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Abstract—In tonal languages, like Chinese, lexical tone
serves as a key feature to provide contrast in word meaning.
Behavior studies suggest that Mandarin Chinese tone is
categorically perceived. However, the neural mechanism

underlying Mandarin tone perception is still poorly understood.

In this study, an Oddball paradigm was designed by selecting
two standard-deviant stimulus pairs with same physical
distance but different category labels, among the synthesized
tones with continuously varying pitch contours. Using
electrocorticography (ECoG) recording over human auditory
cortex, high temporal and spatial resolution cortical neural
signals were used for the first time to investigate the cortical
processing of lexical tone. Here, we found different neural
responses to the two standard-deviant tone pairs, and the
difference increased from low to high level along the hierarchy
of human auditory cortex. In the two dimensional neural space,
cross-category neural distance of lexical tones is selectively
amplified on those high level electrodes. These findings support
a hierarchical and categorical model of Mandarin tone
perception, and favor the using of high-level electrodes for a
better performance of lexical tone discrimination in speech
brain computer interface.

I. INTRODUCTION

In tonal languages, lexical tone serves as a unique
phonetic feature to discriminate word meaning. Chinese, as
an example of tonal language, takes vowel, consonant, and
lexical tone as building block of its phoneme system, in
which lexical tone belongs to supra-segmental feature [1].
Tones are pitch-varying patterns, which are generated by
vocal fold vibration resulting in the fundamental frequency
changing [2]. In Mandarin Chinese, there are 4 tones: level,
rise, fall to rise and fall tone [2]. To investigate the neural
mechanism of Chinese tone perception, previous neural
imaging studies have mainly focused on hemisphere
lateralization of tone processing by using PET, fMRI and
scalp EEG, showing that the early pre-attentive stage of tone
processing is right hemisphere dominance [3], but when
combining lexical information left hemisphere dominates
[1,4] . However, the neural mechanism underlying Mandarin
tone perception is still poorly understood, especially on
where and how tone is processed in human auditory cortex.

It has been shown that Mandarin tone is categorically
perceived by both behavioral studies [5-6], and neural
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imaging studies using fMRI and scalp EEG [7-8]. However,
there still lacks direct neurophysiological evidence.
According to the hierarchical organization of human auditory
cortex, low level auditory cortex such as superior temporal
gyrus (STQ) is sensitive to spectrotemporal features of sound,
whereas high level cortex such as middle temporal gyrus
(MTG) is coding higher level perceptual features such as
speech objects, and its neural response shows invariance to
acoustic physical features [9-10]. Here, we propose a
hierarchical and categorical Mandarin tone perception model:
neural distance of Mandarin tones that falls in the different
category will be amplified as processing from low to high
level along the hierarchy of human auditory cortex.

Directly recorded from the surface of human cortex,
electrocorticography (ECoG) bears both high spatial
resolution (~mm) and high temporal resolution (~ms).
Especially, ECoG has been successfully used in the study of
finding the encoding scheme of English phonetic features
[11]. Here, for the first time, ECoG is employed to reveal the
neural representation of lexical tones in Chinese, which may

contribute to the speech brain computer interface
development.

II. MATERIALS & METHODS
A. Subjects

The experiment was conducted with 4 patients (3 male, 1
female, from 20-50 years old) who suffered from intractable
epilepsy and underwent temporary placement of ECoG
electrode arrays to localize seizure foci prior to surgical
resection. Prior to the implantation of electrodes, the patient
gave written informed consent for his involvement in
research. The experiments were carried out during stable
interictal periods. No seizure had been observed 2 hour
before or after the tests in any of the patients. Table I shows
the detailed information of the subjects. The study was
approved by the Research Ethics Committee of Tsinghua
University and the affiliated Yuquan Hospital.

B. Behavior study & Stimulus selection
Pilot behavior study on rise-level-fall tone continuum is

TABLEI. CLINICAL DATA OF THE SUBJECTS

Subject No.  Age(yrs) Sex Hand Grid
S1 48 Female R Rt
S2 32 Male R Rt, Rf
S3 27 Female R Lt, Lf, Lo
S4 24 Male R Rt

R=right; L=left; t=temporal; f= frontal; o=occipital
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done to help us get the best stimuli for neural recording
(Fig.1a, b). First, 13 tone tokens were synthesized with equal
physical distance measured by equivalent rectangular
bandwidth (ERB), which is an objective parameter in hearing
study [12](Fig.la). Then, tone identification and
discrimination task were performed on 10 normal Chinese
subjects to get the behavior performance. Finally, 3 tokens
for neural recording were selected based on the identification
curve, which formed 2 pairs (standard vs. cross -category
deviant, standard vs. within -category deviant) with same
physical distance(x axis in Fig.1b) but different perceptual
distance (y axis in Fig.1b).

