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A B S T R A C T

Language experience shapes musical and speech pitch processing. We investigated whether speaking a lexical
tone language natively modulates neural processing of pitch in language and music as well as their correlation.
We tested tone language (Mandarin Chinese), and non-tone language (Dutch) listeners in a passive oddball
paradigm measuring mismatch negativity (MMN) for (i) Chinese lexical tones and (ii) three-note musical me-
lodies with similar pitch contours. For lexical tones, Chinese listeners showed a later MMN peak than the non-
tone language listeners, whereas for MMN amplitude there were no significant differences between groups.
Dutch participants also showed a late discriminative negativity (LDN). In the music condition two MMNs,
corresponding to the two notes that differed between the standard and the deviant were found for both groups,
and an LDN were found for both the Dutch and the Chinese listeners. The music MMNs were significantly right
lateralized. Importantly, significant correlations were found between the lexical tone and the music MMNs for
the Dutch but not the Chinese participants. The results suggest that speaking a tone language natively does not
necessarily enhance neural responses to pitch either in language or in music, but that it does change the nature of
neural pitch processing: non-tone language speakers appear to perceive lexical tones as musical, whereas for
tone language speakers, lexical tones and music may activate different neural networks. Neural resources seem
to be assigned differently for the lexical tones and for musical melodies, presumably depending on the presence
or absence of long-term phonological memory traces.

1. Introduction

Speech and music are two unique products of the human brain that
serve communicative purposes, and are present across all cultures
(Patel, 2008). The specificity of, or the commonality between these two
domains has received much attention in cognitive neuroscience, and
there is evidence of both association and dissociation between the two
(Bidelman, Hutka, & Moreno, 2013; Krishnan, Gandour, & Bidelman,
2010; Nan, Huang, Wang, Liu, & Dong, 2016; Peretz & Coltheart, 2003;
Wong & Perrachione, 2007). The aims of this study are to examine (1)
the effect of tone vs non-tone language experience on neural dis-
crimination of pitch in speech and music, and (2) cross domain corre-
lation of the event related potentials (ERPs) that indicate neural pitch
change detection in music and speech, and whether any such correla-
tion is influenced by tone/non-tone language experience.

Both speech and music experience modulate auditory perception,

and there is perceptual attunement to ambient input in both domains in
development. For example, newborn infants are able to discriminate
both native and non-native speech sounds (consonants, vowels and
lexical tones), but from about 4months onward sensitivity to non-na-
tive sounds deteriorates while sensitivity to native sounds is maintained
or improves (Kuhl et al., 2006; Kuhl, Williams, Lacerda, Stevens, &
Lindblom, 1992; Mattock & Burnham, 2006; Mattock, Molnar, Polka, &
Burnham, 2008; Werker & Tees, 1984). Once native phonetic categories
are established, listeners perceive native phonemes categorically,
whereas the non-native phonemes are perceived psycho-acoustically
(Francis, Ciocca, & Ng, 2003; Hallé, Chang, & Best, 2004). Similar
perceptual attunement has also been found in the music domain. Infants
initially discriminate melodies from ambient and novel musical scales
(Lynch, Eilers, Oller & Urbano, 1990), but this then becomes tuned to
the structure of the ambient input (Lynch & Eilers, 1992; Trainor &
Trehub, 1992) such that adults are less capable of discriminating non-
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native than native musical structures (Lynch et al., 1990; Schellenberg
& Trehub, 1999; Trehub, Schellenberg, & Kamenetsky, 1999).

Over and above within-domain attunement, experience in one do-
main has been shown to enhance processing in the other. For example,
speaking a tone language (i.e., a language in which pitch is used to
distinguish lexical meaning) facilitates the discrimination of musical
pitch (Bidelman et al., 2013; Chen, Liu, & Kager, 2016; Stevens, Keller,
& Tyler, 2013). Conversely, musicianship enhances detection of lexical
tone contrasts (Alexander, Wong, & Bradlow, 2005; Delogu, Lampis, &
Belardinelli, 2006; Marie, Delogu, Lampis, Belardinelli, & Besson,
2011), and musicians more easily learn to pair pitch patterns and word
meaning, an ability similar to learning lexical tones (Wong &
Perrachione, 2007). In a recent study, Chen, Liu et al. (2016) showed
that being a native tone-language speaker not only facilitates music
perception, but engenders a dissociation of the processing of musical
and lexical tone. Chen et al. tested native tone language (Chinese
Mandarin) and non-tone language (Dutch) listeners on discrimination
of Mandarin lexical tones and musical phrases. As expected, Chinese
listeners outperformed Dutch listeners in the music tasks. Importantly,
significant positive correlations were found between the discrimination
of lexical tones and musical phrases among the Dutch listeners whereas
such correlations were absent in Chinese listeners. Based on these
findings, Chen et al. proposed the “split hypothesis”, which holds that
in perception, for tone language listeners, pitch variations that are used
phonemically as lexical tones are split from other, non-lexical pitch
variations, hence the absence of speech-music correlation among the
Chinese listeners. For the Dutch listeners, as lexical tones do not play a
phonemic role, tones and musical pitch are both perceived psycho-
acoustically in a unified process. Such cross-domain correlation has also
been observed among native non-tonal language Turkish listeners
(Chen, Roncaglia-Denissen, Roor, & Sadakata, 2016).

