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ABSTRACT 
This research employed high-density ERP to 

examine learning-induced brain plasticity in the 
processing of pitch in L2 speech and non-
speech.  Native English listeners were presented 
with speech (Mandarin lexical tones) and non-
speech (hums of tones) stimuli before and after 
they were trained to perceive Mandarin tones. 
Behavioral improvement after training was 
accompanied by enhanced MMN amplitude and 
delayed latency in the ERP results for speech 
but not non-speech stimuli. These results 
suggest training-induced plasticity as a function 
of linguistic relevance and experience. 
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1. INTRODUCTION 
Understanding the nature of brain plasticity in 
speech learning and acquisition is a fundamental 
question in cognitive neuroscience. Behavioral 
and brain data have all shown substantial 
plasticity in second-language (L2) phonetic 
training despite the well-known problems for 
adult learners to correctly perceive and produce 
some difficult nonnative speech contrasts at 
both segmental and suprasegmental levels [2-3, 
7]. A subsequent question thus arises as to the 
extent to which phonetic training enhances 
domain-general sensitivity to auditory-acoustic 
features of sounds or facilitates learning in 
higher-level linguistic contexts [5].  Lexical 
tone (pitch) acquisition presents an interesting 
case to study brain organization of auditory and 
linguistic processing as a function of learning 

experience, since native processing of pitch has 
shown right-hemisphere dominance for auditory 
processing and left-hemisphere dominance for 
linguistic processing [4-5]. Neuro-imaging 
research of L2 tone training has revealed 
learning-induced plasticity involving both the 
expansion of preexisting left-hemisphere 
language-related areas and the recruitment of 
right-hemisphere regions [3].  However, it 
remains unclear how tone training may alter the 
time course of neural activation in terms of 
auditory and linguistic processing. The present 
study employed high-density event-related 
potentials (ERPs) to examine training-induced 
changes in the amplitude and latency of the 
neural sensitivity measure (mismatch negativity, 
MMN [7]) in the processing of pitch in L2 
speech and non-speech. 

2. METHODS 

2.1. Participants 
Nineteen native Canadian English adults were 
included. All were right-handed and self-
reported normal hearing abilities. Furthermore, 
they possessed no prior knowledge of Mandarin 
or any other lexical tone language. Eleven 
participants were included in the Training group 
(M age=22; 4 male, 7 female), and seven in the 
Control group (M age=23, 3 male, 4 female). 
Participants had less than 5 years of musical 
experience (M=0.79 years). 

2.2. Stimuli 

2.2.1. EEG 

The stimuli for the speech condition included 
two Mandarin monosyllables (ju, ci) produced 



with two Mandarin tones (tone 2: rising, tone 4: 
falling) by a female native Mandarin speaker. 
For the nonspeech condition, the same speaker 
hummed these two syllables with rising and 
falling tones. These stimuli were recorded at a 
44.1 kHz sampling rate and digitally edited to 
have equal root mean square intensity. 

2.2.2. Behavioral 
Two native Mandarin speakers (1 male, 1 
female) different from the EEG speakers 
produced twelve monosyllables (zhuo, xiong, 
run, zi, que, chi, ka, pou, fu, lan, nin, ting) with 
four Mandarin tones (tone 1: high-level, tone 2, 
tone 3: dipping, tone 4), for a total of 48 stimuli. 
Two novel speakers (1 male, 1 female) 
produced six monosyllables (ri, chun, qiong, 
xue, cuo, zhi) with four Mandarin tones, for a 
total of 24 words, to be used in training. 

2.3. Procedure 

2.3.1. EEG 
A modified oddball paradigm was employed for 
speech and nonspeech conditions [6, 8]. Each 
condition consisted of four different oddball 
sequences, producing a total of eight different 
blocks. The oddball sequences contained both 
syllables (ju, ci) in alternation. The inter-
stimulus-interval was randomized between 
1050 and 1150 ms. In one sequence, tone 2 was 
presented as standard and tone 4 as deviant, 
with a syllable order of ju-ci (e.g. ju2 ci2 ju2 
ci4 ju2). In another sequence, tone 4 was 
presented as standard and tone 2 as deviant, 
with a syllable order of ju-ci. The two 
remaining sequences were counterbalanced for 
syllable order (ci-ju). For each condition, 800 
stimuli were presented (200 x 4 blocks), of 
which 160 were deviant (20% of the stimulus 
set) and 640 were standard. The 8 blocks were 
randomly presented. A 128-electrode light 
mesh (Geodesic net) was used to collect data. 
The vertex (Cz) electrode was used as a 
reference with the ground at the nasion. 
Participants sat in a sound-attenuated booth in 
front of an LCD monitor. They were told to 
ignore the sounds and focus on a self-selected 

film with subtitles. Stimuli were presented 
binaurally via speakers situated on both sides of 
the LCD screen at a comfortable volume. EEG 
data collection was conducted before and after 
the pre- and post-tests respectively.   

2.3.2. Behavioral pre/post-test 
A pre-/post tone identification task was 
administered to determine whether training was 
effective. After a short familiarization task, 
participants heard each Mandarin tone word 
pronounced in isolation and viewed a 
corresponding tone diagram on the screen. For 
each stimulus, they completed a four alternative 
forced-choice identification task. They 
identified 96 randomized stimuli (12 syllables x 
4 tones x 2 speakers), presented with an inter-
stimulus-interval of 3 seconds. The task took 
approximately 10 minutes. 

