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CHAPTER 4 
 
 
 

Representing Segment-tone Connections in the 
Human Cortex: Evidence from the Rapid 
Hebbian Learning of Novel Tone Words7 

 
 
 

4.1. Introduction 

Spoken language is an important form of human communication. The 
capacity to learn new spoken words is a basic brain function for any 
individual during the life span. With exponential growth of information 
exchange, people encounter a large amount of novel words, such as 
neologism (e.g., Google), jargon (e.g., app), and terminology (e.g., 
optogenetics). In experimental contexts, word-like pseudo-words are used 
to represent novel words. A general practice for creating novel words is to 
derive novel segment patterns from existing words by replacing one 

                                                      
7 This chapter is a slight adaption of Yue, Bastiaanse, and Alter (2014), published with 
the following title: Cortical plasticity induced by rapid Hebbian learning of novel tonal 
word-forms: Evidence from mismatch negativity. 
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phoneme (or syllable) with another phoneme (or syllable), following the 
phonological rules of the given language (e.g., the novel word *pite versus 
the real English word pipe in Shtyrov et al, 2010; see Gaskell & Dumay, 
2003 for more examples in English).  

Unlike real words, novel words have neither semantic nor whole-
word phonological representations in the mental lexicon. A whole-word 
phonological representation can be conceptualised as a network that 
consists of separate phonemic or syllabic representations at a low 
representational level. These low-level representations are interconnected 
as one unit at a high lexical level. This means that novel word input can 
activate only low-level representations of phonology such as phonemes or 
syllables due to the absence of lexicalised interconnections. Using 
behavioural and neural indicators that are sensitive to the representational 
distinction between real words and novel words, researchers can monitor 
the emergence of word-like responses to a novel word during training. 
This dynamics has been believed to reflect the plasticity of human brains 
triggered by integrating trained novel word forms into the long-term 
mental lexicon (for reviews, see Davis & Gaskell, 2009; Shtyrov, 2012).  

The results of several recent experiments have drawn particular 
attention to a rapid learning mechanism in the human cortex (e.g., Shtyrov, 
2011; Shtyrov et al., 2010). That is, the cortex can rapidly develop long-
term memory traces for a novel word form after brief familiarisation. 
Furthermore, given that the learning contents were actually novel 
combinations of phonemes, the observed learning effects could be induced 
by the strengthened neuronal connections between those neural 
assemblies representing phonemes. This process has been explained by 
the Hebbian learning principle which proposes that if two neuronal 
assemblies, regardless of their loci in the brain, are co-activated repeatedly, 
the two assemblies will be associated, and develop into one cell assembly 
subserving the co-activation as a whole functional unit (Hebb, 1949; 
Pulvermüller, 1999).  

Studying the rapid Hebbian learning mechanism with novel word 
forms can shed light on how native speakers of a language develop new 
lexical representations as an adaptation to the emerging new words in 

CHAPTER 4



Tone-word Recognition in Mandarin Chinese84 

 

 

phoneme (or syllable) with another phoneme (or syllable), following the 
phonological rules of the given language (e.g., the novel word *pite versus 
the real English word pipe in Shtyrov et al, 2010; see Gaskell & Dumay, 
2003 for more examples in English).  

Unlike real words, novel words have neither semantic nor whole-
word phonological representations in the mental lexicon. A whole-word 
phonological representation can be conceptualised as a network that 
consists of separate phonemic or syllabic representations at a low 
representational level. These low-level representations are interconnected 
as one unit at a high lexical level. This means that novel word input can 
activate only low-level representations of phonology such as phonemes or 
syllables due to the absence of lexicalised interconnections. Using 
behavioural and neural indicators that are sensitive to the representational 
distinction between real words and novel words, researchers can monitor 
the emergence of word-like responses to a novel word during training. 
This dynamics has been believed to reflect the plasticity of human brains 
triggered by integrating trained novel word forms into the long-term 
mental lexicon (for reviews, see Davis & Gaskell, 2009; Shtyrov, 2012).  

The results of several recent experiments have drawn particular 
attention to a rapid learning mechanism in the human cortex (e.g., Shtyrov, 
2011; Shtyrov et al., 2010). That is, the cortex can rapidly develop long-
term memory traces for a novel word form after brief familiarisation. 
Furthermore, given that the learning contents were actually novel 
combinations of phonemes, the observed learning effects could be induced 
by the strengthened neuronal connections between those neural 
assemblies representing phonemes. This process has been explained by 
the Hebbian learning principle which proposes that if two neuronal 
assemblies, regardless of their loci in the brain, are co-activated repeatedly, 
the two assemblies will be associated, and develop into one cell assembly 
subserving the co-activation as a whole functional unit (Hebb, 1949; 
Pulvermüller, 1999).  

Studying the rapid Hebbian learning mechanism with novel word 
forms can shed light on how native speakers of a language develop new 
lexical representations as an adaptation to the emerging new words in 

85 

 

 

 

adulthood. However, it is not known whether novel word forms carrying 
lexical tones (a suprasegmental lexical cue) are also subjected to the rapid 
Hebbian learning mechanism in the neocortex. Our study aimed to answer 
this question with real and novel segment-tone patterns derived from 
Mandarin Chinese, a tonal language. 

4.1.1. Representations of segments and lexical tones  

Approximately 60-70% of languages in the world, including Chinese and 
Thai, use lexical tones to differentiate meanings (Yip, 2006). In Mandarin 
Chinese, addressed also as Putonghua in Mainland China, a monosyllabic 
word consists of a segmental part (i.e., onset and rime) and a 
suprasegmental part (i.e., lexical tone). The same segment can convey 
different meanings when it is combined with different tones. For example, 
the combinations of /ma/ with four tones (denoted with tone numbers 1, 2, 
3 and 4) in Mandarin Chinese stand for completely different concepts: 
/ma1/ (妈) means ‘mom’; /ma2/ (麻) means ‘hemp’ or ‘numb’; /ma3/ (马) 
means ‘horse’; /ma4/ (骂) means ‘to curse’. A modified Trace model of 
Chinese word recognition suggested that the segment pattern and the 
lexical tone of a spoken word are represented separately in the low-level 
phonology, and in parallel, processed associatively as one lexical unit at 
the top level of word representation (Ye & Connine, 1999). This bi-
directional dynamic processing structure is called ‘the Trace’ (McClelland 
& Ellman, 1986).  

In Mandarin Chinese, when a segment pattern is not associated with 
a lexical tone in the mental lexicon, the combination of the two parts will 
yield a meaningless but phonologically plausible tonal pseudo-word. For 
example, /se4/(色) is a combination of /se/ and Tone 4, meaning ‘colour’, 
whereas /se2/, /se/ + Tone2, is a pronounceable but meaningless 
combination. Such novel segment-tone patterns cannot activate whole-
word level representations, but are processed by the corresponding 
segmental and tonal representations separately, even though the segmental 
part could be encoded as one representational unit (Lee, 2007; Zhao et al., 
2011), namely as one segment pattern. Therefore, a novel segment-tone 
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pattern does not have a whole-word phonological representation only 
because of the lack of connections between the segmental and the tonal 
representations.  

