

  Changes in Oscillatory Brain Networks after Lexical  Tone Training




Changes in Oscillatory Brain Networks after Lexical Tone Training







Brain Sci. 2013, 3(2), 757-780; doi:10.3390/brainsci3020757




Article



Changes in Oscillatory Brain Networks after Lexical Tone Training



Edith Kaan 1,*, Ratree Wayland 1 and Andreas Keil 2,3





1



Department of Linguistics, University of Florida, P.O. Box 115454, Gainesville, FL 32611, USA






2



Department of Psychology, University of Florida, P.O. Box 112766, Gainesville, FL 32611, USA






3



Center for the Study of Emotion & Attention, University of Florida, P.O. Box 112766, Gainesville, FL 32611, USA









*



Author to whom correspondence should be addressed; Tel.: +1-352-392-0639; Fax: +1-352-392-8480.







Received: 15 January 2013; in revised form: 28 March 2013 / Accepted: 18 April 2013 / Published: 3 May 2013



Abstract:

 Learning foreign speech contrasts involves creating new representations of sound categories in memory. This formation of new memory representations is likely to involve changes in neural networks as reflected by oscillatory brain activity. To explore this, we conducted time-frequency analyses of electro-encephalography (EEG) data recorded in a passive auditory oddball paradigm using Thai language tones. We compared native speakers of English (a non-tone language) and native speakers of Mandarin Chinese (a tone language), before and after a two-day laboratory training. Native English speakers showed a larger gamma-band power and stronger alpha-band synchrony across EEG channels than the native Chinese speakers, especially after training. This is compatible with the view that forming new speech categories on the basis of unfamiliar perceptual dimensions involves stronger gamma activity and more coherent activity in alpha-band networks than forming new categories on the basis of familiar dimensions.
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1. Introduction


1.1. Lexical Tones

Languages use different combinations of acoustic and phonetic features to form speech categories. When learning a foreign language, one needs to learn which features and/or combinations of features are relevant in order to form representations of these new speech categories in memory. The ease with which a learner can do this depends on the degree and type of correspondence between the foreign language and native language categories [1,2,3,4]. The learning of speech categories therefore provides an excellent case to study changes in neural networks associated with category learning. The present study analyzes oscillatory brain activity (gamma and alpha band) to investigate changes in neural networks associated with the learning of Thai lexical tones by native speakers of languages that either have or do not have tonal distinctions.

Lexical tones, characteristic of tone languages such as Mandarin Chinese, Thai, and Yoruba, are differences and changes in voice pitch (F0) used to distinguish among word meanings. For instance the Thai syllable [kha:] means “galangal root” when pronounced with a low-falling tone; “leg” when spoken with a low-falling-rising tone; “I, servant” when it has a high-falling tone; “to do business in” when it has a high-rising tone; and “to be lodged in” with a mid-level tone. To perceive differences between tone categories, the listener needs to combine various perceptual cues such as the height of the onset pitch, the pitch slope, the timing of turning point of the pitch slope, the height of the offset pitch, as well as the duration of the syllable, amplitude and voice quality [5]. Tone languages differ in the number of tone categories, and in what combination and values of features constitute a category. In general, having a tone language as a native language will make it easier to perceive, identify and categorize foreign linguistic tones [6,7,8,9,10,11,12,13]. This has been attributed, in part, to differences in the weighing of perceptual cues: whereas speakers of non-tone languages, such as English, are sensitive to differences in onset pitch, average and offset pitch, speakers of contour-tone languages, such as Mandarin Chinese, are more sensitive to curvilinear pitch contour, e.g., [14,15,16,17].

Training can improve the processing of lexical tones by non-tone language speakers, mainly by inducing shifts in the perceptual weighing of features, e.g., [8,18,19,20]. For instance, a study comparing native speakers of English learning Mandarin Chinese with naïve native English speakers, found that the learners’ experience with Chinese had shifted their perceptual focus from the average pitch to the pitch slope [18]. Training can also induce shifts in neural activation. After a short laboratory training on identifying tones in Mandarin Chinese, English speakers showed an increase in activation in brain areas that were active pre-training (left superior temporal gyrus), but also recruited additional areas, such as the right inferior frontal gyrus [21]. In a related study, better learners showed an increase in left-hemispheric areas after training, whereas poorer learners showed an increase in right-hemispheric areas [22]. These results suggest that neural networks engaged in the processing of foreign speech categories change with training and proficiency.

Effects of both short-term training and native language background on tone perception have been investigated by Kaan and colleagues [12,23]. Kaan et al. [12] tested native speakers of English, Mandarin Chinese and Thai in an event-related brain potential (ERP) oddball study before and after a two-day laboratory training on Thai lexical tones. A Mismatch Negativity (MMN) was found for deviant versus standard Thai tones in all groups. This component was, however, largest in the English group before training, especially for low-falling tones. After training, the MMN in the English group decreased to the level of the other groups. Since the low-falling tone deviants in the study differed in onset pitch from the mid-level tones used as standards, these data support the view that the English speakers were initially more sensitive to these onset pitch differences, but that they changed their perceptual focus to other pitch dimensions after a short-term categorization training. This interpretation was supported by behavioral data: even though the native English speakers showed the largest MMN, this group performed worse on a tone discrimination task before training compared with Thai and Chinese groups. This is expected if the English speakers did not focus on pitch contour. After training, however, the English group performed at the level of the Thai and Chinese on the discrimination task, suggesting that they changed their perceptual focus.



1.2. Oscillatory Brain Activation

The Kaan et al. [12] study, and many other studies investigating the neural mechanisms underlying the acquisition of foreign speech categories, employed event-related brain potentials (ERPs), or their magneto-encephalography (MEG) equivalents, e.g., [24,25,26,27]. In these studies, the averaged electro-encephalographic signal EEG or MEG is analyzed, time-locked to the onset of a stimulus. EEG oscillations need not be phase-locked to the stimulus, however. Hence, some changes in activation may be obscured by time-locked averaging. In the present study, we investigated changes in EEG oscillations in the frequency domain to lexical tones, before and after training.

In the present study, we focused on changes in the gamma (typically 30–120 Hz) and alpha (typically 8–13 Hz) frequency range. Gamma-band power, and phase synchrony in this frequency band, have been hypothesized to reflect the integration of activation in different neural areas, and, hence, the combination of different perceptual features [28]. Enhanced gamma-band activity has been associated with selective attention to features [29,30,31,32], perceptual encoding in memory [33,34], maintenance in working memory [35], and the mapping of a stimulus onto representations in long-term memory, e.g., visual object representations [32,36], lexical-semantic representations of words [37,38], and environmental sounds [39]. Power in the gamma band has been shown to increase as a function of learning, supporting the idea that gamma-band activity is involved also in the formation of new combinations of features. For instance, increases in power and coherence in the gamma band have been observed in classic conditioning paradigms, in which a light of a particular color was associated with an electric shock [40]; or the presentation of particular speech sounds was associated with aversive noise [41]. These findings suggest that gamma-band power increases during the learning of new associations. Since the learning of foreign language tone distinctions involves the combination or re-combination of different pitch dimensions, we were interested in seeing whether the learning of foreign tone categories was associated with changes in the gamma frequency band.

Learning does not always implicate an increase of gamma-band activity, however. In a recent study, participants were trained for five days in a visual search paradigm [42]. Power in the gamma band first increased and then decreased over the course of training. Power in the gamma band correlated negatively with power in the alpha band (8–14 Hz), the latter showing a U-shaped function. The interpretation of alpha-band activity is still controversial, see [43,44]. One interpretation is that an increase in alpha-band activity reflects active inhibition of areas that are not relevant to the task [43]. However, increases in alpha-band activity have also been reported over task- relevant areas and may therefore also index active processing [44]. Another interpretation is that alpha-band activity reflects the ease of processing. More difficult tasks have generally been associated with a decrease of alpha-band activity, suggesting that alpha-band activity is inversely related to processing efficiency [45,46]. Regardless of the interpretation of alpha-band activity, Hamame et al. [42] distinguish two phases of learning: one in which the number and/or strength of the neural connections increase to form a new neural representation (increase in gamma-band activity, decrease in alpha-band activity); and a second phase in which coding becomes more efficient by restricting the representation to the strongest or most selective connections, as indicated by a decrease in gamma-band activation and an increase in alpha-band activity [47].

