the results revealed a significant 

main effect of category (F(1,60) = 96.087, p < 0.001) and of group (F(2,60) = 7.948, 

p = 0.001), and also a significant category × group interaction effect (F(2,60) = 5.647, 

p = 0.006). Simple main effect analysis indicated significant differences between the 

within-category accuracy and between-category accuracy in the young adults, in the 

healthy seniors (both ps < 0.001), and in those with MCI (p = 0.007). Pairwise 

comparison also indicated a significantly higher between-category accuracy in the 

young adults than in the older adults with MCI (p = 0.001). However, no significant 
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difference was found in the between-category accuracy between the young adults and 

healthy seniors (p = 0.063). 

A  

B  

C  

Figure 5.5 (A) Identification curves, (B) discrimination curves, and (C) discrimination 

accuracy of consonant aspiration in young adults, healthy older adults, and those with 

MCI. Note: Error bars = ±1 SD. 



89 

 

 

In addition, a one-way ANOVA was calculated on peakedness of aspiration 

discrimination, and the results indicated a significant main effect of group (F(2, 60) = 

5.647, p = 0.006). A post hoc test with Bonferroni adjustment showed a significantly 

smaller peakedness in the MCI seniors than in the young adults (p = 0.005). However, 

no significant difference was found between the young adults and healthy seniors (p = 

0.174) and none between the healthy seniors and MCI seniors (p = 0.330). 

In conclusion, the healthy older adults with normal cognitive ability maintained 

an intact ability to perceive aspiration of consonants categorically. Those with MCI 

could also clearly identify aspirated and unaspirated consonants, but they showed a 

decreased ability to discriminate aspiration of consonants. 

 

5.3.3.2. Transition of Consonants. Identification curves for consonant /p/ in 

the three groups are shown in Figure 5.6 (A). The boundary positions and boundary 

widths of transition identification are listed in Table 5.4. A one-way ANOVA was 

conducted on boundary width, and the results indicated a significant main effect of 

group (F(2,60) = 6.368, p = 0.003). A post hoc test with Bonferroni adjustment 

demonstrated significant differences in boundary width both between the young adults 

and MCI seniors (p = 0.003) and between the healthy older adults and those with MCI 

(p = 0.032). We also calculated a one-way ANOVA on boundary position and found 

no main effect of group (F(2,60) = 0.275, p = 0.761). 

Discrimination curves for consonant transition in the three groups are shown 

in Figure 5.6 (B), and the between- and within-category accuracies for transition 

discrimination are demonstrated in Figure 5.6 (C). A repeated measure ANOVA on 

discrimination accuracy was conducted to examine the impact of category and group. 

The results revealed a significant main effect of category (F(1,60) = 112.681, p < 0.001) 
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and of group (F(2,60) = 7.239, p = 0.002), and a significant category × group 

interaction effect (F(2,60) = 3.730, p = 0.030). Simple main effect analysis indicated 

a significant difference in between-category accuracy both between the young adults 

and the MCI seniors (p = 0.005) and between the young adults and healthy seniors (p 

= 0.044). In all groups, within-category accuracy was significantly lower than 

between-category accuracy was (all ps < 0.001).  

 

Table 5.4 Boundary positions and boundary widths of transition identification in 

young adults, healthy older adults, and those with MCI. 

Groups Boundary position (SD) Boundary width (SD) 

Young adults  4.512 (0.835) 0.968 (0.464) 

Healthy seniors  4.692 (1.503) 1.399 (1.501) 

MCI seniors 4.395 (1.405) 2.682 (2.310) 

 

A one-way ANOVA was calculated on the peakedness of transition 

discrimination, and the results showed a significant main effect of group (F(2, 60) = 

3.730, p = 0.030). A post hoc test with Bonferroni adjustment revealed that the MCI 

seniors had smaller peakedness than the young adults did (p = 0.040). However, there 

was no significant difference in peakedness between the healthy seniors and young 

adults (p = 0.154). 

 In summary, the healthy older adults maintained an intact ability to identify the 

transition of consonants, whereas transition identification in those with MCI had 

degenerated. The healthy older adults and those with MCI also showed a decline in 

their ability to discriminate the transition of consonants. 
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A  

B  

C  

Figure 5.6 (A) Identification curves, (B) discrimination curves, and (C) discrimination 

accuracy of consonant transition in young adults, healthy older adults, and those with 

MCI. Note: Error bars = ±1 SD. 
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5.4. Discussion 

In this study, we explored the effect of cognitive impairment on categorical 

speech perception. There was a steep boundary in the identification curves, a peak 

around the boundary position in the discrimination curves, and a significant difference 

between within-category accuracies and between-category accuracies across all 

phonemes in the young adults and the healthy older adults. These results revealed that 

the young adults and the healthy older adults could perceive these Mandarin phonemes 

categorically, in agreement with Repp (1984). However, there was no steep boundary 

in the identification curve of consonant transition, nor was there a peak in the 

discrimination curve of consonant aspiration in the older adults with MCI. These 

results revealed that the consonant perception of the older adults with MCI was less 

categorical.  

The healthy older adults consistently showed a normal ability to identify and 

discriminate Mandarin tones (Tone 1-Tone 2), vowels (/u/-/i/), and aspiration of 

consonants (/p/-/ph/), but their discrimination of consonant transition (/p/-/t/) had 

degenerated. Those with MCI also performed normally in the identification of tones, 

vowels, and aspiration of consonants, whereas they showed a decline in identification 

of transition of consonants. Their discrimination ability also had degenerated across 

all phonemes. Thus, their cognitive impairment profoundly influenced their phonemic 

discrimination.  

In addition, phonemic discrimination degraded earlier than phonemic 

identification did under the effect of cognitive impairment. Compared with 

identification, phonemic discrimination requires extra maintenance and manipulation 

of sound stimuli in working memory, and impaired working memory has been reported 

in older adults with MCI (Jutten et al., 2021; Saunders & Summers, 2010). Thus, it is 
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necessary to examine identification and discrimination abilities separately in older 

adults.  

Regarding tone identification, we detected no significant difference in the 

boundary widths and boundary positions across the three groups –– a finding that was 

inconsistent with those of Y. Wang et al. (2021), perhaps because of a difference in 

signal duration between our study and theirs. The duration of tone stimuli in our study 

was 350 ms, whereas that in Y. Wang et al. (2021) was only 200 ms. Y. Wang, Yang, 

and Liu (2017) compared tone perception with different durations (i.e., 100 ms, 200 

ms, and 400 ms) in young adults and older adults and found that the older adults’ 

identification improved under the condition of longer duration. According to their 

findings, the duration of 350 ms in our study might be long enough for older adults to 

make a correct response. Moreover, Y. Wang, Yang, Zhang et al. (2017) and Y. Wang 

et al. (2021) found an asymmetrical aging effect on the perception of different tone 

pairs (Tone 1-2 vs. Tone 1-4). Because we examined just the perception of Tone 1-2 

in this study, future research should include additional tone pairs in order to determine 

for certain whether the effect of cognitive impairment on the perception of different 

tone pairs is asymmetrical. 

There was no significant difference in vowel identification among the three 

groups in our study –– a behavioural result that was consistent with the findings in 

Bidelman et al. (2014, 2017). In accord with the findings in Gordon-Salant et al. (2006) 

regarding the identification of consonant aspiration, we too found no significant 

difference between the older listeners and the young listeners. Gordon-Salant et al. 

(2006) separated hearing impairment and the effects of aging and found that hearing 

impairment did not necessarily lead to a significant perceptual decline of VOT, which 

they used to distinguish voiced consonants from voiceless ones. In our study, we 

distinguished cognitive impairment from the aging effect, and our results also showed 
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that the identification of VOT as a cue for the aspiration of consonants was not 

significantly degraded in spite of cognitive impairment. Thus, our study extended 

previous findings to the arena of cognitive impairment.  

We did find that the CP of consonant transition degraded earlier than other 

phonemes. Even in the healthy older adults, the discrimination of transition had 

degenerated, and its identification and discrimination also degenerated in those with 

MCI. Compared with other acoustic cues, the duration of the consonant transition in 

this study (i.e., 40 ms) was shortest. Other works have accumulated evidence that older 

people experience more difficulty in identifying rapidly changing cues (Presacco et al., 

2015; Y. Wang, Yang, & Liu, 2017). The cue-duration hypothesis proposed by 

Fujisaki and Kawashima (1970) claimed that a short duration of critical information in 

stimuli might lead to inferior performance of auditory short-term memory, which 

consequently would result in perceptual decline. Furthermore, Pisoni (1973) reported 

less recruitment of auditory short-term memory in the perception of consonants than 

in that of vowels. Previous studies also reported a slow processing speed in older adults 

with MCI (e.g., Haworth et al., 2016). It is challenging for that group to process a 

rapidly changed acoustic cue, such as the transition of consonants. 

There is still work to be done to investigate in detail what cognitive factors lead 

to the decline in categorical perception of speech. In this study we assessed cognitive 

ability using only the MoCA, so future research should include more detailed cognitive 

test batteries, focusing on short-term memory, working memory, long-term memory, 

inhibition, and language ability, in an effort to explore the influence of different 

cognitive factors on the degradation of categorical speech perception. Second, we 

included only a behavioural experiment in this study. Additional research should 

introduce neuroimaging technology to explore the neural mechanisms that underlie 

normal versus impaired CP performance. 
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5.5. Conclusions 

This study investigated the effects of cognitive decline on the categorical 

perception of different Mandarin phonemes. The results revealed that: (1) Healthy 

older adults maintained a normal ability to perceive Mandarin tones, vowels, and 

aspiration of consonants categorically. They could also identify the transition of 

consonants as well as young adults could, whereas their transition discrimination had 

degenerated. (2) Older adults with MCI maintained an intact ability to identify tones, 

vowels, and aspiration of consonants, but their ability to identify the transition of 

consonants had degraded. They also showed a decreased ability to discriminate all 

phonemes. Thus, cognitive impairment posed a threat to phoneme discrimination in 

the older adults. In addition, the perception of consonant transition degraded earlier 

than other phonemes did in the older adults. 
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Chapter 6. Neural Mechanism of Categorical Speech Perception in 

Mandarin-Speaking Older Adults 

6.1. Introduction 

 With recent technological developments, advanced neuroimaging tools can 

now provide increasing evidence for the underlying neural mechanisms of behavioural 

performance. Previous research has proposed several hypotheses to explain how older 

adults actively reorganise neural resources to maintain normal behavioural 

performance (e.g., the HAROLD model, in Cabeza, 2002; the PASA model, in Davis 

et al., 2008; and the CRUNCH model, in Reuter-Lorenz & Cappell, 2008; see Chapter 

2 for more details). In Chapter 5, we reported that categorical speech perception in 

healthy older adults is relatively intact, but that is not the case in those with MCI. 