All these studies used behavioural methods. At the neural level,
evidence has accumulated regarding plasticity induced by both lan-
guage and music experience (Giuliano, Pfordresher, Stanley, Narayana,
& Wicha, 2011; Krishnan et al., 2010; van Zuijen, Sussman, Winkler,
Näätänen, & Tervaniemi, 2005). A component of auditory event-related
potentials (ERP), the mismatch negativity (MMN), is commonly used to
examine neural detection of auditory change. MMN can be elicited
using a passive oddball paradigm, in which listeners are presented with
a stream of ‘standard’ sounds conforming to a certain regularity punc-
tuated occasionally by ‘deviant’ sounds, dissimilar in some relevant
dimension from the standards. If the brain detects the change from
standard to deviant, then on the difference waveform obtained by
subtracting the response to the standard from that to the deviant, the
MMN is visible as a negative peak between 100 and 300ms from de-
viant onset (Bishop, 2007; Näätänen, Paavilainen, Rinne, & Alho,
2007).

There is some discrepancy with respect to the effect of tone lan-
guage experience on MMN responses to linguistic and non-linguistic
pitch change. When non-speech stimuli (harmonic or pure tones) are
closely matched to lexical tones (identical amplitude information,
duration, and fundamental requency (F0)), native tone language lis-
teners have been shown to exhibit comparable MMNs to lexical tones
and non-speech analogues (Gu, Zhang, Hu, & Zhao, 2013; Xi, Zhang,
Shu, Zhang, & Li, 2010), suggesting common neural mechanisms for
processing both speech and non-speech pitch contours. Different results
have been found comparing tone and non-tone language listeners’MMN
responses to pitch stimuli. Chandrasekaran, Krishnan and Gandour
(2007a) found that Chinese listeners, compared to non-tone language
listeners, showed larger MMNs in response to iterated ripple noises that
capture the curvilinear characteristics of native lexical tones, but not for
pitch contours represented by a linear rising slope which does not occur
in real Mandarin Chinese speech. Chandrasekaran, Krishnan, and
Gandour (2007b) found that whether Chinese listeners showed an en-
hanced MMN over English listeners depended on the acoustical salience
of the tone contrasts. In Chandrasekaran, Krishnan, and Gandour

(2009), non-speech homologues that were modelled on pitch differ-
ences within or between different Chinese tonal categories were pre-
sented to native Chinese speakers, native English musicians, and native
English non-musicians. Regardless of the within- or between-category
condition, the native Chinese listeners and the English musicians ex-
hibited larger MMNs than the English non-musicians. In contrast, Kaan,
Barkley, Bao and Wayland (2008) showed that although behaviorally
English listeners discriminated Thai lexical tones less well than Chinese
and Thai listeners, they showed a larger MMN compared to Chinese
listeners. These inconsistent findings suggest that being a native
speaker of a tone language modulates pitch MMN in a stimulus-specific
way, and tone language speakers do not necessarily exhibit enhanced
MMN compared to non-tone language speakers for lexical tones.

The above studies focused on the effect of language experience on
neural responses to speech or non-speech pitch, but the non-speech
stimuli lacked ecological validity and real-life function. As both lan-
guage and music are universally used across human cultures to serve
fundamental communicative purposes (Patel, 2008), it is crucial for
understanding experience-dependent neural plasticity and the integra-
tion of high-level cognitive abilities that studies are conducted on the
effect of language experience on neural processing of music – ecologi-
cally valid music stimuli, namely melodies that can occur in real life
music. Therefore, in this study, as well as lexical tones, we used distinct
three-note musical melodies with comparable pitch contours to the
tones to investigate whether being a native speaker of a tone language
or not modulates neural responses to lexical tones, and whether such
modulation extends to the music domain.

How language experience may affect MMN lateralization is poorly
understood. When presented with native lexical tones, MMN later-
alization in tone language listeners differed across studies: some have
found right lateralization (Luo et al., 2006; Ren, Yang, & Li, 2009; Xi
et al., 2010); others no clear lateralization (Chandrasekaran, et al.,
2007b); and yet others left lateralization (Gu et al., 2013). With regard
to music, several studies report a frontal-central distribution of the
MMN elicited by contour violation without clear lateralization (Trainor,
McDonald, & Alain, 2002; Vuust, Brattico, Seppänen, Näätänen, &
Tervaniemi, 2012). While scalp distribution of the MMN response does
not necessarily reflect the location at which the MMN is generated, if
the processing of lexical tones and musical pitch share neural resources,
we would expect consistent manifestation of MMN lateralization across
different conditions.