Motivated by the Hamame et al. study [42], we focused on changes in gamma and alpha-band activity during the processing of foreign tones as a function of language background and training. We compared learners, who were initially unfamiliar with the tones used, before and after a training to see if gamma-band activity increased and alpha-band activity decreased as a result of training, especially in learners whose native language did not use pitch to distinguish among words.

In addition to changes in spectral power, one can study the phase synchrony between electrode sites of a particular EEG frequency band. Phase synchrony (coherence) in the gamma band has been hypothesized to underlie the formation of neural, multi-featural representations [40], with novices engaging different neural networks than more experienced learners. With respect to language learning, coherence in the gamma band (30–40 Hz) has been found to be stronger over the right hemisphere in native speakers of German who were low-proficient in English, compared with those who were high-proficient in English, especially when listening to English rather than their native language [48]. As for changes in alpha-band synchrony, low-proficient German speakers of English showed a stronger alpha-band coherence when attending to radio and TV reports in English compared with a non-linguistic control task, especially over the left hemisphere. Highly proficient speakers of English showed such an increase in coherence for the language tasks only over left-hemispheric temporal sites, and showed a reduction of coherence over prefrontal electrodes. These findings suggest that low-proficient second-language speakers recruit a wider and more coherent neural network than highly proficient speakers. Similar differences in the alpha band between the two proficiency groups were found when they were listening to their native language, however. It is therefore unclear to what extent the effects observed are due to long-term exposure to a second language, or to general language exposure and/or aptitude [49].



1.3. The Current Study

In the current study we explored changes in the gamma and alpha frequency bands to the processing of foreign speech (lexical tone) contrasts; in particular we were interested in seeing to what extent gamma and alpha-band activity was affected by the native language background of the participants as well as short-term experience (laboratory training). We analyzed the EEG data previously collected in a passive oddball study by Kaan et al. [12], and investigated changes in mean spectral power and in phase synchrony between electrode sites for high-rising and low-falling Thai tones presented as standards or deviants. Analyzing the overall differences in oscillatory activation between the groups, as well as the difference between standards and deviants would allow us to see to what extent results from the time-frequency analysis would correspond to results from the ERP analysis reported by Kaan et al. [12]. In this study, native speakers of Thai, English and Mandarin Chinese were tested in the odd-ball paradigm before and after a two-day discrimination training on the Thai tones. Since each participant served as his or her own control, we could test the effect of short-term experience avoiding the between-group confound in [49]. In particular, we were interested in the following comparisons. (1) Differences between the language groups before training. Because the stimuli used were Thai words pronounced with Thai tones, we expected the native Thai participants in the study to be different from the Chinese and English speakers in alpha and gamma-band activity. In addition, since Mandarin Chinese speakers were already familiar with certain tone dimensions through their native language, whereas English speakers were not, we were interested in pre-training differences between these two groups in terms of alpha or gamma-band power. In the ERP analysis reported by Kaan et al. [12], the largest difference between the English group compared to the other groups was found in the comparison between deviant and standard low-falling tone conditions before training. We were therefore interested in seeing whether a similar result pattern could be observed in the time-frequency analysis. Finally, since previous studies reported difference in coherence for different language proficiency groups [48,49], we were interested in differences in phase synchrony between the native English and Chinese groups before training. (2) Differences in the effect of training between the native English and the native Chinese language groups. The English group, not being familiar with lexical tones and having to shift their perceptual focus from onset pitch to pitch contour [14,16,18], was expected to differ from the Chinese group in the strength of the gamma- and alpha-band power as a result of training. Based on Hamame et al. [42], the English group was expected to show a larger increase in gamma-band power and a larger decrease in alpha-band power as a result of training compared with the Chinese group. In addition, we were interested in seeing whether training would affect the phase synchrony in the alpha and gamma-bands differently in the native English compared with the native Chinese group.

In terms of the topographical location of synchrony and power differences, this study was mainly exploratory in nature, and we did not have any strong predictions regarding the spatial distribution of the oscillatory differences expected.




2. Experimental Section


2.1. Participants

Analysis was conducted on data collected in a previous study [12]. Written informed consent was obtained from all participants, according to procedures approved by the University of Florida Institutional Review Board. The original data included 12 native speakers of English, 12 native speakers of Mandarin Chinese, and 11 of Thai. None of the English speakers had any experience with a tone language, and none of the Mandarin Chinese speaking participants had any experience with a tone language other than their native tongue. We selected data from 10 native speakers of American English (3 women, 7 men, mean age 22.0), 10 native speakers of Mandarin Chinese (5 women, 5 men, mean age 27.2) and 11 native speakers of Thai (6 women, 5 men, mean age 27.7). Data from these participants were selected on the basis of having at least 50 artifact-free trials per condition. On average, 24%, 18% and 26% of the data were rejected for the Chinese, English and Thai group, respectively.

Five of the English participants, two of the Chinese, and three of the Thai reported to have some musical experience. Musical experience has been shown to affect the perception and acquisition of lexical tones, e.g., [19,50,51,52]. Musical experience, however, did not have any effect on the effects reported in the main text for the alpha-band power and phase synchrony measures. Power in the gamma band was stronger for musicians than non-musicians at lateral sites (F(1,27) = 4.58, p < 0.05). Effects involving language reported for the gamma-band power in section 3 remained significant when the participants with musical experience were removed from analysis (F(2,16) = 21.40, p < 0.001).



2.2. Stimuli and Procedures

Stimuli and procedure have been described in detail in Kaan et al. [12]. Stimuli were nine spoken tokens of the syllable [kha:], synthesized on the basis of one naturally spoken instance of that syllable, pronounced with a mid-level tone by a female native speaker of Thai. This token was shortened to 450 ms. The pitch contour was then manually changed to yield a Thai low-falling and high-rising tone. Next, two additional tokens of the mid-level, high-rising and low-falling tones were generated by shifting the entire F0 contour −15 Hz and −30 Hz. All stimuli were normalized for peak amplitude (98% of the scale). The nine stimuli thus obtained were presented to two native Thai speakers (one male and one female) and were judged to be acceptable exemplars of the intended tone categories.

In the EEG study, participants watched a silent movie while stimuli were presented over headphones. Four blocks were presented, with the order of the blocks randomized between participants: one in which the mid-level tone was presented as standard with the low-falling tokens as deviants (10%; or 120 deviant tokens among 1080 standards); one in which the low-falling tokens were presented as standards, with the mid-level tone as deviants; and two blocks that were similar to the two mentioned except that the high-rising tones, rather than the low-falling tones served as deviants and standards, respectively. Participants answered comprehension questions about the movie after each block. EEG was recorded from 39 Ag/AgCl scalp electrodes at a sampling rate of 512 Hz, referenced to the left mastoid and arithmetically re-referenced to the averaged mastoids.

The EEG study was conducted before and after a two-day identification training of 1 h (162 stimuli) per day. In this training participants heard one token at a time and were trained to categorize the tones as category A (low-falling), B (mid-level) or C (high-rising) [9,10]. All three participant groups underwent training. However, since the syllabi were real words in Thai, the comparison between the Thai and the other groups before training should be interpreted with caution. In addition, undergoing a training of well-known tone categories and words may involve different processes and have different effects than training of unknown categories, or syllables that do not have meaning. Since the effect of training may be hard to interpret for the Thai, we focused primarily on comparing the effect of training for the English and Chinese participants.



2.3. EEG Analysis

EEG data were analyzed in the following way. First, artifact-free epochs of −300 to 700 ms relative to the onset of the stimulus were identified and subjected to wavelet analysis of the single trials. Time-frequency representations of this signal were established using convolution of the signal with complex Morlet wavelets as described in detail elsewhere [32,53]. In the present study, complex Morlet wavelets g were generated in the time domain for different analysis frequencies f0:
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(1)




with A′ depending on the parameter σf, specifying the width of the wavelet in the frequency domain, the analysis frequency f0 and the user-selected ratio m:


 [image: Brainsci 03 00757 i002]



(2)




with
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(3)




A constant m = f0/σf equal to 9 was selected to achieve good time and frequency resolution in the frequency range of interest, which was 8 to 80 Hz in our study, at a resolution of 1 Hz. Wavelets were normalized to have equal amounts of energy and were then applied to the single-trial signal at each electrode. For each artifact-free epoch, time-varying energy in a given frequency band was obtained as the squared absolute value of the convolution of the cosine-square-tapered EEG signal with the wavelet. Single trial time-by-frequency matrices were then averaged in order to obtain the evolutionary spectrum for each electrode, and experimental condition, in a given participant. An epoch from 280 to 100 ms prior to stimulus onset was used as an estimate of general noise. The mean of this baseline epoch was subtracted from the time-by-frequency matrices for each frequency and time point for each electrode, respectively.