Specifically, cognitive impairment negatively affects phoneme discrimination. 

However, the neural mechanisms underlying normal versus impaired performance 

remain unknown. In the study we shall report in this chapter, we sought to identify, 

from the perspective of neural activity, why healthy older adults could maintain normal 

performance and those with MCI could not. 

Electroencephalography(EEG) is an easily manipulated and relatively portable 

noninvasive tool with a high temporal resolution, making it widely used in aging 

research. Through analysing time-locked EEG signals elicited by relevant stimuli, we 

can obtain a series of event-related potentials (ERPs) that have different polarities, 

latencies, and scalp distributions and that reflect different cognitive processes in the 

brain (Luck, 2014). Speech perception is a continuous and rapid cognitive process, and 

thus ERPs with a high temporal resolution can provide evidence for real-time 

responses to auditory encoding and phonological processing in the brain.  

Some previous literature has compared the ERP components of categorical 

speech perception between young adults and older adults. Both the amplitude and 
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latency of early ERP components (e.g., N1 and P2 waves) and relatively late 

components (e.g., the P300 wave) have been observed to be different in older adults 

during their perception of lexical tones, vowels, and consonants (e.g., Bidelman et al., 

2014; Roque et al., 2019; Wall et al., 1991; Xiao et al., 2020). However, as we 

discussed in Chapter 2, the observations of those studies are quite contradictory. A 

possible reason for the contradictions is that those studies used different paradigms; 

another reason may be the different phonemes they investigated. Different language 

backgrounds of participants in those studies also enlarge individual differences. 

Because most of the extant studies focused on the English-speaking population, 

research on neural mechanisms in the Chinese aging population should provide 

evidence from a cross-language and cross-population perspective.  

 In this study, we used an oddball paradigm and compared N1, P2, and P300 in 

Mandarin-speaking young adults, older adults with normal cognitive ability, and those 

with MCI. We also sought to explore the correlations between behavioural 

performance and cortical responses during attentional perception of different 

phonemes.  

 

6.2. Methods 

6.2.1. Participants and Materials 

We recruited 62 participants in this experiment: 20 young adults, aged 22-30 

years (10 males, Mage = 25.05, SD = 2.48), 21 older adults aged 61-82 years with 

normal cognitive ability (12 males, Mage = 70.18, SD = 7.25), and 21 older adults aged 

61-81 years with MCI (12 males, Mage = 73.05, SD = 6.03). A trained experimenter 

who was familiar with neuropsychological testing assessed the cognitive functions of 

each participant using the Beijing version of Montreal Cognitive Assessment (MoCA) 

(Yu et al., 2012) in a quiet room. All of the young adults and healthy older adults 
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garnered MoCA scores between 26 and 30 points, suggesting that they had normal 

cognitive ability. The scores of the MCI participants were 19 to 25 points, thus 

reflecting mild cognitive impairment (see Figure 6.1).  

 

 

Figure 6.1 MoCA scores in young adults, healthy older adults, and those with MCI. 

 

In addition, all participants completed a hearing level test using an audiometer 

(GSI 18). As is shown in Figure 6.2, the young adults had normal hearing levels (≤ 

20 dB HL) at all frequencies, from 125 Hz to 8,000 Hz. The healthy seniors showed 

normal hearing levels at low frequencies (125-500 Hz), and mild-to-moderate hearing 

loss (20-60 dB HL) at the mid-to-high frequencies (750-8,000 Hz). The MCI seniors 

showed mild hearing loss (20-40 dB HL) at the low-to-mid frequencies (125-2,000 

Hz), and moderate hearing loss (40-60 dB HL) at the high frequencies (3,000-8,000 

Hz). No ear asymmetry was found in the three groups (all ps > 0.05). 

All participants were from northern China and spoke Mandarin fluently. They 

were strongly right-handed. They reported no history of psychiatric illness or surgery 

involving the ears or head, and they had no experience of formal musical training. The 

two elder groups were matched in their ages and total years of formal education. Their 

socioeconomic status was also similar –– they had been professors, teachers, doctors, 
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or engineers before retirement. Consent forms were obtained from all participants. 

They were reimbursed for participation in this experiment. 

 

 

Figure 6.2 The audiograms of the young adults, healthy older adults, and those with 

MCI. 

 

The four continua used in this chapter were the same as those used in the study 

reported in Chapter 5. Standard stimuli, within-category deviant stimuli, and between-

category deviant stimuli were chosen individual-dependently according to category 

boundary. Within-category deviant stimuli shared the same category with standard 

stimuli (e.g., a high-level tone stimulus pair 1-4 in tone continuum if the category 

boundary was located at 5) but were separated by three steps. Between-category 

deviant stimuli belonged to a category different from that of the standard stimuli (e.g., 

stimulus 7, the mid-rising tone, versus stimulus 4, the high-level tone) and were 

separated by three steps.  

 

6.2.2. EEG Recordings 

 For their EEG recordings, the participants were seated comfortably in a 

soundproofed room and wore ER-3A inserted earphones. Before the recordings, each 
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participant completed an identification task to determine category boundary. Nine 

tokens in each continuum were presented randomly, with five repetitions. Participants 

were required to judge whether the sound stimulus was Sound 1 (e.g., ‘衣’ in tone 

continuum) or Sound 2 (e.g., ‘姨’) by clicking the corresponding squares on the screen. 

During the EEG recordings we used an oddball paradigm. Stimuli were 

presented binaurally in a pseudo-random order (see Figure 6.3). Standard stimuli 

accounted for 80% of all stimuli, and within- and between-category stimuli each 

accounted for 10%. Following each deviant stimulus, there were at least three standard 

stimuli. There were 240 trials for each continuum in total. Stimulus-onset-asynchrony 

was jittered between 1,100 ms and 1,500 ms. Participants were asked to press a mouse 

using their left and right thumbs simultaneously when they heard a different sound 

stimulus.  

 

  

Figure 6.3 The procedure for the EEG recordings. 

 

We used an EGI (Electrical Geodesics, Inc.) system (GES 410) with 64-

channel HydroCel GSN electrode nets in this experiment. Continuous EEG signals 

were recorded by NetStation (V5.1.2). The impedance of each electrode was kept 

below 40 kΩ, which is lower than the recommendation of the manufacturer (i.e., 50 
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kΩ). The EEG signals were amplified with a bandpass at 0.1-75 Hz and digitised at a 

sampling rate of 1,000 Hz. A vertex electrode (Cz) was used as an online reference. 

Vertical eye movements were monitored by electrodes placed on the supraorbital and 

infraorbital ridges of the left and right eyes. Horizontal eye movements were recorded 

by electrodes around the outer canthus of each eye. 

 

6.2.3. Data Analyses 

 Category boundaries were calculated by Probit analysis (Finney, 1971). The 

categorical boundary was defined as the 50% crossover point of the identification 

curve. Response rates of standard stimuli, within-category deviant stimuli, and 

between-category deviant stimuli were also calculated. 

For offline analysis of the EEG signals, the continuous EEG data were first 

bandpass filtered from 0.5 Hz to 30 Hz, and then they were epoched with 200 ms of 

prestimulus intervals and 800 ms of poststimulus intervals. The prestimulus intervals 

(–200 to 0 ms) were used for baseline correction. Trials with voltage variations larger 

than 100 μV were rejected. If the percentage of accepted trials of a certain participant 

was below 50%, his/her data were excluded from further statistical analyses. All 

electrodes were rereferenced to the average of the left and right mastoids. The grand-

averaged ERPs for standard, within-category deviant stimuli and between-category 

deviant stimuli were analysed for each electrode and each participant.  

Global field power (GFP) was calculated to determine the ERP components 

(i.e., the N1, P2, and P300 waves) and corresponding time windows. The GFP was 

defined as the square root of the mean squared ERP values across all electrodes, all 

participants, and all stimuli. According to the scalp distribution of the three ERP 

components, several sets of electrodes were identified for further data analysis. The 

peak of each component at selected electrodes was defined by a polynomial curve-
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fitting algorism in Matlab. The peak amplitudes and peak latencies were extracted 

from each selected electrode to quantify the ERP components. The peak amplitudes 

and peak latencies of N1 and P300 were averaged across the corresponding electrodes. 

The selected electrodes for P2 were divided into three positions (the anterior, central, 

and posterior positions). The amplitudes and peak latencies of electrodes in the same 

position were averaged.  

 

6.3. Results 

6.3.1. Tone Perception 

 Figure 6.4 presents the response rates for standard stimuli and within- and 

between-category deviant stimuli of tone in the young adults, healthy seniors, and MCI 

seniors. A repeated-measures ANOVA was conducted on the response rates to 

examine the impact of group as a between-subjects factor and stimuli as a within-

subjects factor. The results showed a significant main effect of group (F(2, 59) = 6.001, 

p = 0.004) and of stimuli (F(2, 118) = 182.599, p < 0.001), and also a significant two-

way interaction effect (F(4, 118) = 4.759, p = 0.001). Simple main effect analysis 

revealed that the MCI seniors obtained a lower response rate of the within-category 

deviant stimuli than the young adults did (p = 0.001), but the difference between the 

healthy seniors and young adults was not significant (p = 0.076). No significant 

differences in the response rates of standard and between-category deviant stimuli 

were found across the three groups (all ps > 0.1). In each group, significant differences 

in response rate were found across the three stimuli (all ps < 0.020), with the exception 

that in the MCI seniors, there was no significant difference between the response rate 

for standard stimuli and within-category deviant stimuli (p = 0.324).  