Besides MMN, several studies on pitch/tone discrimination report a
negativity following MMN, likely to be the late discriminative nega-
tivity (LDN) (Cheour, Korpilahti, Martynova, & Lang, 2001). LDN is
more frequently observed in children than adults, and tends to be more
evident for speech than non-speech stimuli (Cheour et al., 2001). It has
been suggested that, when presented with unfamiliar auditory stimuli,
the LDN may reflect the transfer of the newly-encountered regularity
into long term memory (Peter, Mcarthur, & Thompson, 2012; Zachau
et al., 2005). Consistent with this hypothesis, Kaan et al. (2008) found
an LDN in Chinese and English listeners presented with Thai tones,
which decreased in amplitude after training, suggesting transfer of
lexical tone information into long term memory. Whether LDN and
MMN reflect the same change detection mechanism is still debated
(Ceponiene et al., 2004; Čeponiene, Cheour, & Näätänen, 1998;
Korpilahti, Krause, Holopainen, & Lang, 2001), and the cognitive
function of LDN is not yet fully understood. Nevertheless, based on the
research so far, we hypothesise that it is more likely to observe an LDN
for lexical tones, if at all, in non-tone language speakers than in tone
language speakers.

The aim of this study is to understand how language experience
might shape neural responses to pitch change in different domains. We
investigated Chinese and Dutch listeners’ MMN to Chinese lexical tones
and to simple musical melodies. If there is a tone language benefit in
pitch perception in general, we expect Chinese listeners to show more
pronounced MMN than the Dutch listeners for both the music and

A. Chen et al. Brain and Language 180–182 (2018) 31–41

32



lexical tone stimuli. In addition, based on the split hypothesis (Chen,
Liu, et al., 2016; Chen, Roncaglia-Denissen et al. 2016), if the phonemic
status of lexical tones for tone language listeners induces different
neural responses than those to other non-phonemic pitch variations, we
expect a dissociation between MMNs in the lexical tone condition and
the music condition for the Chinese listeners. The non-tone Dutch lis-
teners, on the other hand, should exhibit similar neural response in
each condition, as both lexical tones and musical melodies should be
processed in a psychoacoustic manner.

2. Methods and materials

2.1. Participants

Sixteen native Dutch language participants (NL hereafter, mean age
24.3 years, SD= 7.6 years, three males), and 16 native Mandarin
Chinese language participants (CN hereafter, mean age 29.6 years,
SD= 4.1 years, four males) were recruited for the experiment. All the
participants are non-musicians, and none of the participants had more
than three years of musical training. The Dutch participants were all
raised and educated in the Netherlands, and seven of them had had
music lessons (mean lesson duration=1.6 years, SD=0.8 years). None
of the Dutch participants reported knowledge or experience with any
tone language. The Dutch participants were either attending a uni-
versity program or working at the time of the experiment. The Chinese
participants were all raised in China with Mandarin as their first lan-
guage and were tested in the Netherlands. They had finished at least
high school education in China. They were attending a Dutch post-
graduate degree program or exchange program at the time of experi-
ment. Six of them had had music lessons (mean lesson dura-
tion=1.5 years, SD=1.9 years). Except for one Chinese participant
who reported to play Guqin (a traditional Chinese string instrument)
once a week, none of the participants were practicing music at the time
of the experiment. A univariate ANOVA with language group being the
independent variable did not find significant difference between the
groups in terms of years of music training, F(1, 30)= 0.46, n.s. The
Chinese participants were frequently exposed to Western music. All
participants were right-handed, and none reported hearing or language
impairment. All experimental methods used in the study were approved
by the Ethics Committees for human research at Utrecht University
(CHEN0108-ID-01-2015).

2.2. Stimuli

The Chinese rising tone (tone 2, T2) and dipping tone (tone 3, T3)
were used as stimuli, each on the tone-bearing syllable /ma/. The
speaker was a female native Chinese speaker, who was recorded
speaking /ma2/ and /ma3/ in isolation in a sound-proof phonetic la-
boratory equipped with a DAT Tascam DA-40 recorder and a
Sennheiser ME-64 microphone. The duration of the two tone contours
(one token for each tone) were normalised to 667ms. The pitch con-
tours of naturally-produced /ma2/ and /ma3/ were extracted using
Praat (Boersma & Weenink, 2011), and the pitch contours of the T2
were re-synthesized onto the original T3 syllable using the overlap-add
method (Moulines & Laroche, 1995). In this way, the two lexical tones
only differed in pitch and had identical segments and duration. The
pitch of the initial 30 ms of both syllables was adjusted manually in
Praat so that they began at the same F0 level. With respect to ampli-
tude, both syllables were scaled to 70 dB in Praat. Five native Chinese
speakers listened to the stimuli and were in agreement that all the
stimuli sounded like natural speech.