Using the representational difference between real and novel tonal 
word forms, the present study further addresses the rapid Hebbian learning 
mechanism in tonal languages with existing and novel monosyllabic 
segment-tone patterns derived from Mandarin Chinese.   

4.1.2. Integrating novel word forms into the mental lexicon rapidly: 
hippocampus-based versus neocortex-based theory   

A rich body of literature has reported that novel syllable sequences (i.e., 
novel segment patterns) can be integrated into the mental lexicon in adults 
and children only after overnight sleep, indexed by the emergence of 
lexicalised responses (Gaskell & Dumay, 2003; Davis, Di Betta, 
Macdonald, & Gaskell, 2009; Henderson, Weighall, & Gaskell, 2013). 
This means that the long-term lexical representation is formed slowly after 
consolidation in the neocortex. These data supported a Complementary 
Learning Systems (CLS) model of word learning (Davis & Gaskell, 2009; 
see McClelland, McNaughton, & O’Reilly, 1995 for the original CLS 
theory). This model proposed that in the initial phase of rapid learning, the 
hippocampus produces a specific memory of the learning target; in the 
subsequent slow learning phase, the specific memory of the target is 
consolidated and integrated into the generalised neocortical network via 
interactions between the hippocampus and the neocortex during overnight 
sleep (Davis & Gaskell, 2009). Accordingly, word-like responses to a 
novel word in the neocortex would not be possible without overnight 
consolidation in the slow learning phase. 

Contrary to the hippocampus-based rapid learning, a small but 
growing number of studies have shown that lexicalised phonological 
representations for novel segment patterns can form rapidly in the 
neocortex after brief training (e.g., Shtyrov et al., 2010; Shtyrov, 2011; 
Sharon, Moscovitch, & Gilboa, 2011; Warren & Duff, 2014). Shtyrov and 
colleagues recorded electroencephalography (EEG) measurements at the 
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scalp from native English speakers, finding enhanced electrical responses 
to a familiarised novel English word (*pite) after a passive training for 
about 14 minutes (Shtyrov et al., 2010). The enhanced responses were 
believed to reflect the rapid formation of new cortical circuitries 
underlying long-term memory traces for the trained novel word. 
Furthermore, the source of the strengthened electrical responses was 
localised in the left perisylvian area which has been correlated with high 
level linguistic processing (Friederici, 2011). Taken together, these 
findings indicated a rapid Hebbian learning mechanism, which is 
neocortex based, for associating segmental representations and integrating 
novel word forms into the mental lexicon. This mechanism could lead to 
spontaneous long-term memory traces for novel words even without 
overnight consolidation. These data challenged the parsimonious CLS 
model of word learning which held that the hippocampus is responsible 
for rapid learning, and that neocortical plasticity is a result of slow 
learning.  

However, the electrophysiological index (namely the novel word 
elicited potentials) used in these studies for quantifying cortical memory 
traces of spoken words can be affected by short-term neural plasticity. 
This is the case in auditory habituation (Thompson & Spencer, 1966) 
and/or sensitisation (Hughes & Rosenblith, 1957), induced by frequently 
repeated stimulation with the same novel word during training. These 
effects might have masked the true dynamics of developing new long-term 
lexical representations for novel words. To avoid this problem, we used 
the mismatch negativity (MMN) as the indicator for long-term memory 
traces of spoken lexical entries. 

4.1.3. The electrophysiological indicator of long-term memory traces 
for words: the MMN  

The MMN is an event-related potential (ERP) component elicited by 
infrequent auditory events (the ‘deviant’ stimuli) presented intermittently 
among another more frequently presented auditory events (the ‘standard’ 
stimuli). This paradigm is called an ‘oddball paradigm’. The classic 
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method to obtain MMNs is to subtract the ERPs of the more frequent 
stimuli from the ERPs of the infrequent auditory events. MMNs are 
negatively going deflections, peaking between 100 ms to 250 ms past the 
time point when the infrequent event differs physically from the frequent 
event (Näätänen, 1995). The MMN, known since the mid 1970s (Näätänen, 
Gaillard, & Mäntysalo, 1978), has been linked to an automatic mechanism 
to discriminate any rare auditory changes, which is independent from 
attention. Moreover, it has also been shown that improved behavioural 
discrimination performance after training could be reflected by the 
enhanced amplitude of MMNs (Näätänen, Schröger, Karakas, Tervaniemi, 
& Paavilainen, 1993). With respect to using the MMN to explore the 
neural representation of spoken words, however, findings demonstrated 
that physical or acoustic distinctions between the frequent and the 
infrequent lexical stimuli do not necessarily determine the amplitude of 
language-related MMNs (Pulvermüller & Shtyrov, 2006).  

The language-related MMN has been shown to be highly experience-
dependent and thus regarded as a neurophysiological signature of long-
term memory traces for lexical entries (Shtyrov & Pulvermüller, 2007). 
The latency of language-related MMNs is usually later than those of non-
speech sounds, beginning approximately between 150 ms and 250 ms post 
stimulus onset, marking higher order lexical processing. Studies have 
shown that at the phoneme level, participants have larger MMN responses 
(MMN and MMNm, the magnetic equivalent of MMN measured with 
magnetoencephalography, MEG) to deviant phonemes in their native 
language relative to deviant foreign phonemes which are acoustically very 
similar to the native ones (Näätänen et al., 1997; Dehaene-Lambertz, 1997; 
Sharma & Dorman, 2000). In terms of word level perception, studies have 
revealed that the magnitude of MMNs to deviant stimuli is sensitive to 
lexicality. That is, MMNs to real words are larger than MMNs to pseudo-
words (Pulvermüller et al., 2001; Gu et al., 2012). MMNs are also 
sensitive to word frequency, with high frequency words eliciting more 
prominent MMNs than low frequency words (Alexandrov, Boricheva, 
Pulvermüller, & Shtyrov, 2010; Shtyrov et al., 2011). In contrast, the 
lexical status of standard stimuli does not affect the size of the MMN 
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significantly (Shtyrov & Pulvermüller, 2002). It can be concluded that 
when linguistic stimuli deviate at the level of phonemes or words, reduced 
MMNs to these stimuli indicate weak or non-existing word-specific neural 
assemblies underlying the long-term memory repertoire (Pulvermüller & 
Shtyrov, 2006; Shtyrov & Pulvermüller, 2007).  

MMNs are typically distributed frontocentrally with maximum 
amplitude (Näätänen, 2001). Moreover, the MMN to speech deviants is 
also observable over the left hemisphere, sometimes even with a left-
hemispheric dominance (e.g., Alho et al., 1998; Rinne et al., 1999; 
Näätänen et al., 1999; Koyama et al., 2000; Shtyrov, Kujala, Palva, 
Ilmoniemi, & Näätänen, 2000; Luo, et al., 2006). However, MMNs to non-
speech deviants have shown a bilateral or a right-hemispheric dominant 
distribution (Paavilainen, Alho, Reinikainen, Sams, & Näätänen, 1991; 
Levänen, Ahonen, Hari, McEvoy, & Sams, 1996). The left-hemispheric 
distribution of the MMN has been attributed to the presence of lexical 
long-term memory traces housed in the left temporal and inferior frontal 
cortex (Pulvermüller & Shtyrov, 2006), which are highly specialised in 
the human brain for language processing (Catani, Jones, & ffytche, 2005). 
These spatial characteristics have enabled researchers to track neuronal 
changes during the learning of new linguistic patterns (e.g., Tremblay, 
Kraus, Carrell, & McGee, 1997). However, it should be mentioned that 
despite the dominant left-hemispheric pattern in the topography of the 
language-related MMN, both cerebral hemispheres have been found to be 
involved in the processing of the acoustic form of linguistic input 
(Näätänen, 2001; Friederici & Alter, 2004).  