Figure 6.5 is a plot of the GFP of tone perception, on which the time windows 

of the three ERP components were determined: N1 (80-150 ms), P2 (150-270 ms), and 
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P300 (360-550 ms). Figure 6.6 presents the ERP waves at nine different electrodes (F3, 

Fz, F4, C3, Cz, C4, P3, Pz, P4) across the three groups. The scalp distribution of the 

three ERP components in the three groups is shown in Figure 6.7. Three sets of 

electrodes were chosen for the three ERP components: FC3, FC1, C3, C1, CP1, FCz, 

Cz, CP2, C2, C4, FC2, and FC4 for N1; FC5, FC3, FC1, FCz, FC2, FC4, FC6, C3, C1, 

CP1, Cz, CP2, C2, C4, P3, P1, PO3, Pz, PO4, P2 and P4 for P2; and P1, PO3, Pz, POz, 

PO4, and P2 for P300. The electrodes for P2 were further divided into three positions 

(i.e., anterior: FC5, FC3, FC1, FCz, FC2, FC4, and FC6; central: C3, C1, CP1, Cz, 

CP2, C2, and C4; and posterior: P3, P1, PO3, Pz, PO4, P2, and P4). 

 

Figure 6.4 The response rates of standard stimuli, within- and between-category 

deviant stimuli of tone in young adults, healthy older adults, and those with MCI. Note: 

Error bars = ±1 SD. 

 

Figure 6.5 Plot of the global field power for tone perception.  
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Figure 6.6 ERPs of tone perception at nine electrodes (F3, Fz, F4, C3, Cz, C4, P3, Pz, 

P4) in young adults, healthy older adults, and those with MCI. 
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Figure 6.7 Topographic distributions of the average potential in the N1, P2, and P300 

time windows of tone perception across the three groups. 

Figure 6.8 shows the amplitude and peak latency of N1, P2, and P300 across 

the three stimuli and three groups. A two-way repeated-measures ANOVA was 

conducted on the amplitude of N1, with group as a between-subjects factor and stimuli 

as a within-subjects factor. The results indicated no significant main effect of stimuli 

(F(2, 118) = 0.045, p = 0.956) nor of group (F(2, 59) = 1.901, p = 0.158). No 

significant two-way interaction effect was found (F(4, 118) = 0.384, p = 0.820). A 
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two-way repeated-measures ANOVA was also calculated on the peak latency of N1, 

and it found no significant two-way interaction effect (F(4, 118) = 1.482, p = 0.212), 

and no main effect of stimuli (F(2, 118) = 0.982, p = 0.378). However, a significant 

main effect of group was found (F(2, 59) = 3.400, p = 0.040). A pairwise comparison 

with Bonferroni correction demonstrated that the MCI seniors (mean = 121 ms) 

exhibited a longer latency than the young adults did (mean = 111 ms) (p = 0.052). No 

significant difference was observed between the young adults and the healthy seniors 

(mean = 113 ms) (p = 1.000), and none was found between the healthy seniors and the 

MCI seniors (p = 0.153). 

A three-way repeated-measures ANOVA was conducted on the amplitude of 

P2 with group as a between-subjects factor, and position and stimuli as within-subjects 

factors. The results showed no significant three-way interaction effect (F(8, 236) = 

0.691, p = 0.699), no significant two-way interaction effect between stimuli and group 

(F(4, 118) = 1.961, p = 0.105), and no main effect of stimuli (F(2, 118) = 1.861, p = 

0.160) or of position (F(2, 118) = 1.573, p = 0.212). However, there was a significant 

two-way interaction effect between position and group (F(4, 118) = 14.029, p < 0.001) 

and between position and stimuli (F(4, 236) = 3.415, p = 0.010), and there was a main 

effect of group (F(2, 59) = 28.817, p < 0.001). Simple main effect analysis 

demonstrated that the healthy seniors and the MCI seniors showed a larger P2 

amplitude than the young adults did at all three positions (all ps < 0.001), whereas no 

significant difference was found between the two elder groups (all ps > 0.6). In the 

young adults, the P2 amplitude at the posterior position was significantly larger than 

that at the anterior and central positions (both ps < 0.005), whereas no significant 

difference was found between the anterior and central positions (p = 0.453). In the 

healthy seniors, there was no significant difference across the three positions (all ps > 

0.08). In the MCI seniors, the P2 amplitude at the anterior position (mean = 2.322 μV) 
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was larger than it was at the central (mean = 1.948 μV; p = 0.039) and posterior 

positions (mean = 1.086 μV; p = 0.001), and their P2 amplitude at the central position 

was also larger than at the posterior position (p < 0.001). These results indicated that 

the scalp distribution of P2 in the older adults shifted from the posterior region to the 

anterior region. 

 

Figure 6.8 Amplitudes and peak latencies of N1, P2, and P300 during tone perception 

in young adults, healthy older adults, and those with MCI. Note: Error bars = ±1 SD. 
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The three-way repeated-measures ANOVA was also conducted on the latency 

of P2. We found a significant three-way interaction effect (F(8, 236) = 2.194, p = 

0.029), a significant two-way interaction effect between position and group (F(4, 118) 

= 4.458, p = 0.002), and a significant main effect of group (F(2, 59) = 11.338, p < 

0.001) and of position (F(2, 118) = 12.631, p < 0.001). No significant two-way 

interaction effect was found between stimuli and group (F(4, 118) = 1.700, p = 0.155), 

and none was found between stimuli and position (F(4, 236) = 2.296, p = 0.060). There 

was alsono significant main effect of stimuli (F(2, 118) = 0.799, p = 0.452). Separate 

two-way ANOVAs were then conducted for each stimulus, and we found that when 

the participants were perceiving standard stimuli and within-category deviant stimuli, 

there was a significant interaction effect and there were main effects of group and 

position (all ps < 0.002). Simple main effect analysis indicated that the two elder 

groups showed shorter P2 latency than the young adults did in the anterior and central 

regions (all ps < 0.003). However, there was no significant interaction effect, nor was 

there a main effect in the between-category deviant condition (all ps > 0.2). 

A two-way repeated-measures ANOVA was conducted on the amplitude of 

P300, to measure the impacts of group (between-subjects factor) and of stimuli 

(within-subjects factor). The results showed a significant interaction effect between 

group and stimuli (F(4, 118) = 3.489, p = 0.01) and a significant main effect of stimuli 

(F(2, 118) = 47.594, p < 0.001). No significant main effect of group was found (F(2, 

59) = 0.301, p = 0.741). Simple main effect analysis indicated a larger P300 amplitude 

for standard stimuli in the MCI seniors than in the young adults (p = 0.03), whereas no 

significant difference was observed in P300 amplitude for within- and between-

category deviant stimuli across the three groups (all ps > 0.1). In the young adults, 

significant differences in P300 amplitude were found across the three stimuli 

(between-category > within-category > standard, all ps < 0.015). In the healthy seniors, 
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a significantly lower P300 amplitude for the standard stimuli was found than that for 

the within-category deviant stimuli (p < 0.001) and that for the between-category 

deviant stimuli (p < 0.001). There was no significant difference between the within- 

and between-category deviant stimuli (p = 0.45). In the MCI seniors, we observed a 

significantly larger P300 amplitude for the between-category deviant stimulus than for 

the standard stimuli and the within-category deviant stimuli (both ps < 0.001). There 

was no significant difference between the standard stimuli and the within-category 

deviant stimuli (p = 1.000). 

A two-way repeated-measures ANOVA was also conducted on the peak 

latency of P300. We found a significant main effect of group (F(2, 59) = 4.125, p = 

0.021) and of stimuli (F(2, 118) = 11.302, p < 0.001), but no significant two-way 

interaction effect (F(4, 118) = 0.592, p = 0.669). A pairwise comparison with 

Bonferroni correction showed a significantly longer P300 latency in the healthy 

seniors than in the young adults (p = 0.022), whereas there was no significant 

difference in the P300 latency between the two elder groups (p = 1.000), nor was there 

a significant difference in that latency between the young adults and the MCI seniors 

(p = 0.135). The P300 latency for between-category deviant stimuli was significantly 

longer than that for standard stimuli (p < 0.001) and that for within-category deviant 

stimuli (p = 0.036), but there was no significant difference in the P300 latency for 

within-category deviant stimuli and that for standard stimuli (p = 0.071). 

 To conclude, our behavioural and ERP results demonstrated that all 

participants perceived Mandarin lexical tones categorically. The healthy older adults 

and those with MCI showed a posterior-anterior shift of scalp distribution of the P2 

wave, a larger P2 wave amplitude, and a shorter P2 latency, in comparison with the 

young adults. In addition to these characteristics shared by the two elder groups, each 

elder group also presented some unique features in their ERP components. Specifically, 
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the healthy older adults showed a longer P300 latency than young adults, and those 

with MCI elicited a larger P300 amplitude for standard stimuli than young adults.  

 

6.3.2. Vowel Perception 

 Data for two healthy seniors and one MCI senior were removed from statistical 

analysis due to low accepted EEG trials. Response rates of standard stimuli, within- 

and between-category deviant stimuli of vowels in the three groups are shown in 

Figure 6.9. A two-way repeated-measures ANOVA on the response rate indicated no 

significant interaction effect (F(4, 112) = 2.159, p = 0.078), nor was there a main effect 

of group (F(2, 56) = 1.552, p = 0.221). However, there was a significant main effect 

of stimuli (F(2, 112) = 261.028, p < 0.001). Significant differences in response rate 

were found across the three stimuli (all ps < 0.001). 