The music stimuli were generated to match the pitch contours of the
lexical tones. Piano tones F3 (175.61 Hz), F#3 (185.00 Hz), C#3
(138.59 Hz), G3 (196 Hz) and A#3 (233.08 Hz) were synthesised in
Nyquist software (http://www.cs.cmu.edu/~music/music.software.
html), which follows equal temperament tuning, with the frequency

of middle A (A4) being the usual 440 Hz. The notes were generated with
the default duration of one-16th of a note (250ms) in Nyquist. Then F3,
G3 and A#3 were concatenated to form a rising melody, and F3, C#3
and F#3 concatenated to form a dipping melody. In order to ensure
continuity and naturalness, the whole melody was then adjusted in
Praat using the overlap-add method to a duration of 667ms, which
resulted in slightly different durations for each note; 220ms for the
first, 226ms for the second, and 221ms for the third note. As can be
seen in Fig. 1, the lexical tones and the musical melodies shared the
same pitch onset and offset, and exhibited comparable pitch movement
over the duration of the stimuli, but were each clearly lexical tones
(continuous pitch contour realized by human voice) and musical me-
lodies (discrete notes) respectively.

2.3. Paradigm

MMNs was recorded in two blocks: a lexical tone block and a music
block. Block order was counterbalanced across participants. In the tone
condition, the standard was the T2 syllable, and deviant the T3 syllable;
in the music condition, standard was the corresponding rising melody
and deviant was the corresponding dipping melody.

Each block comprised 600 stimuli, of which 480 (80%) were stan-
dards and 120 (20%) deviants. Each block began with 10 repetitions of
the standard; after which standards and deviants were presented in a
pseudo-random order with the constraint that deviants were separated
by at least two standards. The inter-stimulus interval (ISI) was ran-
domly varied between 450ms and 550ms.

2.4. Procedure

The participants were tested in Utrecht, the Netherlands. The ex-
periment was conducted in a sound attenuated room. During mea-
surements, a participant-selected movie was played on a computer
screen in silence with subtitles. The distance between the participant’s
eyes and the screen was ∼1m and the screen was placed in between
two audio speakers which presented the experimental stimuli. EEG was
recorded using a BioSemi system with 64 active Ag-AgCl electrodes
from the scalp with the international 10–20 system layout with a
sampling rate of 2048 Hz, and two additional active electrodes were
placed at the right and left mastoid respectively. Horizontal eye
movements (HEOG) were recorded by electrodes placed on the outer
canthi of each eye. Vertical eye movements (VEOG) were recorded by
electrodes vertically placed above and below the left eye. Electrode
offset was adjusted to below 25 μV at the beginning of the experiment.
The stimuli were presented at 70 dB SPL. For frequency MMN, as pre-
vious studies have shown no difference in MMN amplitude between the

Fig. 1. Pitch contours of the musical melodies (blue) and the lexical tones (red).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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deviant-standard calculation and deviant-control calculation (i.e., de-
viant served as standard in a different control block) (Peter et al, 2012),
and in order to ensure that the experiment could be finished within a
reasonable time span, we chose not to run a separate block presenting
only the deviant stimuli.

2.5. EEG analysis

All processing was conducted with the EEGLAB toolbox (Delorme &
Makeig, 2004) (version 13.4.4b) in Matlab 2011b. The raw recordings
were first down-sampled to 250 Hz, then filtered between 0.3 and
30 Hz. The continuous recordings were re-referenced to left and right
mastoid, and segmented into 1000ms epochs, starting at 100ms before
the onset (baseline) to 900ms after the onset of the stimuli. Bad
channels were visually identified and removed. Independent compo-
nent analysis (ICA) was performed to remove ocular artifacts (‘run_ica’
function in EEGLAB). Independent components with known features of
eye blinks and eye movements (based on activity power spectrum, scalp
topography, and activity over trials) were identified visually for each
participant and removed. Next, trials with amplitude greater than±
100 µV were removed. After artifact reduction, values for the removed
bad channels were interpolated. The artifact free trials were averaged to
obtain the ERP waves for each participant. The mean number of ac-
cepted deviants in each condition of each participant group were: for
the music condition, CN=109 (SD=9.7) and NL=107 (SD=12.3);
for the lexical tone condition, CN=108 (SD=16.6) and NL=113
(SD=4.2). The difference waves were computed by subtracting the
ERP to the standard stimulus from the ERP to the deviant stimulus.
Individual waveforms were averaged to obtain the grand averaged
waveform.