2.3.3. Training  
The training group completed three training 

days, approximately 40 minutes each, 
administered on three separate days over the 
course of ten days. Each training day consisted 
of two sessions followed by a test. Both 
sessions began with a brief overview of the 
tones, where listeners would hear each tone in 
isolation and view its associated tone diagram. 
Training involved the participants responding 
after each stimulus by identifying the tone they 
heard and receiving feedback on the accuracy 
of their responses. Each session contained three 
different syllables. A total of 96 trials were 
presented (3 syllables x 4 tones x 2 speakers x 8 
repetitions), with an ISI of 2 seconds. 

Following both sessions, participants 
completed a test, similar in format to their 
training sessions, only they received no 
feedback on their response accuracy. They were 
tested on all six training syllables, with a total 
of 96 trials (6 syllables x 4 tones x 2 speakers x 
2 repetitions).    

Participants completed these tasks in a 
sound-attenuated booth on PC computers 
wearing AKG K1441 Studio headphone sets at a 
comfortable listening volume. They were paid 
for their participation.  



3. RESULTS 

3.1. Behavioral data 
The mean percent correct scores (Figure 1) were 
submitted to a 3-way mixed analysis of variance 
(ANOVA) with Group (trainee, control) as a 
between-subjects factor and Test (pre, post) and 
Tone (1-4) as repeated measures. 
 
 

 
Figure 1: Mean percent correct for pre- and post-tests by 
group. “*” denotes statistically significant result (p<.05) 

 

 
The ANOVA yielded significant main effects 

of Test [F(1,16)=39.021, p<0.0001], Tone [F(3, 
16)=18.470, p<0.0001], and Group 
[F(1,16)=12.016, p=.003]. A significant Test x 
Group interaction was also obtained 
[F(1,16)=34.617, p<0.0001]. Additional 1-way 
ANOVAs for each test with Group as the 
independent variable found no significant group 
differences for the pre-test [F(1,16)=.648, 
p=.433], but found significance on the post-test 
[F(1,16)=28.795, p<0.0001]. Training resulted 
in significantly higher post-test scores (71%) 
than the control group (36%). One-way 
ANOVAs for each group with Session as 
repeated measures reported no significant 
difference from to pre- to post-test for the 
Control group (34% to 31%; [F(1,6)=.226, 
p=.651]; however, the training group did 
significantly improve as a result of training 
(36% to 71%; [F(1,10)=64.934, p<0.0001]). 

3.2. MMN data 
Repeated measures MANOVAs were performed 
for the MMN amplitude and latency data at Cz 
and F3/F4 sites [1], with Group (trainee, 
control), Test (pre, post), and Stimulus type 
(tone, hum) as factors. 

At the group level, clear MMN responses 
were identified in both pre- and post- tests for 
the speech (Tone) and nonspeech (Hum) stimuli 
in both the trainee and control participants. The 
trainees’ grand mean MMN data show an 
increase in training-induced MMN amplitude 
for the speech stimuli (Figures 2 and 3). 
However, this difference did not reach statistical 
significance, presumably due to the large inter-
subject variability in the ERP recordings. In the 
pre-post comparison for the individual trainee, 
we did not find a direct linear correlate of MMN 
enhancement as a function of behavioral 
improvement for the lexical tones. The lack of 
MMN enhancement was accompanied by the 
emergence of a P3a component for change 
detection in some individual subjects.  

In contrast, a statistically significant post-
training reduction in the MMN amplitude was 
found for the non-speech stimuli [F(1,16)=10.2, 
p<.005] (Figures 2 and 3). 

 
 

 
 

Figure 2: Trainees’ pre/posttest grand mean ERP data 
(Cz electrode) for the two stimulus conditions (tone, hum). 
 

 

 
Figure 3: Trainee’s pre/posttest potential 

topography data of the MMN peak responses for 
the two stimulus conditions. 

 
The MMN latency data show that, across 

stimulus types, the trainees had a shorter latency 

* 



at pretest (220ms) than at posttest (259ms), 
whereas the controls had a longer latency at 
pretest (264 ms) than at posttest (230ms) 
[F(1,16)=5.2, p<.003].  Furthermore, the 
trainees showed significantly longer latency in 
pre/post comparison for the tone stimuli 
(Δ=70ms) but not for the hum stimuli (Δ=7ms, 
Figure 4).  

 

 
Figure 4: Trainees’ pre/posttest MMN latency 

data for the two stimulus conditions. 

4. DISCUSSION 
The behavioral improvement has been 
instantiated in the brain, with the MMN data 
showing pre/post-training changes in both 
amplitude and latency. Although the MMN data 
were confounded by the existence of P3a in 
some trainees, the overall trends showed an 
increase in MMN amplitude for the lexical tone 
condition and a decrease in MMN amplitude for 
control stimuli. These trends were confirmed by 
the grand mean MMN topographic maps. The 
training-induced enhancement of MMN 
activities was consistent with the previous EEG, 
fMRI and MEG studies [1, 2, 7]. In particular, 
the elicitation of P3a in the same lexical tone 
MMN experiment was previously found in 
native Mandarin speakers, suggesting that some 
trainees in our study approached native-like 
involuntary novelty detection after training [8].    

The MMN latency data with longer latencies 
at posttest were consistent with findings in a 
previous study [7]. The longer latency in the 
posttest processing of tone rather than hum may 
indicate the integration of the pitch variation 
over time needed for linguistic processing. This 
is reminiscent of the previous findings that 
learners with native tone language background 
(as opposed to non-tonal learners) exhibited a 
delayed latency [1].  Together, these results 

suggest a later sensitivity to linguistically 
relevant stimuli while an earlier sensitivity to 
auditory-acoustic information. 

In sum, the present results are consistent with 
previous neuro-imaging studies in that learning-
induced plasticity can be reflected in enhanced 
neural sensitivity and neural specificity. These 
patterns indicate progressive cortical changes as 
a function of linguistic experience, suggesting 
that cortical representations may be 
continuously shaped with learning. 
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