Figure 6.10 shows the GFPs of vowel perception averaged across all groups, 

all stimuli, and all electrodes. Using the GFPs, we determined the time windows of the 

ERP components: N1 (80-150 ms), P2 (150-300 ms), and P300 (340-600 ms). Figure 

6.11 presents the ERP waves at nine electrodes (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4), 

and Figure 6.12 displays the scalp distributions of the three ERP components in the 

three groups. Three sets of electrodes were selected for the three ERP components: N1 

(FC3, FC1, C3, C1, CP1, FCz, Cz, CP2, C2, C4, FC2, and FC4), P2 (FC5, FC3, FC1, 

FCz, FC2, FC4, FC6, C3, C1, CP1, Cz, CP2, C2, C4, P3, P1, PO3, Pz, PO4, P2, and 

P4), and P300 (P1, PO3, Pz, POz, PO4, and P2). The electrodes for P2 were further 

divided into three positions (i.e., anterior: FC5, FC3, FC1, FCz, FC2, FC4, and FC6; 

central: C3, C1, CP1, Cz, CP2, C2, and C4; and posterior: P3, P1, PO3, Pz, PO4, P2, 

and P4) to investigate the age-related shift in scalp distribution. 
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Figure 6.9 The Response rates of standard stimuli, within- and between-category 

deviant stimuli of vowel in young adults, healthy older adults, and those with MCI. 

Note: Error bars = ±1 SD. 

 

Figure 6.10 Plot of the global field power for vowel perception.  
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Figure 6.11 ERPs of vowel perception at nine electrodes (F3, Fz, F4, C3, Cz, C4, P3, 

Pz, P4) in the three groups. 
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Figure 6.12 Topographic distributions of the average potential in the N1, P2, and 

P300 time windows of vowel perception across the three groups. 

  

Figure 6.13 shows the amplitudes and peak latencies of N1, P2, and P300 

across the three groups and three stimuli. A two-way repeated-measures ANOVA was 

conducted on the amplitude of N1 to investigate the impacts of group and stimuli. The 

results showed a significant main effect of stimuli (F(2, 112) = 18.264, p < 0.001), 
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whereas there was no significant main effect of group (F(2, 56) = 2.044, p = 0.139), 

and no two-way interaction effect (F(4, 112) = 1.006, p = 0.408). A pairwise 

comparison with Bonferroni correction indicated significant differences in the N1 

amplitude across the three stimuli (all ps < 0.02). A two-way repeated-measures 

ANOVA was also conducted on the peak latency of N1, and we found no significant 

two-way interaction effect (F(4, 112) = 1.507, p = 0.205), and no main effect of group 

(F(2, 56) = 1.512, p = 0.229) or of stimuli (F(2, 112) = 0.074, p = 0.929). 

A three-way repeated-measures ANOVA was calculated on the amplitude of 

P2 to assess the impacts of group, position, and stimuli. There was no significant three-

way interaction effect (F(8, 224) = 1.169, p = 0.319). No two-way interaction effect 

between group and stimuli (F(4, 112) = 1.062, p = 0.379), and no main effect of 

position (F(2, 112) = 0.532, p = 0.589) were found. However, the results showed 

significant interaction effects between group and position (F(4, 112) = 8.480, p < 

0.001), and also between stimuli and position (F(4, 224) = 9.219, p < 0.001). There 

were also significant main effects of group (F(2, 56) = 14.433, p < 0.001) and of stimuli 

(F(2, 112) = 5.168, p = 0.007). Simple main effect analysis indicated that in each 

position, the two elder groups showed larger P2 amplitudes than the young adults did 

(all ps < 0.003). In young adults, the P2 amplitude at the posterior electrodes was larger 

than that at the other two positions (both ps < 0.005). No significant difference in P2 

amplitude was found across the three positions in the healthy seniors (all ps > 0.1). In 

the MCI seniors, the amplitude of P2 at the anterior electrodes was larger than that at 

the other two positions (both ps < 0.04). 

The three-way repeated-measures ANOVA was also conducted on the peak 

latency of P2 with position and stimuli as within-subjects factors, and group as a 

between-subjects factor. The results showed no significant three-way interaction effect 

(F(8, 224) = 0.451, p = 0.889) and no two-way interaction effect between position and 
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group (F(4, 112) = 1.739, p = 0.146), nor was there an effect between stimuli and 

group (F(4, 112) = 1.098, p = 0.361). The main effects of position (F(2, 112) = 2.131, 

p = 0.124) and stimuli (F(2, 112) = 1.703, p = 0.187) were also not significant. 

However, there was a significant interaction effect between stimuli and position (F(4, 

224) = 2.727, p = 0.03), and a significant main effect of group (F(2, 56) = 5.086, p = 

0.009) was also found. A pairwise comparison with Bonferroni correction showed a 

shorter P2 latency in the MCI seniors (p = 0.011) and the healthy seniors (p = 0.071) 

than in the young adults. No significant difference was observed between the two elder 

groups (p = 1.000). 

A two-way repeated-measures ANOVA was conducted on the amplitude of 

P300 with stimuli as a within-subjects factor and group as a between-subjects factor. 

The results showed a significant main effect of group (F(2, 56) = 4.025, p = 0.023) 

and of stimuli (F(2, 112) = 16.306, p < 0.001), whereas there was no significant two-

way interaction effect (F(4, 112) = 0.55, p = 0.699). A pairwise comparison with 

Bonferroni correction indicated that the MCI seniors displayed a larger P300 

amplitude than the young adults did (p = 0.031). However, there were no significant 

differences in the P300 amplitudes between the two elder groups (p = 1.000), nor was 

there a significant difference between the young adults and the healthy seniors (p = 

0.098). The P300 amplitudes for the within- and between-category deviant stimuli 

were larger than those for the standard stimuli (both ps < 0.001). The two-way 

repeated-measures ANOVA was also conducted on the latency of P300, to determine 

the impact of group and stimuli. There was no significant interaction effect (F(4, 112) 

= 0.884, p = 0.476), no main effect of group (F(2, 56) = 1.004, p = 0.373), and no main 

effect of stimuli (F(2, 112) = 0.414, p = 0.662). 
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Figure 6.13 Amplitudes and latencies of N1, P2, and P300 during vowel perception in 

young adults, healthy older adults, and those with MCI. Note: Error bars = ±1 SD. 

 

To summarise, no significant difference in the N1 component was found across 

the three groups. However, the two elder groups showed a larger P2 amplitude, shorter 

P2 latency, and posterior-anterior shift of scalp distribution of P2 compared with the 



117 

 

young adults. The older adults with MCI further presented a larger P300 amplitude 

than the young adults did. 

 

6.3.3. Consonant Perception 

 6.3.3.1. Aspiration of Consonants. Data from one healthy senior were 

removed from further statistical analyses because of low accepted EEG trials. Figure 

6.14 shows the response rates for the standard stimuli, within- and between-category 

deviant stimuli of consonant aspiration in the three groups. A two-way repeated-

measures ANOVA on the response rate revealed a significant main effect of stimuli 

(F(2, 116) = 241.994, p < 0.001) and a significant interaction effect between group 

and stimuli (F(4, 116) = 3.646, p = 0.008). No significant main effect of group (F(2, 

58) = 2.278, p = 0.112) was found. Simple main effect analysis showed a significantly 

higher response rate for standard stimuli in the MCI seniors than in the young adults 

(p = 0.033) and healthy seniors (p = 0.017). There was no significant difference in the 

response rate for within- and between-category deviant stimuli across the three groups 

(all ps > 0.1). For the young adults and healthy seniors, there were significant 

differences in their response rates across the three stimuli (all ps < 0.015). In the MCI 

seniors, no significant difference in response rate was observed between the standard 

stimuli and the within-category deviant stimuli (p = 0.571), but those seniors showed 

significantly higher response rates for the between-category deviant stimuli than they 

did for the standard stimuli and the within-category deviant stimuli (both ps < 0.001). 

Figure 6.15 shows the GFP of aspiration perception averaged across all groups, 

all stimuli, and all electrodes. Using the GFP, we determined the time windows of the 

ERP components: N1 (70-130 ms), P2 (150-270 ms), and P300 (350-500 ms). Figure 

6.16 presents the ERP waves at nine electrodes (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4) 

and Figure 6.17 displays the scalp distribution of the three ERP components in the 
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three groups. Three sets of electrodes were selected for the three ERP components: N1 

(FC3, FC1, C3, C1, CP1, FCz, Cz, CP2, C2, C4, FC2, and FC4), P2 (FC5, FC3, FC1, 

FCz, FC2, FC4, FC6, C3, C1, CP1, Cz, CP2, C2, C4, P3, P1, PO3, Pz, PO4, P2, and 

P4), and P300 (P1, PO3, Pz, POz, PO4, and P2). The electrodes for P2 were further 

divided into three positions (i.e., anterior: FC5, FC3, FC1, FCz, FC2, FC4, and FC6; 

central: C3, C1, CP1, Cz, CP2, C2, and C4; and posterior: P3, P1, PO3, Pz, PO4, P2, 

and P4) to investigate the age-related shift in scalp distribution. 

 

 

Figure 6.14 The response rates of standard stimuli, within- and between-category 

deviant stimuli of consonant aspiration in young adults, healthy older adults, and those 

with MCI. Note: Error bars = ±1 SD. 

 

Figure 6.15 Plot of global Field Power for aspiration perception. 
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Figure 6.16 ERPs of aspiration perception at nine electrodes (F3, Fz, F4, C3, Cz, C4, 

P3, Pz, P4) in the three groups. 
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Figure 6.17 Topographic distributions of the average potential in the N1, P2, and 

P300 time windows of aspiration perception across the three groups. 