In addition to time-varying spectral power, we analyzed the inter-site phase-locking of the neural oscillations measured with the wavelet family. To this end, the normalized, complex representations of the time-by-frequency matrices for all sensors were subtracted from a reference electrode. Next, these complex difference values were averaged across trials, according to the algorithm described in [54,55]. This procedure results in a measure of phase locking between each electrode site and a reference site, across trials, for each time point and frequency, referred to as the phase-locking statistic (PLS) or inter-site phase locking [54]. The PLS is bounded between 0 and 1. A PLS of 0 indicates random distribution of the normalized phase difference between sensors across trials and 1 indicates perfect stability of the phase difference between two sensors across trials, at a given time and frequency. The reference electrode was FCz for gamma oscillations, and Cz for alpha oscillations, based on where power was maximal. Frontocentral sites FCz and Cz have been shown to capture electrocortical activity related to syllable and complex tone processing in a body of studies using event-related potentials, as well as indices of oscillatory activity [41,56,57,58]. They are therefore well suited as a reference point for analyses of large-scale cross-trial synchrony across locations. In addition, systematic laterality patterns of oscillatory activity with central topographical maxima have been observed previously in response to syllable learning [41]. Thus quantifying lateralized syllable processing with respect to a global and strong central response measured medially was expected to be sensitive to the hypothesized effects. Different reference locations were chosen for alpha and gamma because the stimulus-related changes in the alpha and gamma band (1) follow different time courses, (2) have different topography, and (3) show different direction of change over the baseline level. Note that our goal was not to draw direct comparisons between alpha- and gamma-band PLS, but to investigate changes in PLS in the two frequency band as a function of participant group and conditions. Using a reference electrode instead of the full matrix of PLS for each sensor pair helps addressing the accumulation of alpha error, and also ensures that the reference signal has a satisfactory signal-to-noise ratio. Similar procedures have been suggested, e.g., [59,60]. As discussed in these publications, scalp-based measures of coherency and phase synchrony are sensitive to volume conduction. The interpretation of absolute connectivity maps based on EEG is therefore not recommended. Source estimation has often been suggested as a preferable approach, but was not available in the present study, given the relatively sparse electrode montage. It has been argued, however, that comparing multiple experimental conditions, in which volume conduction can be considered stable, decreases the risk of spurious connectivity results [59,61]. PLS values are obtained as the power-normalized indices of phase stability, by averaging differences of complex phase values on a unit circle. Thus, in the absence of confounding factors (e.g., systematic differences in signal-to-noise between different conditions), reliable PLS differences between conditions are likely to reflect differences in the underlying neural synchrony, rather than the stable properties of the volume conductor. Caution is still warranted when interpreting connectivity based on scalp topographies, as mediating deep sources or additional processes may be undetected in scalp voltage data. Thus, focusing on one reference point for phase synchrony analysis may represent a limitation, but is also a conservative and careful first step, which relies on computationally manageable amounts of data, using a strong signal as the basis of the analysis.

The time-varying spectral power changes and time-varying PLS were extracted from two time-frequency windows relative to stimulus onset, one representing early (100–500 ms) oscillations in the alpha-band range (8–13 Hz), and one representing mid-range (200–400 ms) gamma-band activity (28–50 Hz). The selection of these time-frequency windows was based on grand mean time-frequency representations (see Supplementary materials, Figure 1). The goal of this selection was to obtain dependent variables with sufficient signal-to-noise ratio, which correspond to previous work. Both criteria are met in the present study. Specifically, alpha modulation starting early after stimulus presentation and being sustained for extended periods of time has been repeatedly reported in experiments with cross-modal or memory aspects [43]; likewise, auditory induced gamma in the 40 Hz range is a prominent and robust response to syllable stimuli [41]. The resulting spectral power and PLS for the alpha and gamma band ranges were evaluated using a repeated measures analysis of variance (ANOVA). Mean spectral power was analyzed separately for midline and lateral electrodes; PLS was analyzed at lateral sites only, since the PLS values were computed relative to a midline electrode. A separate analysis for the midline sites for the PLS would therefore involve fewer sites than the power analysis and would therefore not be comparable. Electrode regions were Fz, FCz, Cz, CPz and Pz for the midline analyses. Regions for the lateral analyses were: frontal (F3/4, F5/6, F7/8), fronto-central (FC3/4, FC5/6, FT7/8), central (left: C3/4, C5/6, T7/8), central-parietal (CP3/4,CP5/6, TP7/8), and parietal (P3/4,P5/6, P7/8). As in the ERP study on which the present study is based [12], we only analyzed data for low-falling and high-rising tones. We conducted two main analyses. In the first, we compared the pre-training data for all three groups; in the second, we compared the English and Chinese groups before and after training. Within-subject factors were tone (low-falling/high-rising), condition (standard/deviant), anteriority (levels: frontal, fronto-central, central, centro-parietal and parietal), and, where applicable, hemisphere (left/right), and test time (before/after training). Language group (3 or 2 levels depending on the analysis) was included as a between-subjects factor. The Greenhouse-Geisser correction was applied for effects involving factors with more than two levels, to control for sphericity violations [62]. The complete results of the ANOVAs are reported in the Supplementary materials. Significant interactions involving language group or location were followed-up with separate ANOVAs for each group or location.




3. Results and Discussion


3.1. Differences between the Groups before Training

Our first question concerned whether the native English, Chinese and Thai groups differed in the processing of the Thai tone stimuli before training, as reflected by differences in gamma-band power, alpha-band power, gamma-band phase synchrony and alpha-band phase synchrony. Figure 1 gives an overview of the differences between the three language groups before training.

Figure 1. Means over all lateral electrodes for the three language groups before training, collapsed over tone. (A) gamma-band power, 200–400 ms after stimulus onset; (B) alpha-band power, 100–500 ms after stimulus onset; (C) gamma-band phase synchrony (PLS) with FCz, 200–400 ms after stimulus onset; (D) alpha-band phase synchrony (PLS) with Cz, 100–500 ms after stimulus onset. Note that the y-axis starts at 0.1, and that different scales are used for the different subfigures. The error bars represent the Standard Error.
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3.1.1. Gamma Band, Spectral Power (200–400 ms from Stimulus Onset)

The upper row in Figure 2 displays the mean gamma band power for the three language groups before training, collapsed over tone and condition. Means for lateral electrodes are given in Figure 1A. Spectral power in the gamma band was largest over left frontal-central sites. Gamma-band power was stronger in the native English participants compared to the Thai and Chinese groups, and for the Thai compared to the Chinese group (effect of language: lateral sites, F(1,28) =68.31, p < 0.001; midline sites, F(1,28) = 7.66, p < 0.001). Post-hoc comparisons showed that all groups differed significantly from each other (p < 0.001 at lateral sites; p < 0.05 at midline sites, Bonferroni corrected).

Figure 2. Mean spectral power in the gamma band (200–400 ms) for the three language groups, before (pre, upper row) and after training (post, bottom row), collapsed over tone and condition.
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3.1.2. Alpha Band, Spectral Power (100–500 ms from Stimulus Onset)

The upper row of Figure 3 displays the results for the alpha-band power before training. Means for lateral electrodes are given in Figure 1B. Alpha-band power before training was strongest over central and left centro-parietal lateral sites. Alpha-band power was stronger for standard than deviant trials (lateral sites, F(1,28) = 68.37, p < 0.001; midline sites, F(1,28) = 32.55, p < 0.001), replicating previous studies using oddball-paradigms, e.g., [63,64]. The language groups differed significantly (lateral, F(1,28) = 64.55, p < 0.001; midline, F(1,28) = 8.37, p < 0.001). The Thai speakers showed a stronger alpha-band power than the English and Chinese groups (p < 0.05 over midline sites; p < 0.001 over lateral sites), whereas the latter groups did not differ before training overall. The groups differed as to the effect of condition and tone, leading to a three-way interaction between tone, condition and language at midline sites (F(1,28) = 4.00, p < 0.05). Follow-up comparisons showed that the difference in alpha-band power between standard and deviant trials was larger for the low-falling than high-rising tones in the English speakers (F(1,9) = 6.20, p < 0.05), but did not differ significantly for the two tones in the Thai and Chinese participants (p > 0.17), see Table 1. This result patterns with the findings from the ERP analysis [12], in which the English speakers showed a larger mismatch negativity compared with the other groups for the low-falling deviant versus standard tones before training.