4.1.4. The present study 

The MMN is a suitable indicator to explore whether a novel combination 
of a segment pattern and a lexical tone could trigger rapid plasticity in the 
human cortex, leading to long-term lexical representations. To elicit 
reliable MMNs, we created real and novel monosyllabic word forms based 
on Mandarin Chinese for a single-deviant oddball experiment. The single-
deviant oddball design is known to generate word-specific MMN 
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responses which can be used as a robust index of long-term memory traces 
(Shtyrov & Pulvermüller, 2007). Mandarin Chinese materials are ideal for 
this study for the following reasons. First, monosyllabic words are the 
most frequently used word type in Mandarin Chinese (Language Teaching 
Research Centre for Beijing Language Institute, 1986), so it is very likely 
that the expected MMN can reflect the processing at lexical level. Second, 
the simple onset-plus-rime structure of a syllable in Mandarin Chinese 
allows us to strictly match the acoustic features of novel and real word 
forms by manipulating only the onset part.  

To monitor the MMN dynamics in novel and real tonal word forms 
when they are presented as the deviant ‘oddball’ in a stimulation sequence, 
a novel segment-tone pattern was presented as deviant stimuli for the 
experimental condition; for the control condition, a real word was 
delivered as deviant stimuli. On the basis of this experimental design, we 
expected that if rapid Hebbian learning can take place in the neocortex 
during exposure to novel tonal word forms, the lexicalisation of the neural 
connections between the segmental and tonal representations can be 
indexed by the MMN dynamics. Therefore, according to this neocortex-
based rapid learning theory, we hypothesised that the MMN to the novel 
segment-tone pattern is weaker in the early exposure phase but becomes 
stronger in the late phase of exposure, whereas the MMN to the real word 
deviant does not change during the exposure (Hypothesis 1). Furthermore, 
we also hypothesised that changes in the MMN to the novel word form 
deviant between the early phase and the late phase are detectable at the 
midline and the left-hemispheric electrode sites (Hypothesis 2). This 
hypothesis was partially driven by the two EEG studies reporting 
enhanced electrical responses to trained novel segmental words in the 
midline scalp (Shtyrov et al., 2010; Shtyrov, 2011). Hypothesis 2 was also 
motivated by studies revealing that the neural bases of Chinese spoken 
word recognition have been localised in the left perisylvian areas, similar 
to findings with European languages (e.g., Hsieh et al., 2001; Xu, et al., 
2006; Wong, Perrachione, & Parrish, 2007). Therefore, we also expected 
MMN changes over the left hemispheric region. However, we should 
point out that there is one hemodynamic study showing that part of the 

CHAPTER 4



Tone-word Recognition in Mandarin Chinese90 

 

 

responses which can be used as a robust index of long-term memory traces 
(Shtyrov & Pulvermüller, 2007). Mandarin Chinese materials are ideal for 
this study for the following reasons. First, monosyllabic words are the 
most frequently used word type in Mandarin Chinese (Language Teaching 
Research Centre for Beijing Language Institute, 1986), so it is very likely 
that the expected MMN can reflect the processing at lexical level. Second, 
the simple onset-plus-rime structure of a syllable in Mandarin Chinese 
allows us to strictly match the acoustic features of novel and real word 
forms by manipulating only the onset part.  

To monitor the MMN dynamics in novel and real tonal word forms 
when they are presented as the deviant ‘oddball’ in a stimulation sequence, 
a novel segment-tone pattern was presented as deviant stimuli for the 
experimental condition; for the control condition, a real word was 
delivered as deviant stimuli. On the basis of this experimental design, we 
expected that if rapid Hebbian learning can take place in the neocortex 
during exposure to novel tonal word forms, the lexicalisation of the neural 
connections between the segmental and tonal representations can be 
indexed by the MMN dynamics. Therefore, according to this neocortex-
based rapid learning theory, we hypothesised that the MMN to the novel 
segment-tone pattern is weaker in the early exposure phase but becomes 
stronger in the late phase of exposure, whereas the MMN to the real word 
deviant does not change during the exposure (Hypothesis 1). Furthermore, 
we also hypothesised that changes in the MMN to the novel word form 
deviant between the early phase and the late phase are detectable at the 
midline and the left-hemispheric electrode sites (Hypothesis 2). This 
hypothesis was partially driven by the two EEG studies reporting 
enhanced electrical responses to trained novel segmental words in the 
midline scalp (Shtyrov et al., 2010; Shtyrov, 2011). Hypothesis 2 was also 
motivated by studies revealing that the neural bases of Chinese spoken 
word recognition have been localised in the left perisylvian areas, similar 
to findings with European languages (e.g., Hsieh et al., 2001; Xu, et al., 
2006; Wong, Perrachione, & Parrish, 2007). Therefore, we also expected 
MMN changes over the left hemispheric region. However, we should 
point out that there is one hemodynamic study showing that part of the 

91 

 

 

 

phonological knowledge of Mandarin Chinese can be nested in the right 
hemisphere (Li et al., 2010).  

Conversely, according to the CLS theory, it is possible that rapid 
learning induces lexicalised plasticity only in the hippocampus, and long-
term neocortical changes only occur in the slow learning phase after 
overnight consolidation. Following this line of thought, we would not 
expect the emergence of cortical connections between the segmental and 
the tonal representations for the trained novel tonal word form. Therefore, 
from the CLS view, we hypothesised that there is no difference in the 
MMN response to the novel tonal word form and the control real word 
during passive training (Hypothesis 3).  

4.2. Method 

4.2.1. Participants 

Sixteen native Mandarin Chinese (i.e., Putonghua) speakers participated 
in the study (female: 8; average age = 25 years, SD = 2.58). In a pre-
experimental questionnaire, all reported normal hearing, no history of 
neurological diseases, and no abuse of alcohol or drugs. All were right-
handed, as assessed by the Edinburgh Handedness Inventory (Oldfield, 
1971) with minor adaptations for Chinese culture. All participants gave 
their informed consent according to the Declaration of Helsinki under a 
procedure approved by the Ethical Committee of the Faculty of Medical 
Sciences, Newcastle University (UK). Each of them received ₤10 for 
participation.   

4.2.2. Stimuli 

Stimuli were created for two conditions: the novel word deviant condition 
(the experimental condition) and the real word deviant condition (the 
control condition). Each condition was delivered in one block using the 
oddball paradigm in which participants were exposed to two types of 
stimuli repeatedly: a standard stimulus with high recurrence probability 
and a deviant stimulus with low recurrence probability. The novel word 
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deviant condition consisted of a real word /peng3/ as the standard stimulus 
and a tone-manipulated novel word form */teng3/ as the deviant stimulus, 
whereas the real word deviant condition was composed of a novel word 
*/pang3/8 which was the standard stimulus and a real word /tang3/ as the 
deviant stimulus. This design, following Shtyrov et al. (2010), aimed to 
rule out any confounding effect produced by the acoustic differences and 
word–pseudo-word contrast.  