 

Figure 6.18 shows the amplitudes and peak latencies of N1, P2, and P300 

across the three groups and three stimuli. To examine the impact of group and stimuli 

on the amplitude of N1, a two-way repeated-measures ANOVA was conducted. The 

results indicated no significant interaction effect between group and stimuli (F(4, 116) 

= 2.326, p = 0.060) and no main effect of stimuli (F(2, 116) = 2.771, p = 0.067), but 
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there was a significant main effect of group (F(2, 58) = 3.519, p = 0.036). A pairwise 

comparison with Bonferroni correction showed a more negative N1 in the healthy 

seniors than in the young adults (p = 0.033), whereas there was no significant 

difference between the MCI seniors and young adults, and none between the two elder 

groups (both ps > 0.3). A two-way repeated-measures ANOVA was also conducted on 

the latency of N1, and the results showed no significant two-way interaction effect 

(F(4, 116) = 1.237, p = 0.299), and no main effect of group (F(2, 58) = 0.591, p = 

0.557) or of stimuli (F(2, 116) = 1.447, p = 0.239).  

A three-way repeated-measures ANOVA was conducted on the amplitude of 

P2 to test the impact of group, position, and stimuli. There was a significant three-way 

interaction effect (F(8, 232) = 2.229, p = 0.026), a significant two-way position × 

group interaction effect (F(4, 116) = 10.937, p < 0.001), and a significant main effect 

of group (F(2, 58) = 14.691, p < 0.001). However, we found no significant position × 

stimuli interaction effect (F(4, 232) = 1.453, p = 0.217) and no stimuli × group 

interaction effect (F(4, 116) = 1.120, p = 0.351), nor did we observe a main effect of 

position (F(2, 116) = 0.372, p = 0.691) or of stimuli (F(2, 116) = 1.015, p = 0.366). 

Separate two-way ANOVAs were then conducted for each stimulus and revealed that 

there was a significant interaction effect between position and group across all levels 

of the stimuli (all ps < 0.001). Simple main effect analysis revealed that at all regions, 

the two elder groups showed a larger P2 amplitude than the young adults did (all ps < 

0.05). The P2 amplitude of the young adults was larger in the posterior region than it 

was in the anterior and central regions (all ps < 0.03). In contrast to the young adults, 

the MCI seniors showed larger P2 amplitudes in the anterior and central regions than 

in the posterior region (all ps < 0.07). 
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Figure 6.18 Amplitudes and latencies of N1, P2, and P300 during aspiration 

perception in young adults, healthy older adults, and those with MCI. Note: Error bars 

= ±1 SD. 

 

A three-way repeated-measures ANOVA was also calculated on the peak 

latency of P2, and the results showed no significant three-way interaction effect (F(8, 

232) = 1.728, p = 0.093), no two-way position × stimuli interaction effect (F(4, 232) = 
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2.355, p = 0.055), no stimuli × group interaction effect (F(4, 116) = 1.565, p = 0.188), 

and no main effect of group (F(2, 58) = 0.245, p = 0.784). However, there was a 

significant position × group interaction effect (F(4, 116) = 4.454, p = 0.002) and a 

marginal main effect of position (F(2, 116) = 3.053, p = 0.051). Simple main effect 

analysis showed that P2 latency was significantly different across the three positions 

in the young adults (all ps < 0.03), whereas it was not modulated by position in the 

two elder groups (all ps = 1.000). In addition, we found a significant main effect of 

stimuli (F(2, 116) = 7.564, p = 0.001). A pairwise comparison with Bonferroni 

correction indicated that P2 latency was longer for within-category deviant stimuli 

(mean = 227 ms) than it was for standard stimuli (mean = 208 ms; p < 0.001) and for 

between-category deviant stimuli (mean = 212 ms; p = 0.024). 

 We conducted a two-way repeated-measures ANOVA on the amplitude of 

P300 to investigate the impact of stimuli and group, and we found a significant two-

way interaction effect (F(4, 116) = 2.844, p = 0.027) and also significant main effects 

of group (F(2, 58) = 3.460, p = 0.038) and of stimuli (F(2, 116) = 31.551, p < 0.001). 

Simple main effect analysis indicated that in the young adults and healthy seniors, the 

amplitude of P300 for between-category deviant stimuli was larger than it was for 

standard stimuli and within-category deviant stimuli (all ps < 0.002), whereas no 

significant difference in P300 amplitude was found between the standard stimuli and 

the within-category deviant stimuli (p = 0.061). In the MCI seniors, there was no 

significant difference in P300 amplitudes across the three stimuli (all ps > 0.1). For 

between-category deviant stimuli, the healthy seniors (mean = 3.502 μV; p = 0.018) 

and young adults (mean = 3.166 μV; p = 0.062) showed a larger P300 amplitude than 

the MCI seniors did (mean = 1.507 μV), but there was no significant difference 

between the healthy seniors and the young adults (p = 1.000). Pearson correlation 

analysis further indicated a significant positive correlation between P300 amplitude 



124 

 

and the response rate of between-category deviant stimuli (r = 0.318, p = 0.013). In 

other words, the stronger the cortical activity, the higher the accuracy was. For 

standard stimuli and within-category deviant stimuli, no significant difference was 

observed in P300 amplitudes across the three groups (all ps > 0.2). The two-way 

repeated-measures ANOVA was also calculated on the peak latency of P300, and the 

results indicated no significant two-way interaction effect (F(4, 116) = 0.163, p = 

0.956), and no main effect of group (F(2, 58) = 2.888, p = 0.064) or of stimuli (F(2, 

116) = 1.051, p = 0.353). 

 In conclusion, the healthy older adults and those with MCI showed larger P2 

amplitudes and a posterior-anterior shift of scalp distribution of P2 compared with the 

young adults. In addition, the healthy older adults further showed a more negative N1 

amplitude than the young adults did. Those with MCI showed lower P300 amplitude 

for between-category deviant stimuli than the other two groups did. That decreased 

P300 amplitude was correlated with a lower response rate for between-category 

deviant stimuli. 

 

6.3.3.2. Transition of Consonants. Two MCI seniors were excluded from 

statistical analyses because of low accepted trials in the EEG recordings. Response 

rates for standard stimuli and for within- and between-category deviant stimuli of 

consonant transition in the three groups are presented in Figure 6.19. A two-way 

repeated-measures ANOVA with the response rate as a dependent variable indicated 

a significant main effect of group (F(2, 57) = 8.049, p = 0.001) and of stimuli (F(2, 

114) = 86.414, p < 0.001). There was also a significant interaction effect between 

group and stimuli (F(4, 114) = 2.806, p = 0.029). Simple main effect analysis showed 

no significant differences in the response rates for standard stimuli across the three 

groups (all ps > 0.1). The healthy seniors had a significantly lower response rate for 
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the within-category deviant stimuli than the young adults did (p = 0.042). The MCI 

seniors showed a significantly lower response rate for the between-category deviant 

stimuli than the young adults did (p = 0.008). In the young adults, significant 

differences were found across the three stimuli (all ps < 0.001). In the two elder groups, 

there was no significant difference between their response rates for the standard stimuli 

and the within-category deviant stimuli (healthy seniors: p = 0.657; MCI seniors: p = 

0.328), whereas the two elder groups had a significantly higher response rate for 

between-category deviant stimuli than they did for standard stimuli (both ps < 0.001) 

or for within-category deviant stimuli (healthy seniors: p < 0.001; MCI seniors: p = 

0.008).  

Figure 6.20 shows the GFPs for categorical perception of consonant transition. 

Three ERP components and corresponding time windows were determined on the 

basis of the GFPs: N1 (80-140 ms), P2 (140-270 ms), and P300 (380-560 ms). Figure 

6.21 presents the ERP waves at nine different electrodes (F3, Fz, F4, C3, Cz, C4, P3, 

Pz, P4) across the three groups. Figure 6.22 illustrates the scalp distributions of the 

three ERP components in the three groups. Three sets of electrodes were chosen for 

the three ERP components: FC3, FC1, C3, C1, CP1, FCz, Cz, CP2, C2, C4, FC2, and 

FC4 for N1; FC5, FC3, FC1, FCz, FC2, FC4, FC6, C3, C1, CP1, Cz, CP2, C2, C4, P3, 

P1, PO3, Pz, PO4, P2, and P4 for P2; and P1, PO3, Pz, POz, PO4, and P2 for P300. 

The electrodes for P2 were divided into three positions (i.e., anterior: FC5, FC3, FC1, 

FCz, FC2, FC4, and FC6; central: C3, C1, CP1, Cz, CP2, C2, and C4; and posterior: 

P3, P1, PO3, Pz, PO4, P2, and P4). 
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Figure 6.19 The response rates of standard stimuli, within- and between-category 

deviant stimuli of consonant transition in young adults, healthy older adults, and those 

with MCI. Note: Error bars = ±1 SD. 

 

 

Figure 6.20 Plot of global field power of transition perception. 
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Figure 6.21 ERPs of transition perception at nine electrodes (F3, Fz, F4, C3, Cz, C4, 

P3, Pz, P4) in the three groups. 
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Figure 6.22 Topographic distributions of the average potentials in the N1, P2, and 

P300 time windows of transition perception across the three groups. 

 

 Figure 6.23 shows the amplitudes and peak latencies of N1, P2, and P300 

across the three groups and three stimuli. A two-way repeated-measures ANOVA was 

conducted on the amplitudes of N1 to determine the impact of group (between-subjects 

factor) and stimuli (within-subjects factor) and found no significant interaction effect 
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(F(4, 114) = 1.748, p = 0.144), nor was there a significant main effect of group (F(2, 

57) = 2.337, p = 0.106) or of stimuli (F(2, 114) = 0.545, p = 0.581). A two-way 

repeated-measures ANOVA was also conducted on the latency of N1. Similarly, there 

was no significant interaction effect (F(4, 114) = 1.335, p = 0.261), and no main effect 

of group (F(2, 57) = 1.093, p = 0.342) or of stimuli (F(2, 114) = 0.932, p = 0.397). 