For MMN and LDN, to determine whether the responses to the
standard and to the deviant differ significantly, point-by-point t-tests
were conducted in a 21-time-point window surrounding the grand
average peaks (10 points before and 10 points after), and if at least six
consecutive time points showed a significant difference (p < 0.05, two
tailed) between the response to the standard and the deviant, the
mismatch peak was considered significant (Rinker et al., 2007). MMN
and LDN peak latencies of each individual participant were identified as
the latency of the most negative peak in a 40ms window surrounding

the grand average peaks (20ms before and after) at Fz. MMN and LDN
amplitude of each individual participant was calculated as the mean
amplitude in the aforementioned 40ms windows at F3, Fz, and F4.

The significance of the MMN and LDN responses were also tested
using non-parametric cluster based mass permutation tests (Maris &
Oostenveld, 2007) as implemented in Fieldtrip toolbox in Matlab
(Oostenveld, Fries, Maris, & Schoffelen, 2011). This analysis was
completely data driven and included all electrodes and all time points
between 0 and 900ms. First, a series of t-tests was computed at each
electrode and at each time point. Then, clusters were formed over space
by grouping electrodes (at least 2 adjacent electrodes) that had sig-
nificant initial t-test results (p < .05) at the same time point. Clusters
were formed over time by grouping adjacent time points that had sig-
nificant t-values (p < .05). The sum of all t-values within each cluster
provides a cluster-level t-score (mass t-score). A permutation approach
was used to control for type I errors. For this the standard and deviant
waveforms were randomly swapped and the t-tests were repeated 5000
times to generate a data driven null hypothesis distribution. The ob-
served t-values from the first step was compared with the null-hy-
pothesis distribution. The cluster was considered significant if the mass
t-score fell in the top 2.5 or bottom 2.5 percentile of the distribution.

The cluster permutation statistics approach yields a conservative
measure and there is a trade-off between sensitivity to local strong ef-
fects versus sustained smaller effects, which are diffused across scalp
locations (Brusini et al., 2017). Therefore we used both the data-driven
(cluster statistics) and literature-driven analyses with respect to MMN/
LDN peaks.

3. Results and discussion

Results and discussion for each specific aspect, lexical tone, music
and tone-music correlations are reported in turn, followed by a more
general discussion and conclusions.

3.1. Lexical tone

3.1.1. Results
In line with many previous studies (e.g., Jacobsen & Schröger, 2003;

Peter et al., 2012) three electrodes, F3, Fz, and F4 generated the largest

Fig. 2. Grand averaged response to the standard and deviant in the lexical tone conditions for Chinese and Dutch listeners. Shaded area indicates 95% confidence
interval.
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amplitude MMNs and were thus selected for statistical analysis. Fig. 2
plots grand average ERPs to the standard (T2) and deviant lexical tone
(T3) for CN and NL, and Fig. 3 plots the difference waves in each
condition. MMN peaks were identified in the 200–400ms window at Fz
after the stimulus onset for each language group. MMN peak latencies
of the grand average of NL and CN are 292ms and 344ms respectively.
As shown in Fig. 2, after the MMN, a second peak can be identified for
the NL group on the difference wave, which is most likely the late
discriminative negativity (LDN). For NL, the second peak was identified
in the 400–600ms window at Fz on the grand averaged response, with
the peak latency being 548ms. The mean latency and amplitude of
MMN and LDN are given in Table 1. Based on the 21-point t-tests, the
MMN peaks of both language groups, and the LDN of NL were sig-
nificant. When a more conservative non-parametric cluster analysis was
performed, the following time windows were found to be significant:
for NL, 268–340ms and 528–588ms, corresponding to MMN and LDN;
for CN, 328–500ms, corresponding to MMN. Fig. 4 shows the topo-
graphy of the MMN and LDN amplitudes at peak latencies for each
language group.

For MMN latency, a univariate ANOVA was conducted with lan-
guage group as the independent variable. A significant effect of lan-
guage was found, F(1, 30)= 192.32, p=0.000, partial η2= 0.87,
where NL had a significantly earlier MMN peak than CN.

For MMN amplitude, a mixed-effect ANOVA was conducted with
site (F3, Fz, or F4) as a within-subject variable and language (CN, NL) as
a between-subject variable. No main effect of site, F(2, 60)= 0.63,

p=0.54 or language, F(1, 30)= 0.06, p=0.8 was found, nor was the
site by language interaction significant, F(2, 60)= 1.22, p=0.3. For
both groups, no significant MMN lateralization was found.