Concerning the relatively simple syllable structures in Mandarin 
Chinese, the phonotactic probabilities of the two deviants were measured 
by the number of combinations of the two rimes (/eng/ and /ang/) with 
other consonants respectively. The two rimes were phonotactically 
matched because 20 consonants could combine with /eng/, and 21 
consonants could combine with /ang/. Since MMNs for comparisons were 
elicited by a real word and by a pseudo-word, word frequencies were not 
checked. 

A well-trained female native Putonghua speaker recorded 35 
exemplars of /peng3/, */teng3/, and */pang3/ in a sound proof cabin 
(Auditory Group, Newcastle University) with a high quality Rode NT1-A 
microphone and E-MU 0404 recording system, digitised at a 16 bit, 44.1 
thousand Hz sampling rate on a Dell E5400 laptop. One of the exemplars 
was carefully chosen by an experienced linguist as the base word for 
further manipulations and cross-splicing, regardless of the first and final 
five exemplars with the criterion as follows. First, the chosen word must 
be clearly articulated and the fundamental pitch contour can be neatly 
plotted by PRAAT (Boersma & Weenink, 2013). Second, to avoid 
potential distortion during normalisation, preferred candidates should 
have a duration close to 500 ms. A cross-splicing technique was used to 
cut and to replace sounds during the stimuli preparation. This technique 
guaranteed that the rimes within one condition and the onsets across 

                                                      
8 The segment /pang/ can be combined with the other three tones forming meaningful 
words (/pang1/, 胖, swollen; /pang2/, 旁, side; /pang4/, 胖, fat). The segment /teng/ is 
a meaningful word when it is overlaid with Tone 1 and Tone 2 (/teng1/, 熥, to heat food 
with steam; /teng2/, 疼, to ache) 
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conditions were identical. Two novel words were recorded as base words 
to avoid any potential lexical impact on the articulation of the segment. 
For the novel word deviant condition, the /eng3/ in /peng3/ was cross-
spliced with the counterpart in */teng3/. Then, for the real word deviant 
condition, */pang3/ was first split into /p/ and /ang3/, and deviant stimulus 
/tang3/ was subsequently produced by combining the /t/ in */teng3/ with 
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derived by combining the /p/ in /peng3/ with the /ang3/ in */pang3/. The 
onsets /t/ and [p/, and the rimes /eng3/ and /ang3/ were normalised to the 
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2012), one more criterion for the base word selection was that optimal 
candidates for one condition (e.g., /peng3/ and */teng3/) should have very 
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with a real word (/tang3/) as the deviant. The presentation order of the two 
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of standard stimuli, each block contained 1060 trials in total, of which 160 
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trials, the delivery of deviant and standard stimuli was pseudo-randomised, 
meaning that at least two standard stimuli would be presented between the 
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deliveries of two deviant stimuli. The inter-stimulus interval (ISI) was 450 
ms. Control of auditory stimuli and trigger delivery were realised using 
Cogent 2000 developed by the Cogent 2000 team at University College 
London, which is a MATLAB based toolbox (The Mathworks, Natick, 
MA, USA).  

 
7Figure 4.1 The design and normalisation of materials. (A) The orthogonal 

design of the oddball stimuli. NW = Novel word; RW = Real word. The 
scripts in the brackets designate the pronunciation of stimuli in Pinyin, 
below which are the corresponding Chinese characters for the RWs. The 
meaning of a RW is denoted in parentheses. (B) Cross-splicing procedure. 
The upper panel lists the three base words, /peng3/, */teng3/, and */pang3/, 
and their waveforms. The transparent colour backgrounds designate which 
part of the verbal sound has been cut. Segmentations to be replaced are 
overlaid with black crosses (×). The Pinyin of each base word is noted 
with a capital letter ‘B’. The lower panel shows three words derived from 
cross-splicing. The background colour shows the origin of a segmentation 
in base words. (C) The sound waveforms, spectra, and fundamental 
frequency contours of the four stimuli after normalisation. 
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4.2.3. Procedure 

The EEG experiment was conducted in an acoustically and electrically 
shielded booth with dim light. During the passive oddball experiment, 
participants were instructed to sit comfortably and watch a silent cartoon 
movie without subtitles at a distance of about 1.2 metres from the video 
monitor. They were informed that auditory stimuli would be delivered via 
the headphone, but that they should focus on the contents of the cartoon 
and ignore the auditory interference. The duration of one block was about 
17 minutes and the entire EEG measurement lasted about 39 minutes, 
including a five-minute silent interval between two blocks. Participants 
were instructed to refrain from extraneous facial and body movement. A 
comprehension test was conducted immediately after the EEG experiment 
to examine whether the participant’s attention was focused on the movie. 
In the test, each participant was required to judge the correctness of 10 
statements about the contents of the cartoon by selecting either ‘Right’, 
‘Wrong’ or ‘Cannot remember’.  

4.2.4. EEG data acquisition 

The electroencephalography (EEG) of each participant was recorded using 
32 Ag/AgCl electrodes mounted in an elastic cap at standard locations (the 
extended international 10-20 system) via SynAmps2 (Neuroscan, Sterling, 
VA, USA) at a 16 bit, 1000 Hz sampling rate. To record the artefacts 
caused by ocular movements, two electrodes were placed on the outer 
canthi of both eyes for horizontal movement detection, and three 
electrodes were situated on the right and left infraorbital ridges and on the 
glabella to monitor vertical activities. The ground electrode was AFz and 
the online reference electrode was Cz. The impedance of each electrode 
was kept below 5 kΩ. 
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4.2.5. Processing of EEG data 

In the off-line data processing, EEG data were first bandpass (1-20 Hz) 
filtered with a finite impulse response digital filter (attenuation rate: 12 
dB/octave). Epochs of 475 ms time windows were defined from 75 ms 
pre-stimulus onset to 400 ms post stimulus onset. Trials contaminated by 
artefacts whose gradient exceeded 100 μV were rejected. After the 
baseline was corrected to the averaged amplitude in -50 to 0 ms9(see 
Shtyrov et al., 2010; Gu et al., 2012 for using a 50-ms pre-stimulus 
baseline), ERPs evoked by standard and deviant stimuli were calculated 
by averaging the processed individual EEG data which were re-referenced 
to the average of all electrodes. In order to identify cortical plasticity 
correlated with the familiarisation of a novel word, we calculated the ERPs 
in the first and last 25% of trials to reflect the brain responses in the early 
and late exposure phases respectively. For the novel word deviant 
condition, an average of 33 out of 40 trials were obtained from each 
participant in the early exposure phase, and an average of 32 were obtained 
in the late exposure phase. An average of 32 and 33 trials in the early and 
late exposure phases respectively were acquired for the real word deviant 
condition. All procedures were performed using Scan V4.5 software 
(Compumedics Neuroscan, El Paso, TX, USA). 