A three-way repeated-measures ANOVA was calculated on the amplitude of 

P2, with group as a between-subjects factor and position and stimuli as within-subjects 

factors, and the results indicated that the three-way interaction effect was not 

significant (F(8, 228) = 0.472, p = 0.875). In addition, the two-way interaction effects 

between stimuli and position (F(4, 228) = 0.316, p = 0.867), and between stimuli and 

group (F(4, 114) = 0.485, p = 0.747), were not significant. However, a significant 

interaction effect did exist between position and group (F(4, 114) = 16.978, p < 0.001), 

and there was a significant main effect of group (F(2, 57) = 24.676, p < 0.001). No 

significant main effects of position (F(2, 114) = 0.749, p = 0.475) or of stimuli (F(2, 

114) = 1.369, p = 0.258) were found. Simple main effect analysis indicated that the 

two elder groups showed a larger P2 amplitude than the young adults did at all three 

positions (all ps < 0.003). In the young adults, the P2 amplitude at the posterior 

electrodes was larger than at the other two positions (both ps < 0.001), and that at the 

central electrodes was also larger than at the anterior electrodes (p = 0.001). In the 

healthy seniors, P2 amplitude at the posterior electrodes was smaller than at the central 

ones (p = 0.041). In the MCI seniors, P2 amplitude at the posterior electrodes was 

smaller than at the anterior (p = 0.01) and central ones (p = 0.001). In the two elder 

groups, P2 amplitudes at the anterior and central positions were not significantly 

different (all ps > 0.1). 
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Figure 6.23 Amplitudes and latencies of N1, P2, and P300 during transition 

perception in young adults, healthy older adults, and those with MCI. Note: Error bars 

= ±1 SD. 

 

A three-way repeated-measures ANOVA was also conducted on the peak 

latency of P2 to investigate the impact of group, position, and stimuli. The results 
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showed no significant three-way interaction effect (F(8, 228) = 1.099, p = 0.365), no 

two-way interaction effect between stimuli and group (F(4, 114) = 0.881, p = 0.478), 

and no interaction effect between stimuli and position (F(4, 228) = 1.401, p = 0.234). 

However, the results did indicate a significant interaction effect between position and 

group (F(4, 114) = 6.248, p < 0.001). We also found a significant main effect of group 

(F(2, 57) = 13.356, p < 0.001) and of position (F(2, 114) = 5.734, p = 0.004), whereas 

the main effect of stimuli was not significant (F(2, 114) = 0.609, p = 0.546). Simple 

main effect analysis indicated that the P2 latency at posterior electrodes was shorter 

than that at the anterior and central electrodes (both ps < 0.001) in the young adults, 

but no significant difference was observed across the three positions in the healthy and 

MCI seniors (all ps > 0.1). At both the anterior and central positions, the young adults 

showed a longer P2 latency than the healthy and MCI seniors did (all ps < 0.005), 

whereas no significant difference was found across the three groups at the posterior 

position (all ps > 0.1). 

 A two-way repeated-measures ANOVA was conducted on the amplitude of 

P300 with group as a between-subjects factor and stimuli as a within-subjects factor. 

There was a significant main effect of group (F(2, 57) = 3.189, p = 0.049) and also of 

stimuli (F(2, 114) = 31.456, p < 0.001), and a significant interaction effect between 

group and stimuli (F(4, 114) = 2.877, p = 0.026) was found. Simple main effect 

analysis indicated a larger amplitude of P300 for standard stimuli in the healthy seniors 

than in the young adults (p = 0.033). For the between-category deviant stimuli, the 

healthy seniors also showed a larger P300 amplitude than the MCI seniors (p = 0.028) 

and young adults (p = 0.070) did. Pearson correlation analysis further demonstrated a 

significant positive correlation between P300 amplitude and the response rate for the 

between-category deviant stimuli (r = 0.349, p = 0.006), and that correlation became 

much stronger when we focused on the healthy older adults (r = 0.476, p = 0.029). In 
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other words, the larger the P300 amplitude, the higher the response rate was for the 

between-category deviant stimuli. No significant difference was observed in the P300 

amplitude for within-category deviant stimulus across the three groups (all ps > 0.1). 

In young adults, P300 amplitude for the standard stimuli was smaller than the between- 

(p < 0.001) and within-category deviant stimuli were (p = 0.016). In the healthy seniors, 

the P300 amplitude for between-category deviant stimulus was larger than the standard 

stimuli and within-category deviant stimuli were (both ps < 0.001). In the MCI seniors, 

the P300 amplitude for the between-category deviant stimulus was also larger than that 

for the standard stimuli (p = 0.029) and that for the within-category deviant stimuli (p 

= 0.048). A two-way repeated-measures ANOVA was also conducted on the peak 

latency of P300, but there was no significant main effect of group (F(2, 57) = 0.067, p 

= 0.935) or of stimuli (F(2, 114) = 0.595, p = 0.553), and no interaction effect between 

group and stimuli (F(4, 114) = 0.342, p = 0.849). 

 To summarise, there was no significant difference in the N1 component across 

the three groups. However, the two elder groups showed a larger P2 amplitude, a 

shorter P2 latency, and a posterior-anterior shift of scalp distribution of P2 compared 

with the young adults. In addition, the healthy older adults showed a larger P300 

amplitude for between-category deviant stimuli, and that was correlated with a higher 

response rate in behavioural performance. 

 

6.4. Discussion 

 In this study, we observed increased cortical excitability and a posterior-

anterior shift of scalp distribution in the older adults across different phonemes. These 

mechanisms appeared to work as adaptive neural compensations to help protect the 

older adults from unfavourable age-related conditions (e.g., hearing loss and cognitive 
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impairment) to some extent. Our findings were also consistent with some previous 

research (Anderer et al., 1996; Davis et al., 2008; Roque et al., 2019).  

Both the healthy older adults and those with MCI showed increased cortical 

excitability during their early phonetic and phonological processing. Anderer et al. 

(1996) studied 172 healthy participants aged 20-88 years and found that P2 amplitude 

elicited by the auditory oddball paradigm increased by 0.07 μV/year with age. 

Cognitive reserve is postulated to be a factor, in which the human brain is able to 

actively utilise preexisting cognitive processes or recruit compensation mechanisms to 

cope with brain atrophy (Stern, 2009). This hypothesis also indicates that people with 

more cognitive reserve have more efficient neural networks, greater capacity, and 

better flexibility to cope with brain atrophy than those with less cognitive reserve do. 

In our study, the older participants’ educational level (e.g., Bachelor’s degree or 

Master’s degree) and occupational attainment (e.g., doctor, teacher, or engineer) were 

quite high, likely indicating relatively larger cognitive reserves (Stern, 2009; Tucker 

& Stern, 2011). Thus, they could sustain their age-related physiological disadvantages 

via neural compensation and consequently could maintain a level of behavioural 

performance. 

During early phonetic and phonological processing, the two elder groups also 

demonstrated a posterior-anterior shift of scalp distribution: Their frontal and central 

electrodes showed increased activity, in contrast to the parieto-occipital electrodes in 

the young adults. This finding too was consistent with previous studies (Anderer et al., 

1996) and supported the model of posterior-anterior shift in aging (PASA) (Davis et 

al., 2008). The PASA model postulates that the aging population increases frontal 

activation in an effort to compensate for relatively low function in other regions. The 

recruitment of the frontal cortex suggests an adaptive and flexible reorganisation of 

brain resources (Park & Reuter-Lorenz, 2009). Such neuroplasticity in older adults 
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could protect and promote the health of the aging brain and improve and/or maintain 

behavioural performance at a relatively normal level. Alperin et al. (2015) found that 

the posterior-anterior shift started at middle age and continued into an older age. Those 

authors also reported that the age-related posterior-anterior shift was prominent during 

information processing with attention. 

In addition, in our study the healthy older adults showed some unique neural 

compensatory mechanisms for categorical speech perception that were absent in those 

with MCI. For instance, the healthy older adults increased cortical activity during the 

early auditory processing and the relatively late phonological processing of consonants. 

According to the resource theory, a finite pool of brain and cognitive resources restricts 

human capacity (Burke & Shafto, 2011). Furthermore, older adults with MCI have 

reduced resources compared with their healthy counterparts, due to accelerated 

atrophy of the whole brain and some specific brain regions (e.g., temporal grey matter 

and hippocampus) (Driscoll et al., 2009; Jack et al., 2005). Thus, in our study those 

with MCI may have had relatively limited resources to use as neural compensation, in 

comparison with the healthy older adults. Interestingly, this finding was inconsistent 

with that of Bidelman et al. (2017), who observed a cortical hypersensitivity in MCI 

participants, compared with healthy older adults as the baseline. Several possible 

reasons could explain such a difference. First, the sample size in Bidelman et al. (2017) 

(15 healthy older adults and eight with MCI) was much smaller than that in our study 

(21 healthy older adults and 21 with MCI). Second, musical training experience has 

been shown to counteract the age-related decline of categorical speech perception 

(Bidelman & Alain, 2015). In our study, no participant had received formal music 

training before the experiments, but in Bidelman et al. (2017), participants had 

experienced formal music training, and the extent of music training in the healthy older 

adults was marginally higher than in those with MCI. Third, the experimental 
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paradigms of our study and those in Bidelman et al. (2017) were different. Thus, 

Bidelman et al. (2017) observed cortical activity only during early auditory and 

phonological processing, whereas the oddball paradigm in our study made it possible 

to observe different cortical activities (i.e., P300) during relatively late phonological 

processing in the healthy older adults and those with MCI. 