3.1.2. Discussion
Qualitatively, CN and NL exhibited similar brainwave morphology

for the standard and the deviant. The two lexical tones began with the
same pitch level, so it is possible that only when the F0 difference be-
tween the two tones reaches some threshold, the brain begins to re-
spond to the F0 change. The later MMN latency for CN implies that a
larger F0 difference was necessary for Chinese listeners to detect the
tonal change. This is consistent with the notion that native tone-lan-
guage listeners perceive lexical tones in a categorical manner such that
there is insensitivity to differences between two pitch contours be-
longing to a single tone category, but sensitivity to a pitch difference
that spans a boundary between two tones (Francis, et al., 2003; Hallé
et al., 2004). As T2 and T3 share a similar pitch onset, and as the MMN
emerges as a function of time, the Chinese listeners here may have been
unresponsive to point-by-point T2-to-T3 F0 differences, responding to
the deviant T3 as a possible member of the T2 lexical tone category
until the pitch decrease in T3 becomes large enough to cross the T2/T3
boundary and trigger the perception of T3. Yet as the pitch contours of
the lexical tones are continuous, it is difficult to pinpoint the exact time
point where the difference between the standard and the deviant be-
came noticeable for the brain. The non-native NL listeners presumably
perceive the lexical tones psycho-acoustically and would thus be cap-
able of responding to the within-category acoustic differences sooner,
resulting in a shorter latency MMN. Alternatively, timing of the turning
point (e.g., the location of minimum pitch) of the pitch contour and the
magnitude of pitch change between the onset and the turning point
have been found to be perceptually relevant for identification of T2/T3
for native speakers. Hence it might be the case that Chinese and Dutch
listeners relied on different acoustic information for the detection of the
change from T2 to T3, leading to different peak latencies of the MMN.

Unlike NL, CN did not show a clear LDN to their native lexical tones.
While far from being well understood, it has been suggested that LDN
might relate to the transformation of recurrent regularity to long term
memory (Cheour et al., 2001; Peter et al., 2012; Zachau et al., 2005).
Our findings are consistent with this notion: Here NL would have been
responding to non-native pitch patterns, hence the clear LDN for this

Fig. 3. Difference waves (deviant-standard) in the lexical tone and the music condition for the Chinese and the Dutch listeners. Shaded area indicates 95% confidence
interval.

Table 1
Mean peak latency (ms) and mean amplitudes of MMN and LDN (μV) of the
Chinese and the Dutch listeners in the lexical tone condition. Standard devia-
tions are given in parentheses.

CN NL

MMN latency at Fz 351 (8.50) 295 (13.99)
amplitude F3 −1.47 (1.57) −1.23 (2.81)

Fz −1.42 (1.70) −1.72 (2.53)
F4 −1.35 (1.81) −1.85 (2.60)

LDN latency at Fz 550 (13.06)
amplitude F3 −1.59 (3.01)

Fz −2.19 (2.39)
F4 −2.19 (3.02)
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groups may indicate the incorporation of acoustic differences into
memory. CN, on the other hand, were responding to their native lexical
tones which would already be well represented in memory.

In accord with Chandrasekaran, et al. (2007a), Chandrasekaran,
et al. (2007b), and Chandrasekaran et al. (2009), we did not find either
left or right lateralization of MMN in the tone language, CN, listeners. A
possible reason for this might be that only one token of both the stan-
dard and the deviant was used. Although the two lexical tones were
clearly identified as native tones by Chinese judges, discrimination on
the basis of phonological (tonological) categories may have been com-
promised by the lack of within-category variation. If variable standards
and deviants had been used, phonological processing of the lexical
tones might have been boosted, resulting in a more left lateralized
MMN (but see Jacobsen, Schröger, & Alter, 2004; Shestakova et al.,
2002). Further research on this is required.

These results demonstrate language-specific patterns when re-
sponding to lexical tones, and suggest that different neural mechanisms
for change detection may be at play for tone versus non-tone language
speakers.

3.2. Music stimuli

3.2.1. Results
Fig. 5 shows the grand averaged ERPs to the standard (F3-G3-A#3,

rising) and the deviant melodies (F3-C#3-F#3, dipping) for CN and NL.
The difference waves are shown in Fig. 3. As can be seen, for both
groups, three peaks can be identified on the difference waves (Fz be-
tween 200 and 400ms, 400–600ms and 600–800ms respectively) with
the first two peaks being MMNs to the second and the third note, and
the third possibly being an LDN. Table 2 provides the grand average
peak latencies of CN and NL. Scalp distributions of the MMNs and the
LDN are plotted in Fig. 6.