The time window for calculating MMNs was determined by paired 
sample t-test with the data collected at electrode site FCz using R V3.1 (R 
Foundation for Statistical Computing, Vienna, Austria). The comparisons 
were between the ERPs of all the standards and the ERPs of all the 
deviants for the real word deviant condition and the novel word deviant 
condition separately at each sampling point in the whole post-onset epoch 
(i.e., 0-400 ms, 1 point per millisecond, see Gu et al., 2012 for a similar 

                                                      
9  The pre-stimulus baseline in -75–0 ms yielded unexpected three-way interactive 
effects related with the experiment design (F(2, 30) = 4.75, p = 0.016). Assuming that 
the effects may be caused by some late response, we shortened the baseline to -50–0 
ms. The new baseline was not modulated by the experimental factors interactively (F(2, 
30) = 0.41, p = 0. 617), and guaranteed that the MMN in the subsequent time window 
was not affected by the baseline. 
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method). These comparisons can reveal typical word-elicited mismatch 
responses (i.e., MMNs) which are usually most prominent at frontocentral 
electrode sites (Shtyrov & Pulvermüller, 2002; Pulvermüller et al., 2001). 
Once the time window was defined, the MMNs were calculated by 
subtracting the ERPs of standard stimuli from those of deviant stimuli. To 
decrease the noise, we averaged the MMN voltage data in three regions of 
interest (ROIs) representing the left hemisphere (F3, FC3, C3, CP3), the 
midline scalp region (Fz, FCz, Cz, CPz), and the right hemisphere (F4, 
FC4, C4, CP4). This division of ROIs was defined a priori, which has been 
considered to index typically spoken-word evoked MMN components 
(e.g., Shtyrov, et al., 2010). The MMNs were submitted to repeated 
measures ANOVAs with three within-subject factors: Lexicality (real 
word versus novel word), Exposure-phase (early and late exposure phases), 
and Scalp-distribution (left hemispheric, right hemispheric and midline 
regions). When a three-way interaction was found, two-way repeated 
measures ANOVAs were conducted for Lexicality and Exposure-phase as 
the factors in the left, right and midline ROIs separately (cf. Luo et al., 
2011). When a two-way interaction was identified, planned comparisons 
were performed between the early and late exposure phases for the two 
conditions separately (cf. Shtyrov, 2011). Huynh-Feldt correction was 
performed to control for sphericity violations. Since visual inspection also 
showed that mismatch responses in the pre-MMN epoch seemed to be a 
function of exposure phases (see Figure 4.4), the same statistical analyses 
were performed in one 50 ms time window defined post hoc, namely the 
N1 window in 60-110 ms10. Analyses were performed with SPSS V22 
(IBM, Armonk, NY, USA). 

                                                      
10 The N1 is an auditory evoked potential component. Since it is not the main focus of 
the current study, more information is introduced in the Discussion section.   
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4.3. Results 

4.3.1. Behavioural results 

In the cartoon comprehension test, either an erroneous judgment or a 
selection of ‘Cannot remember’ was counted as an error. The average error 
rate of the test was 0.1 (min = 0.0, max = 0.3, SD = 0.11). The low error 
rate showed that the participants were paying attention to the distracting 
visual task. 

4.3.2. ERP results 

When the ERPs were averaged for the entire exposure phase, the deviant 
stimuli appeared to elicit more negative responses as compared to the 
standard stimuli around 200 ms post onset (Figure 4.2). When the data 
were grouped for the early and late exposure phases separately, visual 
inspection revealed that in all left- and right-hemispheric and midline 
regions, MMNs elicited by the real word deviants and novel word deviants 
in the late exposure phase were consistently more negative relative to the 
standards around 200 ms post onset, whilst no evident negativity could be 
identified in the left-hemispheric region elicited by novel word deviants 
in the early exposure phase (Figure 4.3, Figure 4.4). In addition, the 
mismatch responses in the pre-MMN period seemed to be modulated by 
the exposure phase and the lexical status. Novel word deviants seemed to 
elicit more prominent negative deflections (i.e., N1) in the late phase of 
exposure, whereas real word deviants seemed to trigger this response 
pattern only in the early phase of exposure.  

Definition of the MMN time window  
The data showed that real word deviants elicited significantly (p < 0.05) 
more negative responses in 179–237 ms and 339–400 ms, and novel word 
deviants elicited significantly more negatively going ERP waves in 201–
238 ms and 380–400 ms, as well as more positive responses between 268–
307 ms. We considered the significant difference before 250 ms to be the 
MMN by referring to the MMN literature (Shtyrov & Pulvermüller, 2007). 
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Accordingly, a 40-ms window between 198–238 ms was selected for 
further MMN data analysis because it was the common time window for 
MMNs to both real and novel word deviants. 

 
8 Figure 4.2  Grand-average ERPs recorded in the entire phase of exposure at 

FCz. (A) Electrical responses to rarely presented real word deviants and 
frequently presented novel word standards (left panel) and ERPs elicited by 
rarely presented novel word deviants and real word standards with a high 
recurrence probability (right panel). The grey bars designate the time window 
in which significant difference is identified in the t-tests (light grey: p < 0.05; 
dark grey: p < 0.01). (B) The subtracted MMNs to the real word (solid line) 
and novel word deviants (dash line). 
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9 Figure 4.3  Grand-average ERP waveforms to the standards (in grey), the 

novel word deviants (in yellow) and real word deviants (in blue) measured 
at F3 (left column), Fz (middle column), and F4 (right column) 
representing the left, right, and the midline regions. The two pink dash 
lines delineate the time window of interest (198-238 ms). 
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10Figure 4.4  Grand-average MMN waveforms to the deviant stimuli 

measured at F3 (left column), Fz (middle column), and F4 (right column) 
for the left, right, and the midline regions. The upper two panels display 
the waveforms in the early and late exposure phases for the novel word 
learning condition, and the lower two panels show the two exposure 
phases for the real word learning condition. The grey areas denote the 
MMN window (198-238 ms). The arrows point at the two MMNs in the 
left scalp regions showing a significant MMN enhancement in the late 
exposure phase compared to the early exposure phase. 
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We assumed that this time window could capture the representative MMN 
responses to monosyllabic Mandarin Chinese word forms as an indicator 
of long-term memory traces for lexical input when the early and final 
phases of exposure were taken into account. It should be noted that this 
current study aimed to track the cortical dynamics of the rapid tonal word 
learning with the MMN, rather than to distinguish between the ERP 
patterns to real tonal words and novel tonal words. Thusly, we only used 
one representative time window for the MMN calculation, which was also 
helpful to increase the signal-to-noise ratio (Luck, 2005). Additionally, 
there was no significant difference in the pre-MMN period for the novel 
word deviant or real word deviant conditions.   
MMN in 198-238 ms 
A three-way ANOVA of averaged MMN amplitudes revealed a 
significant interaction among Lexicality × Exposure-phase × Scalp-
distribution (F(2, 30) = 3.85, p = .049). This indicated that the three factors 
related to our hypotheses indeed mediate the MMN responses 
interactively. Separate two-way ANOVAs between Lexicality × 
Exposure-phase were conducted, identifying a significant interaction only 
in the left-hemispheric ROI, but not in the midline ROI or the right lateral 
ROI (left ROI: F(1, 15) = 5.29, p = .036; midline ROI: F(1, 15) = 2.56, p 
= .130; right ROI: F(1, 15) = 1.36, p = .262). Moreover, the interaction 
between Lexicality × Exposure-phase was not significant in the midline 
ROI (F(1, 15) = 3.74, p = .07) nor in the right lateral ROI (F(1, 15) = .74, 
p = .40). The left lateralised result first accepts our Hypothesis 1 which 
predicted an MMN enhancement in novel word deviants after passive 
exposure. It is also partially supportive of our Hypothesis 2 which 
predicted enhanced MMNs in the left hemisphere, but it rejects the other 
part of the Hypothesis 2 which expected learning effects in the midline 
ROI.  
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11Figure 4.5  Statistical analyses on the mean values of MMN voltage to 

novel word and real word deviants in the early and late exposure phases 
at electrodes (F3, FC3, C3, CP3) in the left-hemispheric ROI. The error 
bars are standard error means. * p< .05, ** p < .01. 
 

