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INTRODUCTION

When engaged in a conversation, listeners tune in to the 
relevant stream of  speech and filter out irrelevant speech 
input that may be present in the same environment. 
Nonetheless, attention might be involuntarily diverted to 
meaningful items coming from an ignored stream, like in 
the well-known own-name effect.1-2 This brings up the 
question of  to what extent speech is processed in the 
ignored streams. A fundamental, yet controversial issue is 
whether the human brain contains neural circuits that are 
uniquely engaged in the early, pre-attentive stage of  speech 
processing. While it seems indisputable that language is 
sub-served by left-hemisphere (LH) and right-hemisphere 

(RH) are lateralized for speech, language, or something 
else. Hypotheses proposed to account for functional 
hemispheric asymmetries can generally be classified as 
either cue dependent i.e., basic neural mechanism underlie 
processing of  complex auditory stimuli regardless of  
linguistic relevance,3 or task dependent, i.e.,  specialized 
neural mechanisms exist that are activated only by speech.4

The present study proposes a task-dependent hypothesis in 
which the phonological units of  segmental (e.g., consonant 
and vowel) and suprasegmental (e.g., prosodic) are processed 
in discrete asymmetry of  the human brain. Although the 
left hemisphere (LH) is selectively employed for processing 
linguistic information irrespectively of  acoustic cues or 
subtype of  phonological unit, the right hemisphere (RH) 
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is employed for prosody-specific cues.4 The propose of  the 
present study is to use both an auditory MMN component 
of  event-related potential (ERP) recording and the low 
resolution electromagnetic tomography (LORETA) 
techniques to measure the degree of  cortical activation and 
to localize the brain area contributing to the scalp recorded 
auditory MMN component, respectively, during the passive 
oddball paradigm.

In earlier studies,4-6 Chinese and English listeners did not 
show the same left-hemisphere (LH) lateralization as Thai 
listeners when making perceptual judgments of  Thai tones. 
In addition, Chinese and English listeners were asked to 
make perceptual judgments of  Chinese tones, consonants, 
and vowels. Chinese listeners showed left-hemisphere 
(LH) lateralization for both suprasegmental and segmental 
phonological units.6 These earlier studies suggest that 
functional circuits engage in early, pre-attentive speech 
perception of  either suprasegmental or segmental units in 
tone languages. While it seems indisputable that language is 
sub-served by left-hemisphere (LH) and right-hemisphere 
(RH) are lateralized for speech, language, or something 
else. Hypotheses proposed to account for functional 
hemispheric asymmetries can generally be classified as 
either cue dependent i.e., basic neural mechanism underlie 
processing of  complex auditory stimuli regardless of  
linguistic relevance,7 or task dependent, i.e.,  specialized 
neural mechanisms exist that are activated only by speech.8

Previous ERP studies at a phonetic level demonstrated 
that the MMN was enhanced in Finnish subjects by their 
first-language (Finnish) phoneme prototype rather than a 
non-prototype (Estonian)9 and that the MMN for a vowel 
contrast in Finnish was not generated in native Hungarian 
speakers with no knowledge of  Finnish,10 implying that the 
MMN reflects language-specific memory traces formed by 
early and extensive exposure to a first language. However, 
language-specific word-related MMN/MMF components 
at acoustic and phonetic levels remain to be investigated 
in future studies. The differences between these studies 
provide the impetus for future investigations of  duration 
processing and temporal integration differences across 
language groups. Although the left hemisphere is 
selectively employed for processing linguistic information 
irrespectively of  acoustic cues or subtype of  phonological 
unit, the right hemisphere is employed for prosody-specific 
cues.8 The propose of  the present study is, thus, to use both 
an auditory MMN component of  event-related potential 
(ERP) recording and the standardized Low Resolution 
Electromagnetic Tomography (sLORETA) techniques to 
measure the degree of  cortical activation and to localize 
the brain area contributing to the scalp recorded auditory 
MMN component, respectively, during the passive oddball 
paradigm. Thus, the objective of  this study is to investigate 

the pre-attentive processing of  vowel duration changes in 
Thai alcoholic drinkers.