Significance of the MMN and LDN peaks was tested using point by
point t-tests, as for the lexical tone condition, with a threshold of 6

consecutive points being significant within the 21 time points sur-
rounding the grand average peak. For both CN and NL, all note2 MMNs,
note3 MMNs and the LDN were significant. When the more strict non-
parametric cluster analysis was performed, for the Dutch listeners, the
time windows 328–374ms, and 724–780ms turned out to be sig-
nificant, corresponding to MMN note2 and LDN, and the time window
544–596ms was marginally significant (p= 0.09), corresponding to
MMN note3; and for the Chinese listeners, the time windows
328–436ms and 520–628ms turned out to be significant, corre-
sponding to note2 and note3 MMNs.

As in the lexical tone condition, individual MMN peak latencies and
peak amplitudes were identified in the 40ms windows surrounding the
grand average peaks. Mean peak latencies and amplitudes of MMN and
LDN for both the groups are shown in Table 3. First with respect to
latency, for each peak, a univariate ANOVA was conducted with lan-
guage group as the independent variable. Neither for note2 nor for
note3, significant effect of language was found, F(1, 30)= 0.45,
p=0.51, F(1, 30)= 1.38, p=0.25. For LDN, language showed a sig-
nificant main effect, F(1, 30)= 13.96, p=0.01, partial η2= 0.32,
where NL had a significantly later peak than CN.

With regard to amplitude, three mixed-effect ANOVAs were con-
ducted, one each for notes2 MMN, note3 MMN, and LDN with sites (F3,
Fz, F4) as a within- and language group as between-subjects variable.
For note2, the effect of sites was significant, F(2, 60)= 5.73, p=0.005,
partial η2= 0.16, with F3 having a smaller amplitude (less negative)
than Fz. The factor language was not significant, F(1, 30)= 0.12,
p=0.74. There was no significant interaction between language and
sites, F(2, 60)= 0.14, p=0.87. For note3, site again was significant, F
(2, 60)= 3.98, p= 0.024, partial η2= 0.12; F3 had a smaller ampli-
tude than Fz, with no other significant pairwise comparison. Language
was not significant, F(1, 30)= 0.59, p=0.45, and the sites by language
group interaction was marginally significant, F(2, 60)= 3.19,
p=0.062. For LDN, sites did not show significant main effect, F
(2, 60)= 1.79, p= 0.19, and neither main effect of language, F

Fig. 4. Scalp distribution of MMN and LDN at corresponding peak latencies (MMN: CN=344ms, and NL=292ms; LDN: NL=548ms) in the lexical tone condition.
The highlighted electrodes belong to a statistically significant cluster.
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(1, 30)= 0.01, p=0.93, nor the language by sites interaction, F
(2, 60)= 0.38, p= 0.90 was significant.

3.2.2. Discussion
As in the lexical tone condition, the two language groups exhibited

similar ERPs. For both groups, the MMN to note2 is the most pro-
nounced, with a much larger amplitude than the MMN to note3. There
are two possible explanations for this. First, it is at note2 onset that the
two melodies started to differ, and as this was the first change that
listeners encountered, it may elicit a larger MMN. This interpretation is
corroborated by the very consistent MMN peak latency between the two
language groups. Note3, on the other hand, was the second change. It is
likely that the neurons were not fully reset from the previous MMN by
the time note3 occurred, leading to a less prominent MMN response to
note3. Second, note2 changed the contour (i.e., note1 and note2 con-
stituted a rise in the standard and a fall in the deviant) whereas note3
did not (note2 and note3 constituted a rise in both standard and de-
viant, with the standard and deviant differing in interval size of the
rise). The contour change is likely to be more detectable than the in-
terval change (e.g., Trehub, Bull, & Thorpe, 1984; Trehub & Hannon,
2006). These alternatives require further research for their resolution.

Tone language CN and non-tone language NL participants showed
comparable MMN amplitudes. In this regard it should be noted that the
change at note2 was highly perceptible, and the response would not be
affected by any previous changes. Hence, it may be the case that NL and
CN both performed at ceiling for MMN for note2. In other words, when
a pitch change is salient, tone language listeners do not necessarily
outperform non-tone language listeners. It is worth noticing that for the
musical melodies, separate MMNs for individual notes are observed.
Auditory input unfolds over time sequentially, and these results show
that the brain is capable of registering each individual event in the

auditory stream clearly and sequentially in a time-locked fashion. Clear
onset of individual events helps the brain to segment the auditory
stream.

With regard to LDN, given that the two melodies differed not only
locally (i.e., at note2 and note3), but also globally (i.e., they exhibited
different contours), the LDN in the music condition might reflect de-
tection of global contour change. Due to the sequential nature of the
auditory stream, a global pattern can only be established after the in-
dividual components have been presented. CN showed an earlier yet
less robust LDN than NL, which may reflect a faster integration of pitch-
based components into a global percept as a product of their tone
language experience. LDN may have been boosted had more partici-
pants been tested. Investigation of the exact neural function of LDN
requires further research.