C. Paradigm for ECoG recording

We used the same physical distance but different
perceptual category stimuli to perform the ECoG recording
under a passive listening Oddball paradigm on epilepsy
patient (Fig.1c). There are totally 550 trials, with 80% trials
for standard and 10% trials for within-category deviant and
10% trials for cross-category deviant. Inter-stimulus interval
was 1100ms with 5% jitter. The experiment program was
implemented in Matlab (the Mathworks, USA) using
Psychophysics Toolbox 3.0 extensions [13].

D. Data Collection

ECoG signals were recorded using a 96-channel
g.USBamp amplifier/digitizer system (g.tec, Graz, Austria).
The amplifier sampled at 1200 Hz with a high-pass filter of
0.1 Hz cutoff frequency and a notch filter at S0Hz to remove
the power line noise. Four inactive epidural electrodes facing
the skull were employed as the ground and the reference. All
MRI data were acquired on a Philips Achieva 3.0T TX
scanner before implantation. T1-weighted structural MRI
images were acquired with an MPRAGE sequence. Imaging
parameters were as follows: matrix size: 256x256, voxel size:
0.9x0.9x1mm’, 180 slices. Following the placement of the
subdural grids, the 3D head CT images were obtained by the
Siemens SOMATOM Sensation 64 CT for localizing the
electrode positions. The CT images were automatically
registered to the pre-surgical structural MRI images with
Freesurfer [14], which evoked SPM implementation of the
mutual information-based transform algorithm [15].

E. ECoG data processing

Auditory responsive electrodes for each subject were
identified before further analysis (Fig.2a). First, ECoG data
were band-pass filtered to 80-140Hz. Second, the filtered
high gamma data were translated into power envelope by
taking the absolute amplitude of the analytic signals through
Hilbert transform. Third, the high gamma power envelopes
were log-transformed so as to follow approximately normal
distributions [16]. Then, by using linear regression between
the post stimulus energy and pre-stimulus energy, we could
get the t-statistics for each electrode. For the same task, the
t-statistics were normalized by the maximum among all the
electrodes to yield more prominent patterns (Fig.2b).
Spectrogram was plotted by using short-time Fourier
transform  analysis, with a 200ms, 75% overlap
Hamming-tapered  moving  window  (t-statistic ~ of
time-frequency bins are shown in Fig.2c).
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Fig.1. Behavior experiment and stimuli & paradigm design for neural
recording. (a) Physcial property (spectrogram and pitch direction) of
rise-level-fall tone continuum for behavior experiment. (b) Behavior
performance (identification and discrimination task) of Mandarin tone
continuum and neural recording stimuli selection. (c) Oddball paradigm
for ECoG recording.
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Fig.2. Functional auditory mapping results. (a) Auditory mapping
results for 4 patients. (b) Normalized t value bar for subject S1. (c)
Spectrogram result for electrode E60 of subject S1.



F. Event-related high gamma analysis

Based on the auditory responsive electrodes, event related
high gamma changes were analyzed. The log-transformed
power envelope of 0-1000ms post-stimulus duration was
baseline corrected by subtracting the log-transformed mean
power of the 250ms pre-stimulus duration (Fig.3b, ¢) . High
gamma differences between different conditions were
characterized by gray area (p<0.05) through two sample
t-test.

G. Classification

Here, linear classifier was used to quantify the neural
distance amplification between different stimuli pairs. First,
low gamma (30-80Hz) and high gamma (80-140Hz) energy
were extracted as two dimensional features (Fig.4c, d), to
provide information corresponding to different known neural
mechanisms [17]. Then, support vector machine (SVM) with
linear kernel was applied for single trial classification. 60%
of the data were used as training data set and 40% data as
testing data set.