 

6.5. Conclusions 

 In this study, to identify the neural mechanisms of categorical speech 

perception in the Chinese aging population, we compared N1, P2, and P300 across 

different Mandarin phonemes in young adults and older adults. During their early 

phonetic and phonological processing, the older adults showed a posterior-anterior 

shift of scalp distribution of P2, and a larger P2 amplitude when perceiving different 

Mandarin phonemes, thus supporting the PASA model. Furthermore, the healthy older 

adults and those with MCI showed some different neural mechanisms. During early 

auditory processing, there was a more negative N1 amplitude in the healthy older 

adults when perceiving the aspiration of consonants. During the relatively late 

phonological processing of consonant transition, they also showed a larger P300 

amplitude that correlated with a higher response rate for between-category deviant 

stimuli. However, such compensation-related increased cortical excitability was 

absent in the older adults with MCI, who showed a decreased P300 amplitude that 

correlated with a lower response rate of between-category deviant stimuli of consonant 

aspiration. 
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Chapter 7. General Discussion and Conclusions 

In this chapter, we shall generally discuss the findings from Chapter 3 through 

Chapter 6 and summarise our overall findings from throughout this dissertation. We 

will cover three main aspects: 1) An inverted-U-shaped model of categorical speech 

perception across the human lifespan; 2) an asynchrony of categorical perception of 

different phonemes; and 3) a neural compensation of categorical speech perception in 

native older adults. 

 

7.1. Inverted-U Model of Categorical Speech Perception 

 Generally speaking, we have reported that categorical speech perception 

develops during childhood and becomes stable during early adulthood, and that status 

is then followed by degeneration in older adults. This finding points towards the 

inverted-U model of categorical speech perception during the human lifespan. We 

have assumed that physiological and cognitive factors each contribute to the inverted-

U changes of perceptual ability. Specifically, previous studies have reported that the 

interplay of physiological and cognitive factors varies profoundly in older adults’ 

speech perception (Roque et al., 2019). 

 First, age-related physiological changes along the auditory pathway vary signal 

audibility. Previous research has reported that the auditory system is precocious in 

newborns, and foetuses can recognise their mother’s voice during the prenatal stage of 

life (Kisilevsky et al., 2009). However, the precocity of the auditory system is not 

equal to its maturation. The postnatal development of the auditory system proceeds for 

eight or nine years after birth because of the immature middle ear and the fact of 

auditory transmission through the brainstem (Werner, 2007).  

Werner (2007) summarised the different stages of postnatal auditory 

development. During the first six months, newborns’ neural encoding of fundamental 
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characteristics of sounds, especially sounds at high frequencies, becomes mature. 

From six months of age to the early school years, children’s abilities to process 

complex sounds and flexibly use acoustic information improve with age. The 

development of the auditory system facilitates categorical speech perception in 

children. In contrast, at the other end of the human lifespan, older adults suffer from 

hearing loss, and that loss decreases signal audibility and impairs categorical speech 

perception. The prevalence of hearing loss is 58.85% in Chinese older adults above 60 

years of age, and the loss becomes severe with increasing age (Gong et al., 2018). 

Chronic diseases, ear disease, and noise exposure are also important factors that impair 

hearing sensitivity in the aging population. 

 Second, cognitive development and then degeneration over the course of an 

individual’s lifespan vary the processing of speech information. In the large-scale 

research of Westerhausen et al. (2015) over an age range from 5 to 89 years, those 

authors reported that the cognitive control ability of speech perception increased 

steeply throughout childhood and adolescence and decreased continuously during late 

adulthood. Furthermore, the development and decline of working memory and 

processing speed also contribute to the variation of speech perception across one’s 

lifespan. Alloway and Alloway (2013) observed that verbal working memory grows 

in childhood, reaches a peak at approximately 30 years old, and degrades in older 

adults. They also reported that the verbal working memory of older adults aged 70-80 

years is comparable to that of adolescents aged 13-19 years. In childhood and again in 

older adulthood, the differences in individuals’ working memory is further thought to 

be strongly correlated with intraindividual differences in processing speed (Mella et 

al., 2015). The dynamics of these cognitive functions contribute to the variation of 

speech perception across our lifespan. 
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7.2. Asynchrony of Categorical Speech Perception 

In Chapter 3, we learned that the development of categorical perception of 

different Mandarin phonemes (i.e., tones, vowels, consonants) in children and 

adolescents is asynchronous. The maturation of vowel perception is earlier than that 

of consonant transition perception. In Chapter 4 and Chapter 5, we reported that the 

degeneration of categorical perception of these phonemes is also asynchronous. The 

degeneration of consonant transition perception is earlier than that of vowel perception 

(see more details in Figure 7.1). When looking at categorical speech perception across 

the human lifespan, we observed that the phonemes developing later in children 

degraded earlier in older adults. This supports the order of language acquisition and 

dissolution proposed by Jakobson (1968). 

 

 

 

Figure 7.1 Timeline of development and degeneration of categorical speech 

perception across the lifespan. Note: + = Maturation; - = Degeneration. 
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Our findings also support the phonological saliency hypothesis proposed by 

Zhu and Dodd (2000). Mandarin vowels have a higher saliency than consonants do, so 

vowel perception is acquired earlier than consonant perception is. The phonological 

saliency hypothesis was initially proposed for language development in children. Our 

study further extends this hypothesis into a phase of language loss: Consonant 

perception degrades earlier than vowel perception does in the aging population. In 

other words, the phoneme with lower saliency is lost earlier in older adults.  

The asynchronous development and degeneration of lexical tones, vowels, and 

consonants may be also attributed to their distinct processing in the human brain. Yu 

et al. (2022) found that the neural processing for consonants was distinct from that for 

lexical tones and vowels in terms of time course and activation extent. The cortical 

activation for consonant processing was later and stronger than that for lexical tone 

and vowel processing. Moreover, from the perspective of the acoustic signal, 

consonant transition and aspiration are rapidly changing signals (transition in this 

study: 40 ms; aspiration: 6-76 ms), in comparison with the signals for vowels (350 ms). 

In children and older adults with immature/impaired auditory systems and cognitive 

functions, their speech perception is vulnerable to the short signal duration. This is 

also consistent with the findings of Y. Wang, Yang, and Liu (2017) and S. Chen, Zhu, 

and Wayland (2017). 

 

7.3. Neural Compensation of Categorical Speech Perception 

Although we report the inverted-U model of categorical speech perception 

across the human lifespan, it is an oversimplification to conclude that aging is 

‘development in reverse’. Similar behavioural performances in children and older 

adults can be mediated by distinct neural mechanisms (Craik & Bialystok, 2006). To 

unravel the dynamic in the aging population, we examined the neural mechanism of 



140 

 

categorical speech perception in older adults, and we found both a cortical 

hypersensitivity and a posterior-anterior shift of scalp distribution. 

 During early phonetic and phonological processing, the older adults showed 

increased P2 amplitude and shortened P2 latency across different phonemes. This 

supports the cognitive reserve hypothesis, which posits that older adults can utilise 

neural reserves and recruit neural compensation to cope with the atrophy of the aging 

brain (Stern, 2009; Tucker & Stern, 2011). Specifically, the older participants in our 

study had high educational levels and occupational attainment, and that indicates a 

relatively great cognitive reserve. Thus, they could increase cortical excitability to 

compensate for functional decline due to brain atrophy and in so doing improve their 

behavioural performance. 

Moreover, we observed an aging effect on the topography of cortical activity 

throughout the early phonetic and phonological processing. Our older adults showed 

an increased activation at the frontal and central electrodes, whereas the young adults 

presented an increased activation at the parieto-occipital sites. Our results support the 

model of a posterior-anterior shift in aging (Davis et al., 2008; Dennis & Cabeza, 2008). 

Previous research has reported that the increased frontal activation in older adults plays 

a compensatory role for the age-related functional degeneration in other brain areas 

(Osorio et al., 2010; Reuter-Lorenz, 2002; Reuter-Lorenz & Lustig, 2005). The 

recruitment of the frontal cortex suggests an adaptive and flexible reorganisation of 

brain resources (Park & Reuter-Lorenz, 2009). The posterior-anterior shift in older 

adults also supports the notion that neuroplasticity continues in the aging population. 

Neuroplasticity is a basis of tailored neurobehavioral interventions for the protection 

of cognitive health in older adults. Our observation of the different neural activation 

patterns utilised by older adults could provide a reference for clinical interventions, 

such as transcranial direct current stimulation (tDCS).  
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In addition to the neural mechanisms mentioned above, certain neural 

compensatory mechanisms in the healthy older adults were absent in those with MCI. 

For example, the healthy older adults increased cortical hypersensitivity during 

relatively late phonological processing to improve behavioural performance. However, 

no such evidence was found in those with MCI. The resource theory postulates that 

brain and cognitive resources for processing information are finite (Burke & Shafto, 

2011). Older adults with MCI are expected to have reduced resources compared with 

healthy ones because of impaired cognitive functions and accelerated brain shrinkage 

(Driscoll et al., 2009; Jack et al., 2005). Therefore, those with MCI may not have 

enough brain and cognitive resources to establish neural compensations to the extent 

that healthy ones can.  

 

7.4. Summary of Findings 

 First, we found that the maturation processes of different Mandarin phonemes 

were asynchronous. The participants’ identification and discrimination abilities also 

showed different developmental trajectories. Children aged four years already could 

identify Mandarin vowels (/u/-/i/) as well as the adults could. Children aged six years 

had achieved an adult-like ability to discriminate vowels and to identify and 

discriminate tones (Tone 1-Tone 2). Children aged 10 years could identify aspiration 

of stops (/p/-/ph/) maturely. Adolescents 14 years of age could discriminate aspiration 

of stops as well as adults could, and they could also maturely identify and discriminate 

the transition of stops (/p/-/t/). The observation that tone and vowel perception are 

easier to achieve supports the phonological saliency hypothesis proposed by Zhu and 

Dodd (2000). 

Second, our study demonstrates that older adults below 65 years of age could 

perceive all Mandarin phonemes categorically as well as the young adults could, 
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revealing that they still maintained the normal categorical speech perception. The CP 

of vowels also remained intact in the older adults above 75 years old. However, their 

CP of consonant transition had degraded, as had their abilities to discriminate tones 

and aspiration of consonants. The perception of tones and consonants degenerated 

earlier than vowel perception did. Furthermore, hearing loss may partially explain their 

decreased perceptual abilities.  