MATERIALS AND METHODS

Participants
Forty healthy right-handed adults with normal hearing 
and no known neurological disorders volunteered for 
participation: twenty non-alcoholic drinkers (Control 
group), aged 23-39 (mean 27.6±0.34) and twenty alcoholic 
drinkers (Target group), aged 23-29 (mean 31.18±1.07). 
The approval of  the institutional committee on human 
research and written consent from each subject were 
obtained.

Stimuli and procedure
Stimuli consisted of  two pairs of  monosyllabic, Thai 
words. Speech stimuli were digitally generated and edited 
to have equal peak energy level in decibels SPL with 
the remaining data within each of  the stimuli scaled 
accordingly using the Cool Edit Pro v. 2.0 (Syntrillium 
Software Corporation). The sound pressure levels of  
speech stimuli were then measured at the output of  the 
earphones (E-A-RTONE 3A, 50Ω) in dBA using a Brüel 
and Kjaer 2230 sound-level meter. Pairs were designed to 
have similar long vowel duration. Two different stimuli 
were synthetically generated: Stimuli 1:/khaam/-  long 
vowel; Stimuli 2:/kham/- short vowel. Five native speakers 
listened to the synthesized words and evaluated them all 
as natural sounding.

The standard (S)/deviant (D) pairs for each trial, which was 
randomized across participants. The sounds were presented 
binaurally via headphones (Telephonic TDH-39-P) at 
85 dB. The inter-stimulus interval (ISI) was 1.25 second 
(offset-onset). Deviant stimuli appeared randomly among 
the standards at 10% probability. Each experiment included 
125 trials (10% D). The stimuli were binaurally delivered 
using SuperLab software (Cedrus Corporation, San Pedro, 
USA) via headphones (Telephonic TDH-39-P). EEG 
signal recording was time-locked to the onset of  a word. 
Subjects were instructed not to pay attention to the stimuli 
presented via headphones, but rather to concentrate on a 
self-selected silent, subtitled movie.

Electroencephalographic recording
For EEG/ERP recording, the standard 20 locations of  the 
10-20 system, EEG, eegoTM (ANT Neuro, Natherlands), 
was recorded via an electrocap (Electrocap International) 
from 20 active electrodes (Fp1, Fp2, F7, F3, Fz, F4, 
T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1, Oz, O2) 
positioned according to the 10-20 International System of  
Electrode Placement, plus Oz and Ground were applied, 
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pre-mounted in an elastic Electro-Cap. Reference electrodes 
were manually applied to left and right mandibles, where 
the Fp1 and Fp2 electrodes were used for ocular artifact 
detection. Horizontal eye movements were monitored with 
electrodes at the left and right outer canthi and vertical eye 
movements were monitored at Fp1 and Fp2. EEG was 
amplified with a gain of  30,000 and filtered with a band 
pass of  0.1-30 Hz. EEGs were acquired as continuous 
signals and were subsequently segmented into epochs of  
1s (a 100 msec pre-stimulus baseline and a 900 msec post-
stimulus epoch).

EEG data processing
The recordings were filtered and carefully inspected for eye 
movement and muscle artifacts. ERPs were obtained by 
averaging epoch, which started 100 ms before the stimulus 
onset and ended 900 ms thereafter; the -100-0 ms interval 
was used as a baseline. Epochs with voltage variation 
exceeding ±100 µV at any EEG channel were rejected from 
further analysis. The MMN was obtained by subtracting the 
response to the standard from that to the deviant stimulus. 
All responses were recalculated offline against average 
reference for further analysis.