III. RESULTS

A. Auditory responsive brain areas

Auditory responsive areas for 4 subjects are showed in
Fig.2. These areas include superior temporal gyrus (STG) and
middle temporal gyrus (MTGQG) on both hemispheres, which is
consistent with previous results [11].

B. High gamma envelope reveals categorical neural
representation of Mandarin tone
Fig.3 shows the different high gamma envelopes
generated by standard, cross-category deviant and
within-category deviant. Although, these two deviants had

same physical distance from the standard stimulus, they
generated different high gamma deviant responses (Fig.3b, c).
Furthermore, difference wave of ‘cross-category vs. standard’
was significantly larger than that of ‘within-category vs.
standard)’ (Fig.3d), which revealed categorical neural
representation of Mandarin tone.

C. Neural distance amplified as processing from low to high

Fig.4 shows that neural distance was amplified as
processing from low level electrode to high level electrode in
the same subject. Fig.4c, d shows that the neural clusters of
the high level electrode located in the middle temporal gyrus
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Fig.3. Event-related high gamma ECoG response. (a) Electrode
location. (b,c) Averaged high gamma power envelope by standard
stimulus (blue), cross-category deviant (red), and within-category
deviant (yellow). Gray area indicated sigificiant difference (p<0.05).
(d) Difference wave by subtracting standard stimulus from
cross-category deviant (red) and difference wave by subtracting
standard stimulus from within-category deviant (yellow).
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Fig.4. Neural distance amplified as processing from low to high level. (a) Low level electrode location. (b) High level electrode location. (c,d) Different
neural clusters for standard (blue), cross-category deviant (red), and within-category deviant (yellow) in two dimensional neural features space. (e,f)
Different neural distances resulted from computing Euclidean distance between different neural cluster center. Red is for cross-category vs. standard

distance. Yellow is for within-category vs. standard distance.
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TABLE II. PERFORMANCE OF CLASSIFICTION

Electrode pairs Within-category Cross-category Difference Amplification
vs. Standard vs. Standard Ratio
S1 E59 (‘Low level’) 50.38% 49.39% - 0.99% 0.98
E60 (‘High level’) 48.34% 58.58% +10.24% 1.21
S2 E28 (‘Low level’) 55.61% 55.65% +0.04% 1.00
E31 (‘High level’) 51.46% 66.82% +15.35% 1.30
S3 E46 (‘Low level’) 48.74% 52.99% +4.24% 1.09
E4 (‘High level’) 54.38% 61.86% +7.47% 1.14
S4 E15 (‘Low level’) 54.28% 65.81% +11.53% 1.21
E14 (‘High level’) 48.91% 66.00% +17.09% 1.35
were more separable than that of the low level electrode
located in the superior temporal gyrus. Furthermore, Fig.4e, f REFERENCES

shows that the neural distances resulted from computing
Euclidean distance between different neural cluster centers
were also different: cross-category vs. standard distance (red
line) was amplified compared to the within-category vs.
standard distance (yellow line).

D. Neural distance amplification revealed by classification

In this study, linear SVM classifier was used to quantify
the neural distance amplification between different stimuli
pairs. Performance of classification for all subjects is shown
in Table II. By comparing the difference and amplification
ratio between low and high level electrodes, we can see clear
amplification effect on high level electrodes (Fig.4 f).

IV. DISCUSSION & CONCLUSION

In this study, by using ECoG recording and auditory
functional mapping, human superior temporal gyrus (STG)
and middle temporal gyrus (MTG) were found to be involved
in speech processing, which is consistent with previous
results [11]. High gamma power from the high level auditory
cortex such as MTG vicinity was significantly larger for tone
pairs that falls in the different category than that falls in the
same category, which reveals the categorical neural
representation of lexical tone. Furthermore, as processing
from low to high along the hierarchy of human auditory
cortex, the neural clusters for tone pairs from different
category was getting more separable than that from the same
category, despite their physical distances are the same. And
the neural distance was amplified for cross-category tone
pairs from low to high.

For the first time we use both high temporal and spatial
resolution ECoG signals to reveal the neural representation of
Chinese lexical tone, and these results suggest a hierarchical
and categorical lexical tone perception model. This finding
also favors the using of electrodes over higher processing
areas, like MTG vicinity, for a better performance of lexical
tone discrimination in speech brain computer interface.
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