In addition to hearing loss, we found that cognitive impairment posed a threat 

to phoneme discrimination in older adults. This study indicated that older adults with 

normal cognitive ability could maintain a normal ability to perceive Mandarin tones, 

vowels, and aspiration of consonants categorically. They could also identify the 

transition of consonants as well as young adults could, whereas their transition 

discrimination had degenerated. Those with mild cognitive impairment (MCI) 

maintained intact identification of tones, vowels, and aspiration of consonants, but 

their ability to identify the transition of consonants had degraded. They also showed a 

decreased ability to discriminate all phonemes. Moreover, the perception of consonant 

transition degraded earlier than other phonemes did in the older adults. 

 When we looked at categorical speech perception across the human lifespan, 

our findings indicated that categorical speech perception follows an inverted-U 

trajectory. Categorical speech perception develops during childhood, enters a stable 

stage during early adulthood, and then degenerates during the sunset years of life. In 

addition, the perceptual development and later degeneration of different Mandarin 

phonemes are asynchronous. During childhood, the categorical perception of 

Mandarin vowels is acquired earlier than that of consonant transition. However, during 

the sunset of life, the categorical perception of consonant transition degrades earlier 

than that of vowels does. Thus, in support of the order of language acquisition and loss 
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proposed by Jakobson (1968), we report that the phonemes acquired later may be lost 

earlier during one’s lifespan. 

Finally, we observed certain neural mechanisms of categorical speech 

perception in older adults. We found increased cortical excitability in older adults 

during early phonetic and phonological processing. They showed larger P2 amplitude 

across different phonemes. In addition, they showed a posterior-anterior shift of scalp 

distribution of P2 waves. In support of the PASA model, we believe that the age-

related neural reorganisation could be regarded as an active adaptive compensation in 

older adults. Furthermore, healthy older adults also present some unique 

characteristics that are absent in those with MCI. During early auditory processing, the 

healthy older adults showed a more negative N1 amplitude when perceiving the 

aspiration of consonants, and during relatively late phonological processing of 

transition of consonants, they exhibited a larger P300 amplitude as a compensatory 

mechanism that appeared to help them achieve normal between-category 

discrimination.  
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Chapter 8. Significance and Limitations of the Study 

 In this chapter, we emphasise the significance of our overall study and we 

summarise the limitations of our experimental design, which we hope to improve upon 

in further research. Finally, we propose future directions by which we hope to deepen 

our understanding of categorical speech perception across the human lifespan. 

 

8.1. Significance of Findings 

This is the first study that provides a large-scale direct comparison across 

different age groups to thoroughly investigate categorical perception of Mandarin over 

the entire lifespan. The age range of this study covers the period from age four years 

to eighty-one years old. This study also systematically considers the perception of 

segments and suprasegments. Perceptual development and degeneration of different 

phonemes are found to be asynchronous: The phonemes that develop later in children 

degenerate earlier in older adults. This finding provides support to the law of language 

acquisition and loss proposed by Jakobson (1968). Our study bridges the research gap 

of categorical speech perception throughout the human lifespan. 

In addition, this is the first study that reports increased cortical excitability and 

a posterior-anterior shift of scalp distribution during early phonetic and phonological 

processing in the Chinese aging population. This discovery supports the PASA model 

proposed by Davis et al. (2008), which is based on findings from fMRI research, in 

which temporal resolution is relatively poor. In this study, by contrast, we used the 

EEG with relatively high temporal resolution. Thus, we can add additional temporal 

information into the PASA model. We provide evidence that such an age-related shift 

can occur at an early stage of phonetic and phonological processing. This study is also 

the first such research that demonstrates different compensatory mechanisms in 

Chinese older adults with and without cognitive impairment. During relatively late 
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phonological processing, only the healthy older adults showed compensation-related 

cortical hypersensitivity, and there was no such compensation in those with MCI. 

 

8.2. Limitations of the Study 

First, this study had limitations in the interpretability and generalisability of its 

findings. It is oversimplified to generalise the findings of scant phonological contrasts 

to the entire phonological system. The distinction of some phonological contrasts (e.g., 

Tone 2 vs. Tone 3) is more difficult than that of others (e.g., Tone 2 vs. Tone 4). 

Consequently, their developmental or degenerative courses may be different. For 

example, Y. Wang, Yang, and Liu (2017), and Y. Wang et al. (2021) reported that the 

effects of aging on the perception of Tone 1-2 and Tone 1-4 were asymmetric. Thus, 

additional phonological contrasts should be investigated to improve the 

generalisability of our findings.  

Second, demographic diversity and individual variation should be considered 

in more depth in further studies. In this study, we matched the educational level and 

socioeconomic status across our participants during recruitment. Thus, demographic 

diversity was not taken into consideration in this study. All of the elder participants 

that we recruited had been engineers, doctors, or teachers before retirement. They lived 

in urban areas and had high levels of education and socioeconomic status. However, 

there are many Chinese elders who have not had such generous educational 

opportunities when they were young. Some of them stayed in rural areas for their 

whole life. Previous studies have observed that both low educational levels and living 

in rural areas can negatively influence cognitive abilities in the elderly (e.g., Xue et al. 

2018). Therefore, our findings cannot be generalised directly to people living in rural 

areas and those with low educational levels and socioeconomic status. For a further 

study, we propose the recruitment of additional older adults, including some with 
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different educational levels and some from rural areas, in order to examine the 

reliability and validity of our findings. In addition, gender difference needs to be 

explored in the future. Previous studies provided some evidence for the gender 

difference in language development (Gleason & Ely, 2002). Female is also reported to 

have longer life expectancy than male (WHO, 2020). Thus, the development and 

degeneration of categorical speech perception may be different across genders. 

Furthermore, the current cross-sectional study with discontinuous age groups 

was not sufficiently detailed. For example, we only included four/six/10-year-old 

children and 14-year-old adolescents in the study reported in Chapter 3, and the 

developmental patterns of seven- to nine-year-old children and 11- to 13-year-old 

adolescents remain unclear. Similarly, we only recruited older adults aged 60-65 years 

and 75-80 years in the study reported in Chapter 4, leaving the degenerative patterns 

in those aged 66-74 years uninvestigated. The developmental and degenerative 

trajectories of categorical speech perception reported in Chapter 3 and Chapter 4 were 

not sufficiently detailed because the age groups we chose were not continuous. 

Finally, to interpret the age-related differences of categorical speech perception, 

more tasks (e.g., working memory, attention, psychoacoustic capacity) need to be 

introduced. Working memory and attention may be two important factors underlying 

the different development and degeneration processes of phonemic identification and 

discrimination. Besides, the age effects on basic psychoacoustic capacity need to be 

considered in further studies. The decreased psychoacoustic capacity in older adults 

may account for the degeneration of CP. For example, the higher threshold of F0 

contour discrimination may account for the decline of tone perception in older adults, 

as shown in Wang, Yang, Zhang et al. (2017). The decline of consonant aspiration 

perception in older adults may be attributed to their larger threshold of gap detection, 

as shown in Strouse et al. (1998). 
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8.3. Future Directions 

 First, although we found a posterior-anterior shift of scalp distribution in older 

adults, the poor spatial resolution of an EEG limited its interpretation. Future research 

needs to utilise neuroimaging techniques that have a better spatial resolution, such as 

an fMRI or an fNIRS, to localise the neural activation and connectivity of categorical 

speech perception. For example, in the fMRI study by Du et al. (2016), the authors 

found increased frontal activation in older adults when perceiving English consonants. 

However, it remains unclear whether such a neural compensatory mechanism can be 

generalised to the perception of suprasegments (e.g., lexical tones). It has also been 

reported that different tonal language experiences can influence the categorical 

perception of lexical tones (Peng et al., 2010). For example, the tonal system of 

Cantonese is more complex than that of Mandarin, and lexical tone perception in 

Mandarin-speaking people differs from that in Cantonese-speaking people. However, 

to date, only limited attempts have been made to determine whether the neural 

compensatory mechanisms in older adults with different tonal language experiences 

are also different. 

Second, hearing loss should be tested more thoroughly in future research. 

Because the hearing level in this study was assessed only by an audiometer, the older 

adults even with a normal hearing threshold could not be definitively considered to be 

without peripheral hearing loss. Roque and colleagues (2019) recorded auditory 

brainstem responses (ABRs) and following-frequency responses (FFRs) in older adults 

with clinically normal hearing levels –– that is, bilateral hearing thresholds at 

frequencies from 125 Hz to 4000 Hz are below 20 dB HL, and thresholds at 6000 Hz 

and 8000 Hz are below 30 dB HL. Those authors observed a lower amplitude of ABR 

wave I, and a poorer response morphology and phase locking of FFR in older adults. 
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Those measurements demonstrate a decline in auditory encoding along the central 

auditory pathway from the cochlear nerve to the inferior colliculus. Thus, to better 

examine the effect of hearing loss on categorical speech perception in older adults, 

ABRs and FFRs should be considered in future research. 

Furthermore, future research should include the development of 

auditory/cognitive training programs to help older adults with perceptual deficits. 

Neurocognitive frailty is one of the largest threats to successful aging in our society. 

Difficulty in speech perception decreases the self-efficacy and happiness of older 

adults. Training programs may improve older adults’ social communication and life 

quality and help them live gracefully. Recently, researchers have tried to develop 

phoneme-based training programs to enhance speech perception in older adults 

(Schumann et al., 2014; Yu et al., 2017), and some training programs using nonspeech 

stimuli have also been found to be effective to improve their speech processing. For 

example, Fostick et al. (2020) designed an auditory temporal order judgment task with 

gradually increased difficulty of trials for Hebrew-speaking older adults, and they 

reported that this training regimen successfully improved the participants’ speech 

processing. Encouragingly, that training effect was maintained for three months after 

the training had ended. By improving the older adults’ speech processing, those 

authors found that they also experienced an increase in self-efficacy.  
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