LORETA and dipole computations
Low-resolution Electromagnetic Tomography (LORETA) 
is the new implementation of  LORETA in the Talairach 
brain. LORETA makes use of  the three-shell spherical 
head model registered to the Talairach human brain atlas,11 
available as a digitized MRI from the Brain Imaging Center, 
Montreal Neurologic Institute. Registration between 
spherical and realistic head geometry use EEG electrode 
coordinates reported by Towle et al.12 The solution space 
is restricted to cortical gray matter and hippocampus, as 
determined by the corresponding digitized Probability 
Atlas also available from Brain Imaging Center, Montreal 
Neurologic Institute. A voxel is labeled as gray matter if  
it meets the following three conditions: its probability 
of  being gray matter is higher than that of  being white 
matter, its probability of  being gray matter is higher than 
that of  being cerebrospinal fluid, and its probability of  
being gray matter is higher than 33%. Only gray matter 
voxels at 7-mm spatial resolution are produced under these 
neuroanatomical constraints. LORETA computations use 
the exact head model determined from each individual 
subject’s MRI. The final step in any analysis procedure 
would be to cross-register the individual’s anatomical and 
functional image to the standard Talairach atlas.

Brodmann area (BA) and brain regions localization 
procedure
Regarding to the Brodmann areas(s) and brain regions 
localization, the Talairach Daemon (TD) will be taken into 
consideration. The Talairach Daemon (TD) is a high-speed 

database server for querying and retrieving data about 
human brain structure over the Internet (http://ric.uthscsa.
edu/td_applet/). The TD server data is searched using 
x-y-z coordinates resolved to 1x1x1 mm volume elements 
within a standardized stereotaxic space. An array, indexed 
by x-y-z coordinates, that spans 170  mm (x), 210  mm 
(y) and 200 mm (z), provides high-speed access to data. 
Array dimensions were selected to be approximately 25% 
larger than those of  the Co-planar Stereotaxic Atlas of  
the Human Brain.11 Coordinates tracked by the TD server 
are spatially consistent with the Talairach Atlas. Each array 
location stores a pointer to a relation record that holds data 
describing what is present at the corresponding coordinate. 
Presently, the data in relation records are either Structure 
Probability Maps (SP Maps) or Talairach Atlas Labels, 
though others can be easily added. The relation records are 
implemented as linked lists to names and values for brain 
structures. The TD server is run on a Sun SPARCstation 
20 with 200 Mbytes of  memory. Intention is to provide 24-
hour access to the data using a variety of  client applications, 
as well as continue to add more brain structure information 
to the database.

Spatial analysis
The average MMN latency was defined as a moment of  the 
global field power with an epoch of  50-ms time window 
related stable scalp-potential topography.13 In the next step, 
standardized Low-resolution Electromagnetic Tomography 
(sLORETA) was applied to estimate the current source 
density distribution in the brain, which contributed to the 
electrical scalp field.13 Maps are computed with sLORETA. 
sLORETA computed the smoothest of  all possible source 
configurations throughout the brain volume by minimizing 
the total squared Laplacian of  source strengths.13

Data analysis
During the auditory stimulation, electric activity of  the 
subjects’ brain was continuously recorded. The MMN 
was obtained by subtracting the response to the standard 
(rising-to-falling OR falling-to-rising) from that to the 
deviant (rising-to-falling OR falling-to-rising) stimulus. 
The statistical significance of  MMN was tested with one 
sample t-test.

RESULTS

The grand-averaged ERPs show that both long-to-short 
and short-to-long vowel duration changes perception 
elicited MMN between 245-297 ms with reference to the 
standard-stimulus ERPs. The t-test comparing MMN 
amplitudes of  the standard and deviant were statistically 
significant (e.g., control group (-0.57±0.17), target group 
(-0.91±0.43); t (39) = 2.16, p< 0.05 in long-to-short vowel 
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changes, and Control group (-0.53±0.26), target group 
(-0.75±0.39); t (39) = 2.58, p< 0.05 in short-to-long vowel 
changes) (Table 1 and Figure 1). The result showed that 
long-to-short and short-to-long vowel duration changes 
elicited a strong MMN for both control and target groups 
(Figures 2 and 3).