Two planned comparisons further confirmed that the Exposure-phase 
is a factor modulating the amplitude of the MMN to novel tonal word-
form deviants rather than real tonal word deviants (novel word deviant: 
F(1, 15) = 13.76, p = .002; real word deviant: F(1, 15) = .778, p = .392). 
That is, the MMN to the novel segment-tone pattern in the early exposure 
phase was significantly less negative than the MMN in the late exposure 
phase over the left-hemispheric ROI (early phase: M = 0.22 μV, SE = 0.13; 
late phase: M = -0.36 μV, SE = 0.18); the averaged amplitude of MMNs 
to real tonal word deviants did not significantly change during the 
exposure (early phase: M = -0.34 μV, SE = 0.19; late phase: M = -0.11, SE 
= 0.16; see Figure 4.5). None of these results, however, support our CLS-
model driven Hypothesis 3 which expected that no lexicalised memory 
traces for novel word forms can solidify before overnight consolidation. 
Figure 4.6 displays the dynamic changes of the topographic maps of 
MMNs in different exposure phases for both the novel word and real word 
deviant conditions.  
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12Figure 4.6  Topographic maps of MMNs averaged for the 198-238 ms 

time window, viewed from the left, top and right sides of a 3-D scalp (ASA 
4.9, ANT, Enschede, The Netherlands). Note the enhanced MMN 
responses to novel word deviants over the left-hemispheric region in the 
late exposure phase. 
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N1 in 60-110 ms 
Statistically significant effects were unexpectedly identified in this pre-
MMN time window. A two-way interaction between Lexicality × 
Exposure-phase was found (F(1, 15) = 7.62, p = .015), as was a three-way 
interaction between Lexicality × Exposure-phase × Scalp-distribution 
(F(2, 30) = 4.20, p = .041). Two-way ANOVAs with Lexicality and 
Exposure-phase as two factors were further performed for each ROI 
separately (i.e., left, midline and right). An interaction between Lexicality 
× Exposure-phase was significant in the left ROI and the midline ROI (left 
ROI: F(1, 15) = 8.21, p = .012; midline ROI: F(1, 15) = 8.15, p = .012).  

Planned comparisons were performed between the early exposure 
phase and the late exposure phase in the left and midline ROIs separately. 
The effect of Exposure-phase was significant for the novel word deviant 
condition both in the left and midline ROIs (left ROI: F(1, 15) = 11.64, p 
= .004; midline ROI: F(1, 15) = 9.65, p = .007) but not for the real word 
deviant condition (left ROI: F(1, 15) = 2.55, p = .131; midline ROI: F(1, 
15) = 1.50, p = .240). The results, in part, support the visual inspection in 
the time window defined to represent N1 responses which showed that 
novel word deviants elicited stronger N1 effect in the late exposure phase 
as compared to the early exposure phase over the left ROI (early exposure 
phase: M = 0.28 μV, SE = 0.13; late exposure phase: M = -0.34 μV, SE = 
0.13) and the midline ROI (early exposure phase: M = 0.20 μV, SE = 0.17; 
late exposure phase: M = -0.41 μV, SE = 0.15). However, the observed 
changes in the N1 time window for the real word condition are not 
supported statistically over the left ROI (early exposure phase: M = -0.21 
μV, SE = 0.16; late exposure phase: M = 0.20 μV, SE = 0.13) nor the 
midline ROI (early exposure phase: M = -0.26 μV, SE = 0.21; late 
exposure phase: M = 0.09 μV, SE = 0.17). These results show that the 
training has strengthened the mismatch responses in the N1 time window 
in novel word-form deviants. This finding seems to imply some early top-
down processing of the novel tonal deviant, which might be modulated by 
the exposure phase.  
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4.4. Discussion 

Repeated exposure to novel lexical patterns can lead to rapid and 
lexicalised ‘long-term’ neural changes in the human cortex even outside 
the focus of attention (Shtyrov, 2012). Several recent experiments (e.g., 
Shtyrov et al., 2010; Shtyrov, 2011) also reported data indicating that the 
passive perceptual training in a short span of time can increase the brain’s 
electrical responses to the trained novel words. This has been interpreted 
as an indication of newly formed long-term representations induced by the 
rapid Hebbian learning of novel spoken words. The present study obtained 
new electrophysiological evidence which is supportive of this neocortex-
based rapid learning theory with novel segment-tone patterns.  

4.4.1. Long-term memory traces for the novel word form reflected by 
the enhanced MMN 

Using a passive oddball paradigm, we familiarised participants with a 
tone-manipulated novel word derived from Mandarin Chinese for 
approximately 17 minutes, and recorded their brain potential changes 
time-locked to the onset of standard and deviant stimuli. MMNs were 
calculated by subtracting the ERPs of the standard stimuli from the ERPs 
of the deviant stimuli in the 198–238 ms time window. This time window 
allowed us to capture the dynamics of MMN responses for the following 
reasons. First, this window is within the time range of the language-related 
MMN reported in previous studies (150–250 ms, Shtyrov & Pulvermüller, 
2007). Second, even though this MMN time window is relatively later 
than those of many studies with non-tonal words (e.g., 150 ms in 
Pulvermüller et al., 2001; 140 ms in Alexandrov et al., 2010), it is similar 
to some prior findings that reported MMNs beginning about 200 ms after 
stimulus onset, using monosyllabic Chinese words with either onset 
contrast or tone contrast designs (e.g., onset contrast /bai4/ and /sai4/ in 
Luo et al., 2006; tone contrast /gai3/ and /gai4/ in Ren, Yang, & Li, 2009). 
Third, this kind of delayed MMN latency in studies with tonal words could 
be caused by the involvement of lexical-tone perception during spoken 
word recognition. In our study, the recognition of the deviant stimuli (i.e., 
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*/teng3/ and /pang3/) required the perception of both the segment and 
Tone 3. Using a gating paradigm, Lai and Zhang (2008) reported that 
successful identification of the tone takes about 170 ms to 300 ms when 
the target monosyllabic Mandarin Chinese word carries an obstruent onset 
with a 520-ms stimulus duration. It might take less time to identify the 
tone of the deviants in the current oddball experiment by virtue of the 
repetition of the same stimulus, leading to lexical access of a deviant word 
form at around 200 ms post onset as is reflected by the MMN.  