Figure 3. Mean spectral power in the alpha band (100–500 ms from stimulus onset) for the three language groups, before (pre, upper row) and after training (post, bottom row), collapsed over tone and condition. The large values at the extreme frontal sites are an artifact of the interpolation.
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Table 1. Mean power in the alpha band (100–500 ms) for the low-falling and high-rising conditions for the deviants and standard stimuli for the three language groups, pre-and post training (standard error in parentheses).



	
Test time

	
Language group

	
Low-falling tones

	
High-rising tones




	
Standard

	
Deviant

	
Standard

	
Deviant






	
Pre training

	
Chinese

	
0.571 (0.021)

	
0.526 (0.023)

	
0.631 (0.018)

	
0.520 (0.019)




	
English

	
0.570 (0.021)

	
0.477 (0.023)

	
0.580 (0.018)

	
0.566 (0.019)




	
Thai

	
0.640 (0.020)

	
0.574 (0.021)

	
0.618 (0.017)

	
0.588 (0.018)




	
Post training

	
Chinese

	
0.567 (0.023)

	
0.465 (0.028)

	
0.582 (0.027)

	
0.507 (0.020)




	
English

	
0.527 (0.023)

	
0.478 (0.028)

	
0.579 (0.027)

	
0.504 (0.020)















3.1.3. Gamma Band, Phase Synchrony with FCz (200–400 ms from Stimulus Onset)

Analyses of phase synchrony (PLS) were conducted using lateral sites only (see Section 2). Means for lateral electrodes are given in Figure 1C. Gamma-band phase synchrony was calculated relative to FCz, and was strongest over the left fronto-central region. Gamma-band phase synchrony was stronger for deviant than standard trials (F(1,28) = 17.89, p < 0.001). No differences were found between the groups.



3.1.4. Alpha Band, Phase Synchrony with Cz (100–500 ms from Stimulus Onset)

Means for lateral electrodes are given in Figure 1D. Phase synchrony with Cz was stronger for deviant trials than for standards (F(1,28) = 34.37, p < 0.001), especially at right central sites. The language groups differed in where the alpha-band phase synchrony between standards and deviants was maximal. In both the English and Chinese participants, the difference was maximal over the right hemisphere, whereas it was symmetric over the hemispheres for the Thai, leading to a four-way interaction of condition, anteriority, hemisphere and language (F(8,112) = 2.20, p < 0.05). In addition, the language groups differed in how the effect of condition was distributed for the two tones (F(8,112) = 2.15, p < 0.05): whereas the difference in phase synchrony between standard and deviant was largest over central sites for the low-falling tones in all groups, the largest difference between deviants and standards for the high-rising tones was reached more fronto-centrally for the Thai group compared to the other two groups.




3.2. Differences in the Effects of Training between the Native English and the Native Chinese Language Groups

The second focus of the current analysis was to compare the effect of training in the native English and native Chinese groups. Figure 4 gives an overview of the differences between the language groups after versus before training in gamma-band power, alpha-band power, gamma-band phase synchrony and alpha-band phase synchrony. To assess the effect of training, we conducted an ANOVA on the pre- and post training data for the English and Chinese groups only. We will focus on effects involving the factor test time (pre-training, post-training) only. For completeness, data for the native Thai group are provided as well. We will discuss the outcomes for the Thai group in Section 3.2.6 below.

Figure 4. Mean for lateral electrodes for the three language groups, before and after training. (A) gamma-band power, 200–400 ms after stimulus onset; (B) alpha-band power, 100–500 ms after stimulus onset; (C) gamma-band phase synchrony (PLS) with FCz, 200–400 ms after stimulus onset; (D) alpha-band phase synchrony (PLS) with Cz 100–500 ms after stimulus onset. Note that the y-axis starts at 0.1 and that different scales are used for the different subfigures. Error bars are standard errors.
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3.2.1. Gamma-Band Power (200–400 ms from Stimulus Onset)

Pre and post-training data for the gamma-band power are displayed in the lower row in Figure 2. Means collapsed over the lateral electrodes are given in Figure 4A. We will first consider the native English and native Chinese group only. Gamma-band power increased after training (lateral sites, F(1,18) = 17.52, p < 0.001; midline, F(1,18) = 19.25, p < 0.001), especially at fronto-central sites (test time by anteriority, lateral, F(4,72) = 6.95, p < 0.001; midline, F(4,72) = 5.94, p < 0.05). The English group showed a larger increase in gamma-band power after training compared with the Chinese group at midline sites (test time by language, F(1,18) = 6.98, p < 0.05). Analyses for the groups separately showed a significant effect of training for the English group only (midline sites: F(1,9) = 18.84, p < 0.01).



3.2.2. Alpha-Band Power (100–500 ms from Stimulus Onset)

Means alpha-band power for the pre and post training session is displayed for lateral sites in Figure 4B; post training data are displayed in the lower row of Figure 3. Overall, alpha-band power decreased after training compared with before (lateral sites, F(1,18) = 13.43, p < 0.001; midline, F(1,18) = 10.30, p < 0.001), especially at central and central-parietal sites, where alpha-band power was strongest before training (test time by anteriority, lateral, F(4,72) = 7.61, p < 0.01; midline, F(4,72) = 3.22, p < 0.05). No overall difference was found in the effect of training between the English and Chinese groups. However, patterns differed depending on condition and tone type, leading to a four-way interaction between test time, tone, condition and language at midline sites (F(1,18) = 5.31, p < 0.05). This was mainly due to the aforementioned finding that the English group showed a larger difference between standards and deviants for the low-falling than for the high-rising tones pre-training, which reduced post-training, see Table 2 (English: test time by condition by tone, F(1,18) = 7.28, p < 0.05; tone by condition pre-training, F(1,9) = 6.20, p < 0.05; post-training, F(1,9) = 0.19, N.S.).

Table 2. Overview of the main findings; post = post training; pre = pre training.








	
	Effect of language group before training (Thai, Chinese, English)
	Effect of training (Chinese and English only)
	Effect of training (Thai only)





	Gamma-band power
	English > Thai > Chinese
	English: post > pre;

Chinese: post = pre
	Post > pre



	Alpha-band power
	Thai > English = Chinese

English: difference between deviants and standards larger for low-falling than for high-rising tones
	Post training < pre training

English: pre-training difference between deviants and standards larger for low-falling than high-rising tones
	Post = pre

Differences in distribution of differences between standards and deviants before and after training



	Gamma-band phase synchrony
	English = Thai = Chinese
	Post > pre

English = Chinese
	Differences in distribution of differences between standards and deviants before and after training



	Alpha-band phase synchrony
	Thai show symmetric distribution of differences between deviants and standards; English and Chinese show right hemisphere maximum
	Post > pre

pre: English = Chinese

post: English > Chinese
	Post > pre Differences in distribution of differences between standards and deviants before and after training










3.2.3. Correlation between Gamma and Alpha-Band Power

Hamame et al. [42] reported a strong negative correlation between gamma and alpha-band power in their training study. We therefore investigated whether there was a correlation between these two frequency bands for the Chinese and English groups in our study. We focused our analysis on locations where the gamma and alpha-band activation was largest, namely at left-fronto-central areas (FC3, FC5, FT7) and left central-parietal areas (CP3, CP5, TP7), respectively. Collapsed over collapsed over tone, condition, test time, and language group, we observed a significant negative correlation between the two frequency bands (Spearman’s ρ = −0.63, p < 0.01).



3.2.4. Gamma-Band, Phase Synchrony with FCz (200–400 ms from Stimulus Onset)

Pre- and post-training means for the gamma-band phase synchrony are given in Figure 4C for lateral electrodes. Phase synchrony in the gamma band was stronger after training compared with before (F(1,18) = 12.92, p < 0.001), especially over left central-frontal sites (test time by anteriority by hemisphere, F(4,72) = 3.21, p < 0.05). No differences were found between the language groups.