Source localization analyses were performed using 
sLORETA.8 Table  2 demonstrates the xyz-values in 
Talairach space as calculated with sLORETA in the time 
window 245-297 msec. In long-to-short vowel duration 
changes, a single source was estimated to be located in the 
Middle Temporal Gyrus (MTG) of  left hemisphere (LH) 
for both groups. In short-to-long vowel duration changes, 
a single source was obtained in the Middle Temporal 
Gyrus (MTG) of  left hemisphere (LH) for both groups 
(Table 2 and Figures 2 and 3).

DISCUSSION

Both long-to-short and short-to-long vowel duration 
changes perception elicited MMN between 245-297 ms with 
reference to the standard-stimulus ERPs. The long-to-short 
and short-to-long vowel duration changes elicited a strong 
MMN for control and target groups. Source localization 

analyses performed using sLORETA demonstrates that 
sources were obtained in the Middle Temporal Gyrus 
(MTG) of  the left hemisphere (LH) for both groups. 
The main finding of  the present study also indicates that 
the prominent response to across-  and within-category 
change of  vowel in consonant-vowel syllable elicited MMN 
peaking at 245-297 ms from stimulus onset. The magnitude 
of  the acoustic difference between the stimulus pairs was 
reflected by the MMN amplitude. The MMN amplitude was 
larger in across- than within-category vowel in consonant-
vowel syllable contrasts. This can be the evidence for the 
left-hemispheric phoneme representation in the human 
auditory cortex. The converging evidence from factorial 
statistics of  hemispheric effects on sLORETA values 
around the MMN peaks provide further support for the 
significance of  these pre-attentively activated hemispheric 
differences in vowel category discrimination.

For a long time, the EEG inverse problem could not find a 
satisfactory solution. As verified by point spread function 
simulations, sources could be reconstructed at best with 
some non-systematic localization error. sLORETA was 
found to have zero localization error,14 hence it finally 
solved exactly the EEG inverse solution problem (as far 
as localization error in the absence of  noise is concerned). 
The present study thus used standardized LORETA space 
consisting in 2394 voxels of  size 7x7x7 mm. The spatial 
dispersion of  the reconstruction with 21 electrodes is 
considerable with the zero localization. With respect to 
the usefulness of  a new tomographic source analysis, the 
present data showed that the sLORETA can locate multiple 
non-dipolar sources accurately to demonstrate the dynamic, 
alternating between left and right homologous regions 
for different category of  vowels in language processing. 

Figure 1: Mean amplitude (µV) ±S.D. of MMN elicited by a vowel duration changes with level tone perceptionin control and target groups

Table 1: Mean amplitude (µV)±S.D. of MMN 
elicited by a vowel duration changes with level 
tone perception in control and target groups
Vowel duration Participants

Control group Target group
Long-to-short vowel -0.57±0.17 -0.91±0.43
Short-to-long vowel -0.53±0.26 -0.75±0.39
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This was followed by activation of  the homologous right 
hemisphere region for within-category vowel change.15-17 

The different pattern of  activation to within-category and 
across-category changes of  vowels support the view that 
information transfer in the right and left hemispheres are 
for analysis of  different aspects: physical features within 
the same phoneme boundary in the right and independent 
phonemes in the left hemisphere.

The present results support a model suggesting that in the 
intact brain, each hemisphere relies on earlier processing 
stages in both hemispheres and on the ongoing evolving 
stimulus, which contribute to searching the lexicon. This 
model is compatible with separate right and left hemispheric 
distributions of  neural networks, interconnected and using 

the processing of  the other hemisphere’s output as input 
for its computations. The time scale of  inter-hemispheric 
transfers suggests that information is transferred back 
and forth between left and right homologous regions. 
The extensive information exchanges between right and 
left homologous sites suggest that as a word is evolving 
over time, right and left hemisphere regions contribute and 
interact to create efficient linguistic parallel processing.15 