By comparing the MMN elicited by the novel word deviant and the 
real word deviant in both the early exposure phase (first 25% trials) and 
the late exposure phase (last 25% trials), we discovered significantly 
enhanced MMNs to the novel word deviant in the left-hemispheric region 
with the passage of training time for about 14 minutes (early phase 0.22 
μV versus late phase -0.36 μV, see Figure 4.3, 4.4, 4.5), which was 
coherent with two previous EEG experiments indexed by oddball-evoked 
potentials, namely the ERPs to rarely presented deviant stimuli (Shtyrov 
et al., 2010; Shtyrov, 2011). The neurophysiological dynamics in our 
study can be considered a result of newly formed neuronal assembly 
representing the novel segment-tone pattern in the left hemisphere through 
the rapid Hebbian learning mechanism. The absence of such changes in 
the real word deviant condition can rule out the possibility that enhanced 
MMN responses to the passively familiarised novel word form are caused 
merely by a word-pseudo-word contrast or by the acoustic disparity 
between the standard and deviant stimuli, namely the onsets /p/ versus /t/.  

It is also unlikely that the enhanced MMN to the novel word deviant 
only reflects that the brain is unable to discriminate between the two onset 
phonemes at the beginning of the familiarisation, but ‘learns’ to detect the 
acoustic mismatch in the late exposure phase (Näätänen et al., 1993). If 
this account were true, the MMN dynamics in the real word deviant 
condition would have exhibited the same MMN changing pattern as in the 
novel word deviant condition due to the same configuration of the onset 
consonants in the two conditions. Our data, however, show that there is no 
significant difference in the magnitude of the MMNs to the real word 
deviants in both the early and late exposure phases. Additionally, 
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participants’ attention cannot be a confounding factor for the current result, 
in that their attention had been successfully distracted by the cartoon as 
shown by the very low error rates in the comprehension task. Therefore, 
we believe that the MMNs obtained in the current experiment signify the 
long-term memory traces for tonal word forms.  

Moreover, the emergence of left-hemispheric MMNs to novel word 
deviants modulated by the time course of training also resembles findings 
in a previous study reporting increased MMNs over the left hemisphere 
after days of training on discriminating voice-onset-time manipulated 
spoken word forms (Tremblay et al., 1997). This left hemispheric 
enhancement is in line with our Hypothesis 2 and implies that the trained 
novel segment-tone pattern has been integrated into the long-term mental 
lexicon, represented by a newly developed neuronal assembly. More 
specifically, through Hebbian learning rules, the repeated co-activation of 
the segment and the lexical tone of the target novel word */teng3/ may 
have strengthened the neuronal connections between the two types of 
phonological representations, merging the segmental and the lexical tone 
representations into one whole-word phonological representation.  

The current results are only partially consistent with our Hypothesis 
2 which predicted an enhancement of MMNs in the left-hemispheric and 
midline regions after familiarisation of the novel word. The reason could 
be that the novel word deviant in the present study was derived from a 
segment pattern, but prior studies that motivated us to generate our 
Hypothesis 2 used novel words derived from novel segment patterns 
(Shtyrov et al., 2010; Shtyrov, 2011). Conceptually, untrained novel 
segmental words (e.g., *pite) can only be represented by lower-level 
phonemic knowledge, whereas novel tonal words have already had 
segment-pattern representations like some real tonal words. For example, 
the segment /teng/ in */teng3/ may have been lexicalised by real segment 
neighbours /teng1/, /teng2/, and /teng4/. Thus, the perception of segmental 
cues in a novel tonal word may activate the same segmental 
representations as those of real tonal words carrying different tones (e.g., 
*/teng3/ and /teng2/). Consequently, the MMN in the midline region did 
not demonstrate significant differences between novel and real tonal 
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words, even though the midline scalp is a reliable region for distinguishing 
between brain responses to novel segment patterns and real non-tonal 
words.   

Interestingly, our data show that segment-pattern representations do 
not guarantee word-like brain responses to a novel tonal word form 
without training. A word-like MMN pattern was observed only after the 
passive perceptual training for about 14 minutes. This finding attests a 
finer structure of the whole-word phonological representation of tonal 
words in the human cortex by considering the association between 
segmental representations and suprasegmental features (e.g., lexical tone). 
That is to say, for Mandarin Chinese, the rapid cortical restructuring for 
novel word forms was unlikely to be induced by ‘learning’ any of the 
segmental or the tonal features, but the key to lexicalising a novel 
segment-tone pattern is to establish connections between the segmental 
representation and the tonal representation. This learning pattern is 
coherent with Hebbian learning. It means that the enhanced MMN over 
the left hemisphere can be related to the establishment of a connecting 
trace between the segment and the tone, forming a new neural assembly 
functionally representing the novel segment-tone pattern in the mental 
lexicon, supported by the rapid Hebbian learning mechanism.  

4.4.2. Neocortex-based rapid Hebbian learning  

The enhancement of MMNs to the novel word form in the late phase of 
passive exposure suggests that newly formed neural connections may be 
long-term per se as the typical language-related MMN has repeatedly been 
found to be modulated with language experience (Näätänen et al., 1997; 
Dehaene-Lambertz, 1997). Therefore, the neuronal plasticity reported in 
the current study is supportive of the recent theory claiming that the 
neocortex can develop long-term plasticity in the initial phase of novel 
word learning which is free from hippocampus-based consolidation 
(Shtyrov, 2012). Our finding challenges the CLS model which restricts 
initial, rapid word learning to the modulation of the hippocampus, and 
holds that long-term (i.e., lexicalised) changes in the neocortex occur only 
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after an overnight neocortex-hippocampus interaction (Davis & Gaskell, 
2009). Admittedly, due to the limitation of the method we used, it is not 
possible for us to directly measure the activity in the hippocampus. 
However, we still believe that the EEG data support our conclusions in 
two ways. First, the scalp-recorded EEG, which is sensitive to the 
activities on the cortical surface rather than deep inside the brain (i.e., 
hippocampus), is suitable for investigating neural changes in the cerebral 
cortex (Coles & Rugg, 1995). Therefore, the ERP signals we obtained 
mainly reflect the rapid plasticity in the neocortex, and are not contributed 
by the neural activities in the hippocampus.  

Second, from the view of the CLS model, even if the hippocampus is 
activated during the experiment, it is not necessary to expect spontaneous 
changes in the neocortex due to the lack of overnight consolidation. 
Accordingly, the MMN responses during the entire exposure phase should 
be constant for the novel word deviant condition and the real word deviant 
condition as well. However, our data demonstrated an opposite pattern of 
MMN responses in the novel word deviant condition; namely, the 
amplitude of MMNs in the final phase of exposure became enhanced 
compared to the early exposure phase.  

It must be noted that the neocortex-based rapid learning theory and 
the hippocampus-based rapid learning theory are not necessarily mutually 
exclusive, for a number of reasons. First, both of the theories agree that 
the rapid learning mechanism is subjected to Hebbian Learning principles 
(see Norman & O’Reilly, 2003 for an introduction of Hebbian learning in 
the CLS model). Second, given that the CLS theory is based on data 
showing that the hippocampus is specialised for memorising specific 
events while the neocortex is specialised for slowly extracting generalities 
from the environment based on accumulated experience, this theory could 
not predict the neocortical plasticity induced by rapid learning when the 
novel input has already had generalised cortical representations (e.g., 
novel word forms derived from new combinations of existing 
phonological units). This learning situation is exactly what the brain has 
to face during rapid novel word learning. Therefore, it is not possible to 
refute the existence of a neocortical rapid learning mechanism with the 
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data in favour of the CLS theory. As such, neocortex-based rapid learning 
may be an independent module that can be added to the CLS model for 
spoken word learning, allowing direct plasticity in the neocortex for 
developing long-term memory traces for novel word forms, which is free 
from hippocampus-driven consolidation. 