3.2.5. Alpha-Band, Phase Synchrony with Cz (100-500 ms from Stimulus Onset)

Means for lateral electrodes are given in Figure 4D. Collapsed over the Chinese and English groups, the alpha-band phase synchrony with Cz increased after training (F(1,18) = 47.28, p < 0.001), especially over central lateral sites, where alpha-band phase synchrony was maximal before training (test time by anteriority, F(4,72) = 7.65, p < 0.01). Note that this is in contrast to the pattern observed for the alpha-band power, which decreased after training. Training had a different effect on the groups, however, (test time by language, F(1,18) = 7.86, p < 0.01). The English group showed a stronger phase synchrony after training compared with the Chinese group (post training: English vs. Chinese: F(1,18) = 6.19, p < 0.05). The groups did not differ before training (F(1,18) = 0.17, N.S.).

The pre-training right-lateralization of the difference between the standard and deviants reported above for the English and Chinese groups disappeared after training, leading to a four-way interaction of condition by hemisphere by anteriority by test time (F(4,72) = 3.80, p < 0.05).



3.2.6. Effects of Training in the Thai Language Group

As mentioned in section 2, the native Thai group underwent the same type of training as the English and Chinese groups. We refrained from directly comparing the effect of training between the Thai and the other groups because the stimuli used were actual words in Thai, albeit edited speech. Since it is unclear what the effect is of training on familiar words, any differences in oscillatory brain activity post versus pre-training may therefore be hard to interpret. However, in order to give a complete picture of the data, we will report the effects of test time for this language group also. The data for this group are displayed in the right most columns of Figure 1, Figure 2, Figure 3 and Figure 4. A table of the outcomes of the statistical tests is provided in the supplementary materials. The native Thai group was similar to the English and Chinese groups in the following respects. First, gamma-band power increased after training at midline sites (F(1,10) = 6.34, p < 0.05). Here, the Thai group did not differ in the size of the training effect from the Chinese group (F(1,19) = 0.48, p = 0.49), but showed a smaller effect of training than the English (F(1,19) = 4.51, p < 0.05). Second, the Thai group showed an increase in alpha-band phase synchrony after training (F(1,10) = 24.99, p < 0.001), which we also observed in the Chinese and English groups. Direct comparisons between the three language groups of the difference between post- and pre-training alpha-band phase synchrony showed no significant effect of language group. Third, the Thai group showed shifts in the scalp distribution after training of the difference in gamma-band power, alpha-band power and alpha-band phase synchrony between standard and deviant conditions. More interestingly, and in contrast to what was observed for the English and the Chinese groups, however, the Thai group showed no significant increase in gamma-band phase synchrony (F(1,10) = 4.02, p = 0.07), or decrease in alpha-band power (p > 0.2), after training compared with before. Furthermore, whereas the Chinese and English group showed a negative correlation between power in the gamma-band and alpha-band, the Thai group did not show a correlation between the two frequency bands (Spearman’s ρ = 0.26, p = 0.43).




3.3. Discussion


3.3.1. Overview of Results

This study explored changes in power and phase synchrony of EEG frequency bands in relation to the learning of new speech categories, in particular, lexical tones. We were interested in (1) differences between language groups before training; and (2) differences in the effect of training between the native English and the native Chinese language groups. A summary of the main results is given in Table 2.



As for (1), the differences between language groups before training, the Thai, Chinese and English language groups differed before training in that the English showed the strongest gamma-band power, and the Chinese group the weakest. Alpha-band power, on the other hand, was strongest in the Thai group. Before training, the English group showed a larger difference between deviant and standards tones for the low-falling compared to the high-rising tones, whereas in the Thai and Chinese groups the difference between standards and deviants was not significantly modulated by the type of tone. The three groups did not differ in gamma-band phase synchrony. As for alpha-band phase synchrony, the native Thai group differed from the Chinese and English groups in the scalp distribution of the difference in synchrony between the standard and deviant trials.

As for (2), the differences in the effect of training between the native English and the native Chinese language groups, the native English speakers, who were not familiar with linguistic tones, showed a larger increase in gamma after training compared with the Chinese group, who were familiar with tones in their own language. Both Chinese and English groups showed a decrease in alpha-band power after training. Finally, phase synchrony in both the gamma and alpha band was stronger after training than before, with the English group showing a stronger phase synchrony in the alpha-band than the Chinese after training. Effects were different in the Thai group, in that that subject group did not show any main effect of training on alpha-band power. In addition, no correlation was seen in the Thai group between alpha-band and gamma-band power, whereas this negative correlation was significant in the other two groups. This suggests that learning of new categories involves the relation between the gamma and alpha frequency bands, rather than changes within the gamma band separately. Below we will elaborate on the language and training effects observed for the gamma-band power, alpha-band power and alpha-band phase synchrony.



3.3.2. Gamma-Band Power

Previous studies reported an increase in gamma-band power as a function of learning [40,41]. Increases in gamma power have been associated with the formation of neural representations and formation of networks [28], and the mapping of stimuli onto representations in memory [65]. An increase in gamma-band activation has also been found for words versus pseudo-words, which is attributed to the activation of the semantic/lexical system, e.g., [37,38]. Several mechanisms may therefore underlie the differences found in gamma-band power between the three groups before training. The larger gamma-band activation found in the Thai before training compared with the Chinese participants may be due to the fact that the syllables used were real words in Thai. The use of actual Thai words may therefore have lead to semantic activation, and hence, a larger gamma activity in the Thai than the Chinese participants, for whom the syllables did not have a pre-established meaning.

The stronger gamma-band activity found in the English group before training, and the larger increase in gamma-band power after training, compared with the other groups, may be due to other mechanisms. A speculative interpretation is that the larger gamma power in the English participants compared with Chinese reflects the formation of representations of the foreign tone categories, combining perceptual features, such as pitch slope and turning point, which are not relevant in English. The Chinese speakers, on the other hand, are already familiar with tones in their native language, and the dimensions that are relevant to form representations of the new tone categories. The continued exposure to the stimuli, even during the pre-training session may have already induced these changes. The larger gamma band activation for the English group may therefore reflect the formation of new networks in the brain, representing the tone categories. When the perceptual dimensions are known, but need to be combined slightly differently, as in the Chinese speakers, no new networks need to be recruited. If it is indeed the case that pre-training exposure induces changes in category formation, gamma-band power is expected to increase for the English group over the course of the pre-training session. We currently lack the power to further test this. Note that also the Thai group showed an increase in gamma-band power after training. This suggests that category formation is not reflected by changes in gamma-band power alone. Crucially, the gamma-band power did not correlate with alpha-band power in the Thai group. This suggests that learning involves the relation between the activity in the two frequency bands. We will return to this below.



3.3.3. Alpha-Band Power

The interpretation of alpha-band activity is controversial, e.g., [43,44]. One interpretation of alpha-band activity is that it reflects a cortical “idling” process. When, e.g., sensory areas are stimulated, idling is reduced, leading to a smaller or less coherent alpha-band activity over these areas [66]. A smaller decrease in alpha as a result of stimulation or task has been associated with more efficient processing [46]. Given the fact that the stimuli were real words with familiar tones to our Thai-speaking participants, the larger alpha-activity seen in the native Thai group compared with the other groups can be interpreted as a more efficient processing for the native speakers of the stimulus language.

An alternative interpretation is that an increase in alpha-band activity reflects active inhibition of areas that are not relevant to the task [43,67]. In the present experiment, participants watched a silent movie while the tones were presented. Since the stimuli were real words in Thai, the native Thai speakers might therefore have more strongly inhibited the visual task, and shifted their attention to the auditory stream, resulting in a stronger alpha power in the Thai speakers versus the Chinese and English groups. This account is somewhat problematic however. If the increase in alpha activity reflects the shift of attention away from the visual stimuli, one would expect such an attention shift to occur especially when deviant auditory stimuli were presented. In contrast to this expectation, we found that alpha-band power decreased rather than increased with the presentation of deviant versus standard auditory stimuli.