This may include the transfer of  information to the right 
hemisphere to free resources in the left one to focus on 
the meanings15-16 or to process further input as the word’s 
sounds progress over time.17 Thus, the bilateral activation 
in STG of  different category vowel change perception was 
compatible with previous study18 that two possible time 
courses may be involved: (1) both hemispheres are active 
in parallel with the left hemisphere dominant for different 
phonemes boundaries and (2) hemispheric dominance 
may alternate to play a specific role at different stages of  
linguistic processing. This supports the hypothesis that the 
part of  superior temporal gyrus contains neural networks 
specialized for language processing.18

The same results were obtained in MEG studies using 
both tone and Japanese words.19,20 The present results 
parallel the finding in previous studies.19,20 The present 
study, the detection of  tone changes was most likely 
acoustically driven rather than semantically driven, such 

Table 2: Stereotaxic coordinates of activation 
foci of MMN elicited by a vowel duration 
changes with level tone perception in control 
and target groups
Vowel duration 
changes

Coordinates (mm) BA t values
x y z

Long-to-short vowel
Control group -52 -67  8 39 2.23
Target group -52 -67  8 39 1.26

Short-to-long vowel
Control group -52 -67  8 39 2.52
Target group -59 -32 15 22 1.23

Figure  2: Graphical representation of the standardized Low-resolution Electromagnetic Tomography (sLORETA t-statistic comparing the 
event-related potentials for mismatch negativity (MMN) responses at the time point of the individual peak over Fz for the long-to-short duration 
changes of vowels with level tone of control group (top) and target group (bottom) activated in left hemisphere (LH).Red color indicates local 
maxima of increased electrical activity in an axial, a saggital and a coronal slice through the reference brain. Blue dots mark the center of 
significantly increased electric activity
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that the stimuli were processed without any access to 
semantic information. The acoustic aspect in the absence 
of  phonetic or higher-order properties may account 
for why target group had similar neuronal responses to 
control group. This suggests that at the point of  stimulus 
disparity or thereafter, change detection of  tone changes 
is somehow compromised. It is reasonable to speculate 
that the continued auditory processing required for the 
tone changes interferes with or masks the detection 
mechanism underlying the MMN.19 In the same way, the 
current findings showed similar results with previous tone 
studies that reported a clear MMN elicited by both duration 
increments and decrements21 and a larger MMN elicited 
by increments than decrements.22 The MMN component 
in the present study was also found to be more sensitive 
to control group compared to target group.

One might expect language-specific effects on the elicitation 
of  the MMN in speech, since Thai is a tonal language and 
English is a stress-accent language. A  tendency towards 
stronger MMN in target group is observed and support 
such an expectation in that statistically significant difference 
in MMN amplitudes was found between groups at an 
acoustic level. Previous ERP studies at a phonetic level 
demonstrated that the MMN was enhanced in Finnish 
subjects by their first-language (Finnish) phoneme 
prototype rather than a non-prototype (Estonian)5 and that 
the MMN for a vowel contrast in Finnish was not generated 

in native Hungarian speakers with no knowledge of  
Finnish,10 implying that the MMN reflects language-specific 
memory traces formed by early and extensive exposure to 
a first language. However, language-specific word-related 
MMN/MMF components at acoustic and phonetic levels 
in both groups remain to be investigated in future studies.

CONCLUSION

Both rising-to-falling and falling-to-rising tone changes 
perception elicited MMN between 217-264 ms with 
reference to the standard-stimulus ERPs. The rising-
to-falling and falling-to-rising tone changes elicited a 
strong MMN bilaterally for control and target groups. 
Source localization analyses performed using sLORETA 
demonstrates that sources were obtained in the Middle 
Temporal Gyrus (MTG) of  the right hemisphere (RH) 
for both groups. Automatic detection of  changes in tone 
changes is a useful index of  language universal auditory 
memory traces.
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