Neuropsychological data have also attested a hippocampus-
independent rapid learning mechanism for novel words. For example, 
Sharon et al. (2011) found that associations of unknown animals and 
names could be successfully learned in severe amnesic patients, who had 
profound hippocampus damage but relatively spared left temporal lobe, 
through an implicit learning task. Taken together, we postulate that the 
hippocampus-based and the neocortex-based rapid learning mechanism 
may co-exist but work independently in the central nervous system. 
Furthermore, when the phonological features of a novel lexical pattern can 
be represented separately by the existing generalised cortical memory 
traces, the neocortex can rapidly develop new neural connections to 
encode whole-word level representations for the input, following Hebbian 
learning rules.  

4.4.3. Effects in the N1 time window 

Apart from the MMN dynamics, the present study also revealed pre-MMN 
effects in the N1 time window when the data were grouped into the early 
and late phases of exposure. The auditory N1 is an obligatory ERP 
component peaking negatively at about 100 ms after the stimulus onset 
with multiple neural sources in or near the primary auditory cortex. The 
N1 is functionally correlated with pre-attentive acoustic detection and 
encoding (Näätänen & Picton, 1987).  

In the current study, the results partially support the visual 
observation that novel word deviants elicited more negative N1 
measurements in the final phase of exposure relative to the early exposure 
phase. However, the N1 changing pattern to real word deviants is not 
supported by the statistics. Moreover, the distribution of the unexpected 
N1 effect was broader than the region demonstrating MMN changes (the 
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N1 effect: the left-hemispheric and midline ROIs; the MMN effect: the 
left-hemispheric ROI). Considering the discovery of rapid learning in this 
study, it seems reasonable to regard these results as an implication that the 
auditory system ‘learns’ the novel tonal word in the late exposure phase, 
and therefore, exhibits stronger N1 responses. If this interpretation is 
correct, these very early effects seem to be supportive evidence that the 
lexical status of an auditory input can be recognised at an ultra-rapid pace 
(MacGregor, et al., 2012).  

However, this pre-MMN effect was moderated when we calculated 
the mismatch responses by subtracting the ERPs to the standard stimuli 
from the ERPs to the deviant stimuli in the entire exposure phase for the 
novel word deviant condition and the real word deviant condition 
separately. This finding subverts the preliminary learning account for the 
N1 dynamics in the novel word deviants because this effect is not robust 
enough to differentiate between brain responses to real words and pseudo-
words in an oddball paradigm. Furthermore, these phase-sensitive effects 
may be induced by habituation of late auditory evoked potentials (e.g., N1 
and P2) as a result of stimulus repetition (Woods & Elmasian, 1986; 
Rosburg, Zimmerer, & Huonker, 2010). That is, the N1 to the novel word 
deviants in the early exposure phase could be more habituated than the N1 
responses in the late exposure phase (Shtyrov, 2011).  

In contrast, the MMN has been shown to be a robust indicator of 
automatic lexical access. Therefore, the N1 effects cannot be functionally 
equal to the MMN, nor determinant of the subsequent MMN dynamic 
pattern, even though the effect in the N1 window might reflect some early 
top-down processing of monosyllabic Mandarin Chinese spoken word 
forms when the exposure phase is divided. Given that habituation of 
auditory evoked potentials has been thought to be a reflection of short-
term post-synaptic plasticity (Wang & Knösche, 2013), the unexpected 
but interesting N1 changes could merit future research which might reveal 
how the strength of long-term neuronal connections influences the short-
term neuronal plasticity within the neural network representing speech 
knowledge, as indexed by the MMN and the N1 respectively. 
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4.4.4. Limitations 

Although the current study provides evidence that the rapid plasticity of 
the human cortex forms long-term memory traces for novel segment-tone 
patterns by strengthening the connection between the segment and the 
lexical tone representations over left hemisphere, our data cannot reveal 
fine-grained spatial information of the neural anatomy correlated with 
rapid tonal word learning. Moreover, research using neurophysiological 
indicators of MMNs or oddball-evoked potentials to monitor the cortical 
plasticity must employ acoustically similar real and novel words to 
construct an oddball paradigm. Consequently, it is difficult to decide 
whether the ‘learning’ effect is caused by randomly presenting the target 
novel word or by the recurrence of the real word as the background 
carrying similar phonemes, syllable patterns and/or lexical tones.  

Finally, this study has low ecological validity, in that it only 
addressed the learning of phonological word forms without touching upon 
the learning of word meanings. Nevertheless, it is undoubtedly 
fundamental to acquire phonological word forms before the development 
of an intact mental lexicon with semantic features. Moreover, our findings 
have several implications for non-experimental word learning. First, it 
helps to explain how some dialects with tonal variations are quickly 
recognised and naturally learned without classroom teaching. Second, 
with respect to learning a tonal language in adulthood as a foreign 
language, it seems to be worthwhile to focus on training segments and 
lexical tones separately, which could facilitate the learning of new words 
derived from a trained segment and a lexical tone. Third, this learning 
paradigm may be applicable for language impaired populations to re-
develop memory traces for tonal word forms with minimal active effort. 
Unfortunately, to the best of our knowledge, there is no documentation 
reporting studies on these issues. Therefore, it would be interesting to 
further the current research in these directions and to examine the role of 
the neocortex-based rapid learning mechanism in both phonological and 
semantic learning.  
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Even though our findings are limited to the learning of novel 
phonological patterns, the current study still reveals reliable evidence of 
neocortical rapid plasticity induced by the learning of novel tonal words, 
taking advantage of the MMN paradigm. First, this paradigm has been 
repeatedly shown to elicit automatic and word-specific electrical 
responses as a robust index of long-term memory traces of spoken word 
knowledge (Shtyrov & Pulvermüller, 2007). Second, using this paradigm, 
we can maximally match the physical features of the deviant and standard 
stimuli to minimise the possibility that the MMN responses are caused by 
the acoustic difference rather than the lexical access.  

4.5. Conclusion 

Using novel segment-tone patterns derived from Mandarin Chinese, we 
tested whether passive perceptual exposure to novel tonal word forms 
leads to rapid reconstruction of long-term neuronal connections. We found 
enhanced MMNs to the novel tonal word over the left-hemispheric 
electrodes after a 14-minute exposure. The results suggest that repeated 
exposure to a novel segment-tone pattern can trigger the rapid 
development of long-term memory traces of novel tonal word forms by 
strengthening neural connections between the segmental and tonal 
representations, following Hebbian learning rules. Our MMN findings are 
supportive of a recent neocortex-based rapid learning theory for spoken 
word learning, arguing that the initial phase of learning (i.e., rapid learning) 
could lead to long-term changes in the neocortex without overnight 
consolidation driven by hippocampal structures.   
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