Regardless of the interpretation of the alpha-band activity, the alpha-band power correlated negatively with the gamma-band power in the Chinese and English group, but crucially, not for the Thai group. This relation between alpha and gamma band activity suggests that both networks reflect aspects of learning, presumably the formation of new categories. Although the Thai group showed a modulation of gamma power as a result of training, the absence of a correlation with alpha-band power suggest that different mechanisms were involved in this group. A correlation between the alpha- and gamma-band power was also reported in the training study by Hamame et al. [42]. In this study, gamma-band activity first increased and then decreased over the course of learning, whereas alpha-band activity decreased and later increased. This was taken to reflect two phases of learning: one in which the number and/or strength of the neural connections increase to form a new neural representation (increase in gamma-band activity, decrease in alpha-band activity); and a second phase in which coding becomes more efficient by restricting the representation to the strongest or most selective connections (decrease in gamma-band activation and an increase in alpha-band activity). A potential extension of the current study would be to train participants for multiple days. If the model proposed by Hamame et al. [42] is correct, one would expect gamma-band power to decrease and alpha-band power to increase over the course of training for the Chinese and English groups.

Another observation in our current study with respect to the alpha-band power was that the English group showed a larger difference between standards and deviants for the low-falling tones than for the high-rising tones pre-training; this difference disappeared after training. The Thai and Chinese groups did not show significant effects of tone type on the difference between standards and deviants. Recall that the current analysis is based on data collected in a previous study [12]. In the ERP analysis reported in that study [12], the English group showed a larger mismatch negativity (MMN) effect between deviants and standards for the low-falling tones before training. This MMN effect was ascribed to the presence of a larger difference between the height of the onset pitch between the standards and deviants in the low-falling than in the high-rising tone conditions, to which the English learners may have been more sensitive before training than the Thai and Chinese. After training, the English may have learned to rely less on pitch onset and more on pitch contour. The observation that difference in alpha-band power between low-falling standards and deviants is larger before training than after training in the English group suggests a relation between alpha-band power and the MMN. However, we are careful in drawing any strong conclusions here, since other studies have suggested a correspondence between theta-band oscillations and the MMN instead [68,69,70].



3.3.4. Gamma and Alpha-Band Phase Synchrony

Phase synchrony has been regarded to be a measure of the extent and efficiency of the networks involved. Here, we compare the statistical relationship between synchrony in both bands, without implying cross-frequency coupling on a physiological level. The three language groups differed before training in the distribution of the difference in alpha-band phase synchrony between the standard and deviant trials. The Chinese and English groups pattern together in this respect versus the Thai group. This again, is not surprising since the Thai group was expected to deal with the stimuli differently, since for this group the stimuli could be perceived as real, meaningful words.

We observed a stronger gamma-band and alpha-band phase synchrony with increased proficiency, that is, after training in the English and Chinese groups. Recall that the mean spectral power in the alpha band decreased after training, as opposed to the increase in alpha-band phase synchrony. A potential interpretation of this pattern is that after training a more coherent, but smaller neural network was engaged for tone processing as reflected by alpha-band activity; the network reflected by gamma-band activity became both more coherent (increase in phase synchrony) and encompassed more active units (increase in power) after training, at least, for the Chinese and Thai. The alpha-band phase synchrony became stronger after training for the English compared to the Chinese group. Along the lines of Reiterer et al. [49], our data suggest that the poorer performers (the English participants in our case), recruit a more coherent network in response to training than more proficient listeners (Chinese in our case). However, we need to be cautious in this interpretation as also the Thai participants showed a stronger alpha-band synchrony after training. From a methodological perspective, caution is also warranted when using scalp-derived measures of connectivity because they are heavily influenced by volume conduction. In the present study, we adopted the strategy of comparing the PLS across conditions with similar signal-to-noise ratios, rather than making absolute claims about connectivity maps to address this issue. This strategy has been recommended [61]. Thus, although relative differences in PLS among the groups and conditions can be interpreted as reflective of brain electric activity, an in-depth analysis of cortical connectivity during syllable perception will likely involve measures such as functional imaging or intracranial measurements. Another potential cause for correlated power and synchrony changes among nearby electrodes is that either a deep or tangential source, or a large group of distributed neurons, project to the sensor group showing correlated power and synchrony changes (see [71], for simulations of how this affects EEG power topographies).Another potential drawback of our methods used is the use of locations with high signal-to-noise as seed regions in order to reduce spurious connectivity estimates. This method may result in neglecting potentially interesting connectivity information among sensors that are not part of the seed-related network.

In contrast to the previous studies on language proficiency [48,49], we did not observe an overall hemispheric difference in coherence between the learning groups. Instead, we observed a right-hemispheric maximum for the difference between standards and deviants for both Chinese and English participants, which was reduced after training, suggesting that training affects lateralization of some aspects of processing. Note, however, that in the previous studies cited [48,49], EEG oscillations were analyzed over the entire course of the stimulus presentation, not specifically tied to particular stimuli, as in the current study. The partial correspondence between our findings and the previous studies therefore should be interpreted with caution.





4. Conclusions

The aim of this study was to investigate the effect of language background and short term training on the brain oscillations to lexical tone processing. We found an increase in gamma-band power and an increase in scalp-measured phase synchrony in the alpha-band after training for the native English group. These effects were smaller in the Chinese speakers in our study, who were already familiar with the use of tones in their own language. In addition, both Chinese and English groups, but crucially, not the native Thai participant group showed a negative correlation between alpha-band and gamma-band power. A tentative explanation of this is that the relation between gamma and alpha-band activity reflects the formation of new categories. Recombining existing features to form a category (as in the Chinese group) recruits fewer neural resources than combining new features (as in the English group).

Time-frequency analysis therefore revealed effects of language background and training, which could not be observed in the previously reported ERP analysis [12]. Conducting both ERPs and time-frequency analysis therefore provides a more comprehensive view of speech processing and the effects of long- and short term exposure thereon.






Acknowledgments

The authors would like to thank Walid Kara and Benjamin Klein for their help with the preliminary analyses of these data, and Ira Fischler for comments.



Conflict of Interest

The authors declare no conflict of interest.



References


	1. 
Best, C.T.; Tyler, M.D. Nonnative and Second-Language Speech Perception: Commonalities and Complementarities. In Language Experience in Second Language Speech Learning: In Honor of James Emil Flege; Bohn, O.-S., Munro, M., Eds.; John Benjamins: Amsterdam, The Netherlands, 2007; pp. 13–34. [Google Scholar]

	2. 
Kuhl, P.K. Early language acquisition: Cracking the speech code. Nat. Rev. Neurosci. 2004, 5, 831–843. [Google Scholar]

	3. 
Flege, J.E. Second Language Speech Learning: Theory, Findings, and Problems. In Speech Perception and Linguistic Experience: Issues in Cross-Language Research; Strange, W., Ed.; York Press: Timonium, MD, USA, 1995; pp. 233–277. [Google Scholar]

	4. 
Strange, W.; Shafer, V. Speech Perception in Second Language Learners. The Re-Education of Selective Perception. In Phonology and Second Language Acquisition; Hansen Edwards, J.G., Zampini, M.L., Eds.; John Benjamins: Amsterdam, The Netherlands, 2008; pp. 153–191. [Google Scholar]

	5. 
Burnham, D.; Mattock, K. The Perception of Tones and Phones. In Language Experience in Second Language Speech Learning: In Honor of James Emil Flege; Bohn, O.-S., Munro, M., Eds.; John Benjamins: Amsterdam, The Netherlands, 2007; pp. 259–280. [Google Scholar]

	6. 
Bluhme, H.; Burr, R. An audio-visual display of pitch for teaching Chinese tones. Stud. Linguist. 1971, 22, 51–57. [Google Scholar]

	7. 
Kuriloff, C. On the auditory discrimination of tones in Mandarin. Phonetica 1969, 20, 63–69. [Google Scholar]

	8. 
Wang, Y.; Spence, M.M.; Jongman, A.; Sereno, J.A. Training American listeners to perceive Mandarin tone. J. Acoust. Soc. Am. 1999, 106, 3649–3658. [Google Scholar]

	9. 
Wayland, R.; Guion, S. Training native English and native Chinese speakers to perceive Thai tones. Lang. Learn. 2004, 54, 681–712. [Google Scholar]

	10. 
Wayland, R.; Li, B. Effects of two training procedures in cross-language perception of tones. J. Phon. 2008, 36, 250–267. [Google Scholar]

	11. 
Krishnan, A.; Xu, Y.; Gandour, J.; Cariani, P. Encoding of pitch in the human brainstem is sensitive to language experience. Brain Res. Cogn. Brain Res. 2005, 25, 161–168. [Google Scholar]

	12. 
Kaan, E.; Barkley, C.; Bao, M.; Wayland, R. Thai lexical tone perception in native speakers of Thai, English and Mandarin Chinese: An event-related potentials training study. BMC Neurosci. 2008, 9, 53. [Google Scholar]

	13. 
So, C.K.; Best, C.T. Cross-language perception of non-native tonal contrasts: Effects of native phonological and phonetic influences. Lang. Speech 2010, 53, 273–293. [Google Scholar]

	14. 
Chandrasekaran, B.; Gandour, J.; Krishnan, A. Neuroplasticity in the processing of pitch dimensions: A multidimensional scaling analysis of the mismatch negativity. Restor. Neurol. Neurosci. 2007, 25, 95–210. [Google Scholar]

	15. 
Gandour, J. Tone perception in Far Eastern languages. J. Phon. 1983, 11, 49–175. [Google Scholar]

	16. 
Gandour, J.; Harshman, R. Cross-language difference in tone perception: A multidimensional scaling investigation. Lang. Speech 1978, 21, 1–33. [Google Scholar]

	17. 
Krishnan, A.; Gandour, J.; Bidelman, G.M.; Swaminathan, J. Experience-dependent neural representation of dynamic pitch in the brainstem. Neuroreport 2009, 20, 408–413. [Google Scholar]

	18. 
Guion, S.G.; Pederson, E. Investigating the Role of Attention in Phonetic Learning. In Language Experience in Second Language Speech Learning: In Honor of James Emil Flege; Bohn, O.-S., Munro, M., Eds.; John Benjamins: Amsterdam, The Netherlands, 2007; pp. 57–76. [Google Scholar]

	19. 
Wayland, R.; Herrera, E.; Kaan, E. Effects of musical experience and training on pitch contour perception. J. Phon. 2010, 38, 654–662. [Google Scholar]

	20. 
Wong, P.C.M.; Perrachione, T.K. Learning pitch patterns in lexical identification by native English-speaking adults. Appl. Psycholinguist. 2007, 28, 565–585. [Google Scholar]

	21. 
Wang, Y.; Sereno, J.A.; Jongman, A.; Hirsch, J. fMRI evidence for cortical modification during learning of Mandarin lexical tone. J. Cogn. Neurosci. 2003, 15, 1019–1027. [Google Scholar]

	22. 
Wong, P.C.M.; Perrachione, T.K.; Parrish, T.B. Neural characteristics of successful and less successful speech and word learning in adults. Hum. Brain Mapp. 2007, 28, 995–1006. [Google Scholar]

	23. 
Kaan, E.; Wayland, R.; Bao, M.; Barkley, C. Effects of native language and training on lexical tone perception: An ERP study. Brain Res. 2007, 1148, 113–122. [Google Scholar]

	24. 
Menning, H.; Imaizumi, S.; Zwitserlood, P.; Pantev, C. Plasticity of the human auditory cortex induced by discrimination learning of non-native, mora-timed contrasts of the Japanese language. Learn. Mem. 2002, 9, 253–267. [Google Scholar]

	25. 
Tremblay, K.; Kraus, N. Auditory training induced asymmetrical changes in cortical neural activity. J. Speech Lang. Hear. Res. 2002, 45, 564–572. [Google Scholar]

	26. 
Tremblay, K.; Kraus, N.; McGee, T.; Ponton, C.W.; Otis, B. Central auditory plasticity: Changes in the N1-P2 complex after speech-sound training. Ear Hear. 2001, 22, 79–90. [Google Scholar]

	27. 
Zhang, Y.; Kuhl, P.K.; Imada, T.; Iverson, P.; Pruitt, J.; Stevens, E.B.; Kawakatsu, M.; Tohkura, Y.I.; Nemoto, I. Neural signatures of phonetic learning in adulthood: A magnetoencephalography study. Neuroimage 2009, 46, 226–240. [Google Scholar]

	28. 
Singer, W.; Gray, C.M. Visual feature integration and the temporal correlation hypothesis. Annu. Rev. Neurosci. 1995, 18, 555–586. [Google Scholar]

	29. 
Fries, P.; Reynolds, J.H.; Rorie, A.E.; Desimone, R. Modulation of oscillatory neuronal synchronization by selective visual attention. Science 2001, 291, 1560–1563. [Google Scholar]

	30. 
Snyder, J.S.; Large, E.W. Gamma-band activity reflects the metric structure of rhythmic tone sequences. Brain Res. Cogn. Brain Res. 2005, 24, 117–126. [Google Scholar]

	31. 
Sokolov, A.; Pavlova, M.; Lutzenberger, W.; Birbaumer, N. Reciprocal modulation of neuromagnetic induced gamma activity by attention in the human visual and auditory cortex. Neuroimage 2004, 22, 521–529. [Google Scholar]

	32. 
Tallon-Baudry, C.; Bertrand, O. Oscillatory gamma activity in humans and its role in object representation. Trends Cogn. Sci. 1999, 3, 151–162. [Google Scholar]

	33. 
Gruber, O.; Indefrey, P.; Steinmetz, H.; Kleinschmidt, A. Dissociating neural correlates of cognitive components in mental calculation. Cereb. Cortex 2001, 11, 350–359. [Google Scholar]

	34. 
Sederberg, P.B.; Kahana, M.J.; Howard, M.W.; Donner, E.J.; Madsen, J.R. Theta and gamma oscillations during encoding predict subsequent recall. J. Neurosci. 2003, 23, 10809–10814. [Google Scholar]

	35. 
Lutzenberger, W.; Ripper, B.; Busse, L.; Birbaumer, N.; Kaiser, J. Dynamics of gamma-band activity during an audiospatial working memory task in humans. J. Neurosci. 2002, 22, 5630–5638. [Google Scholar]

	36. 
Herrmann, C.S.; Lenz, D.; Junge, S.; Busch, N.A.; Maess, B. Memory-matches evoke human gamma-responses. BMC Neurosci. 2004, 5, 13. [Google Scholar]

	37. 
Lutzenberger, W.; Pulvermuller, F.; Birbaumer, N. Words and pseudowords elicit distinct patterns of 30-Hz EEG responses in humans. Neurosci. Lett. 1994, 176, 115–118. [Google Scholar]

	38. 
Pantev, C. Evoked and induced gamma-band activity of the human cortex. Brain Topogr. 1995, 7, 321–330. [Google Scholar]

	39. 
Lenz, D.; Schadow, J.; Thaerig, S.; Busch, N.A.; Heann, C.S. What’s that sound? Matches with auditory long-term memory induce gamma activity in human EEG. Int. J. Psychophysiol. 2007, 64, 31–38. [Google Scholar]

	40. 
Miltner, W.H.R.; Braun, C.; Arnold, M.; Witte, H.; Taub, E. Coherence of gamma-band EEG activity as a basis for associative learning. Nature 1999, 397, 434–436. [Google Scholar]

	41. 
Heim, S.; Keil, A. Effects of classical conditioning on identification and cortical processing of speech syllables. Exp. Brain Res. 2006, 175, 411–424. [Google Scholar]

	42. 
Hamame, C.M.; Cosmelli, D.; Henriquez, R.; Aboitiz, F. Neural mechanisms of human perceptual learning: electrophysiological evidence for a two-stage process. PLoS One 2011, 6, e19221. [Google Scholar]

	43. 
Klimesch, W.; Sauseng, P.; Hanslmayer, S. EEG alpha oscillations: The inhibition-timing hypothesis. Brain Res. Rev. 2007, 53, 63–88. [Google Scholar]

	44. 
Palva, S.; Palva, J.M. New vistas for α-frequency band oscillations. Trends Neurosci. 2007, 30, 150–158. [Google Scholar]

	45. 
Pfurtscheller, G.; Lopes da Silva, F.H. Functional Meaning of Event-Related Desynchronization (ERD) and Synchronization (ERS). In Event-Related Desynchronizaton. Handbook of Electroencephalography and Clinical Neurophysiology; Pfurtscheller, G., Ed.; Elsevier: Amsterdam, The Netherlands, 1996; pp. 51–65. [Google Scholar]

	46. 
Neubauer, A.C.; Grabner, R.H.; Freudenthaler, H.; Beckmann, J.; Guthke, J. Intelligence and individual differences in becoming neurally efficient. Acta Psychol. (Amst.) 2004, 116, 55–74. [Google Scholar]

	47. 
Gruber, T.; Muller, M.M. Effects of picture repetition on induced gamma band responses, evoked potentials, and phase synchrony in the human EEG. Brain Res. Cogn. Brain Res. 2002, 13, 377–392. [Google Scholar]

	48. 
Reiterer, S.; Pereda, E.; Bhattacharya, J. Measuring second language proficiency with EEG synchronization: How functional cortical networks and hemispheric involvement differ as a function of proficiency level in second language speakers. Second Lang. 2009, 25, 77–106. [Google Scholar]

	49. 
Reiterer, S.; Hemmelmann, C.; Rappelsberger, P.; Berger, M.L. Decreased EEG coherence between prefrontal electrodes: A correlate of high language proficiency? Exp. Brain Res. 2005, 163, 109–113. [Google Scholar]

	50. 
Chandrasekaran, B.; Krishnan, A.; Gandour, J. Relative influence of musical and linguistic experience on early cortical processing of pith contours. Brain Lang. 2009, 108, 1–9. [Google Scholar]

	51. 
Gottfried, T.L. Music and Language Learning: Effect of Musical Training on Learning L2 Speech Contrasts. In Language Experience in Second Language Speech Learning: In Honor of James Emil Flege; Bohn, O.-S., Munro, M., Eds.; John Benjamins: Amsterdam, The Netherlands, 2007; pp. 221–237. [Google Scholar]

	52. 
Wong, P.C.M.; Skoe, E.; Russo, N.; Dees, T.; Kraus, N. Musical experience shapes human brainstem encoding of linguistic pitch pattern. Nat. Neurosci. 2007, 10, 420–422. [Google Scholar]

	53. 
Bertrand, O.; Bohorquez, J.; Pernier, J. Time-frequency digital filtering based on an invertible wavelet transform: An application to evoked potentials. IEEE Trans. Biomed. Eng. 1994, 41, 77–88. [Google Scholar]

	54. 
Lachaux, J.P.; Rodriguez, E.; Martinerie, J.; Varela, F.J. Measuring phase synchrony in brain signals. Hum. Brain Mapp. 1999, 8, 194–208. [Google Scholar]

	55. 
Rodriguez, E.; George, N.; Lachaux, J.P.; Martinerie, J.; Renault, B.; Varela, F.J. Perception’s shadow: Long-distance synchronization of human brain activity. Nature 1999, 397, 430–433. [Google Scholar]

	56. 
Heim, S.; Thomas Friedman, J.; Keil, A.; Benasich, A.A. Reduced sensory oscillatory activity during rapid auditory processing as a correlate of language-learning impairment. J. Neurolinguist. 2011, 24, 538–555. [Google Scholar]

	57. 
Weisz, N.; Keil, A.; Wienbruch, C.; Hoffmeister, S.; Elbert, T. One set of sounds, two tonotopic maps: Exploring auditory cortex with amplitude-modulated tones. Clin. Neurophysiol. 2004, 115, 1249–1258. [Google Scholar]

	58. 
Sanders, L.D.; Neville, H.J. An ERP study of continuous speech processing. I. Segmentation, semantics, and syntax in native speakers. Brain Res. Cogn. Brain Res. 2003, 15, 228–240. [Google Scholar]

	59. 
Gross, J.; Kujala, J.; Hamalainen, M.; Timmermann, L.; Schnitzler, A.; Salmelin, R. Dynamic imaging of coherent sources: Studying neural interactions in the human brain. Proc. Natl. Acad. Sci. USA 2001, 98, 694–699. [Google Scholar]

	60. 
Keil, A.; Costa, V.; Smith, J.C.; Sabatinelli, D.; McGinnis, E.M.; Bradley, M.M.; Lang, P.J. Tagging cortical networks in emotion: A topographical analysis. Hum. Brain Mapp. 2012, 33, 2920–2931. [Google Scholar]

	61. 
Greenblatt, R.E.; Pflieger, M.E.; Ossadtchi, A.E. Connectivity measures applied to human brain electrophysiological data. . J. Neurosci. Methods 2012, 207, 1–16. [Google Scholar]

	62. 
Greenhouse, S.W.; Geisser, S. On methods in the analysis of profile data. Psychometrika 1959, 24, 95–112. [Google Scholar]

	63. 
Sutoh, T.; Yabe, H.; Sato, Y.; Hiruma, T.; Kaneko, S. Event-related desynchronization during an auditory oddball task. Clin. Neurophysiol. 2000, 111, 858–862. [Google Scholar]

	64. 
Höller, Y.; Bergmann, J.; Kronbichler, M.; Crone, J.S.; Schmid, E.V.; Golaszewski, S.; Ladurner, G. Preserved oscillatory response but lack of mismatch negativity in patients with disorders of consciousness. Clin. Neurophysiol. 2011, 122, 1744–1754. [Google Scholar]

	65. 
Kaiser, J.; Lutzenberger, W. Human gamma-band activity: A window to cognitive processing. Neuroreport 2005, 16, 207–211. [Google Scholar]

	66. 
Pfurtscheller, G.; Stancák, A.J.; Neuper, C. Event-related synchronization (ERS) in the alpha band—An electrophysiological correlate of cortical idling: A review. Int. J. Psychophysiol. 1996, 24, 39–46. [Google Scholar]

	67. 
Foxe, J.J.; Simpson, G.V.; Ahlfors, S.P. Parieto-occipital ~10 Hz activity reflects anticipatory state of visual attention mechanisms. Neuroreport 1998, 9, 3929–3033. [Google Scholar]

	68. 
Fuentemilla, L.; Marco-Pallarésa, J.; Münte, T.F.; Grau, C. Theta EEG oscillatory activity and auditory change detection. Brain Res. 2008, 1220, 93–101. [Google Scholar]

	69. 
Hsiao, F.-J.; Wu, Z.-A.; Ho, L.-T.; Lin, Y.-Y. Theta oscillation during auditory change detection: An MEG study. Biol. Psychol. 2009, 81, 58–66. [Google Scholar]

	70. 
Ko, D.; Kwon, S.; Lee, G.-T.; Im, C.; Kim, K.; Jung, K.-Y. Theta oscillation related to the auditory discrimination process in Mismatch Negativity: Oddball versus control paradigm. J. Clin. Neurol. 2012, 8, 35–42. [Google Scholar]

	71. 
Hauk, O.; Keil, A.; Elbert, T.; Muller, M.M. Comparison of data transformation procedures to enhance topographical accuracy in time-series analysis of the human EEG. J. Neurosci. Methods 2002, 113, 111–122. [Google Scholar]






Supplementary Files

	
Supplementary File 1:
Supplementary Information (PDF, 626 KB)






© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
Chinese English Thai

T T T .
+0.0 pv? +0.6





nav.xhtml


  brainsci-03-00757


  
    		
      brainsci-03-00757
    


  




  





media/file1.png





media/file2.png





media/file7.png
A. Gamma power

uv?

mpre

mpos

Chinese English  Thai

C. Gamma PLS with FCz

mpre

M pos

Thai

Chinese

English

B. Alpha power
0.60
0.50
0.40
mpre
0.30 mpos
0.20

Chinese English  Thai

D. Alpha PLS with Cz

Chinese Thai

English

mpre

mpos





media/file5.png
Chinese English Thai

+0.0 pv2 +1.0





media/file3.png
A. Gamma power

uv2 030
0.25
0.20
W Standard
0.15 M Deviant
0.10
3 X >
& F K
(‘}“Q ‘é&’
C. Gamma PLS with FCz

W Standard

M Deviant

Chinese English  Thai

uv?

B. Alpha power
0.60
0.50
0.40
0.30
0.20
0.10

W Standard

M Deviant

2 X >
S g
& &K

2

(o
KA

D. Alpha PLS with Cz

Chinese English  Thai

m Standard

M Deviant





media/file0.png
L
y(t.fu) = A% 2n§eziniuz





media/file6.png