3.3. Cross-condition correlation – Results

For both language groups, we investigated the correlation between
the MMN peak latencies and amplitudes in the speech and music con-
ditions. The LDN for the music condition was also included in the
correlation analysis as it was found for both groups. For latency, none of
the correlations were significant, possibly due to the consistency of the
responses: MMN and LDN peak latencies showed limited variation,
which may have made correlations, if any, difficult to discern.

Correlations for MMN amplitudes in the different conditions at Fz
are shown in Table 4. Fig. 7 shows the scatter plots of the lexical tone
MMN amplitudes versus music note2 MMN and music LDN amplitudes
for CN and NL separately.

For NL, there was a positive correlation between music note2 MMN
and lexical tone MMN, and between music LDN and lexical tone MMN.
MMN amplitude reflects the perceived difference between the neural
representations of the standard and the deviant sound. For these non-
tone language listeners, the positive concordance between the degree of
neural response to the lexical tone stimuli and the music stimuli, in-
dicates the possible existence of a unified neural mechanism of change
detection. CN, on the other hand, did not show such correlations, which
suggests neural activation for lexical tones differs from that for musical
pitch. In other words, it could be said that lexical tones are perceived as
musical in non-tone NL speakers, but not in tone CN speakers. We tested
the significance between correlations using Fisher’s Z test. For note2,

Fig. 5. Grand average response to the standard and the deviant in the music condition at F3, Fz, and F4 of the Chinese and the Dutch listeners. Shaded area indicates
95% confidence interval.

Table 2
Peak latencies (ms) on the grand average for note2 MMN, note3 MMN, and LDN
at Fz of the three language groups in the music condition.

Note2 MMN Note3 MMN LDN

CN 364 576 724
NL 364 564 740
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the difference is not significant, z= 0.44, p=0.33; for note3, the dif-
ference is not significant, z=−0.51, p=0.31; for LDN, the difference
is not significant, z= 0.89, p=0.19. Seeing the potential type I error
due to multiple comparisons, we further conducted permutation tests
(Yoder, Blackford, Waller, & Kim, 2004), using the function MPT.corr
function for R package https://www.psych.umn.edu/faculty/waller/

Fig. 6. Scalp distribution of MMN and LDN at corresponding peak latencies for each language group in the lexical tone condition. The highlighted electrodes belong
to a statistically significant cluster.

Table 3
Mean peak latencies (ms) and mean amplitudes (μV) of MMN and LDN of the
three language groups in the music condition. Standard deviations are given in
parentheses.

CN NL

MMN note2 latency at Fz 366 (9.69) 368 (9.24)
amplitude F3 −5.91 (1.54) −6.3 (2.75)

Fz −6.62 (2.15) −6.82 (2.68)
F4 −6.54 (2.20) −6.78 (3.02)

MMN note3 latency at Fz 573 (12.24) 568 (13.05)
amplitude F3 −2.09 (1.67) −1.92 (3.12)

Fz −2.81 (1.99) −2.13 (2.77)
F4 −2.90 (1.99) −1.85 (2.58)

LDN latency at Fz 722 (13.07) 740 (14.89)
amplitude F3 −1.33 (2.17) −1.27 (2.10)

Fz −1.70 (2.28) −1.58 (1.63)
F4 −1.64 (1.80) −1.64 (1.80)

Table 4
Pearson’s r between MMN amplitudes in different conditions in for NL and CN.

Music note2 Music note3 Music LDN

NL (Fz) Lexical tone 0.50* −0.10 0.51*

Music note2 0.47# 0.68**

Music note3 0.48#

CN (Fz) Lexical tone 0.36 0.10 0.21
Music note2 0.53* 0.47#

Music note3 0.40

** Significance at 0.01 level.
* Significance at 0.05 level.
# Marginal significance (0.05 < p<0.08).
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downloads/mpt/mptcorr.r. For the Dutch listeners, when a random
1000-time permutation was conducted, the lexical tone-note2, lexical
tone-music LDN correlations turned out to be significant (one tail, po-
sitive correlation), with exact p values being 0.046 and 0.034. For the
Chinese listeners, no significant correlation was found using the per-
mutation tests. Admittedly, the difference in music-lexical tone corre-
lation between the Chinese and Dutch listeners should be interpreted
with caution. Nevertheless, the qualitative difference between the two
language groups is unlikely to be artefacts. In Chinese, every syllable
must carry a tone, and the native lexical tones are well stored in the
long term memory of native speakers. The MMN to native phonemic
difference is likely to reside on both short- and long-term memory
traces, and exhibit different generators in comparison to non-phonemic
differences. For native phonemes, not only traces in short-term memory
were activated for the generation of MMN, but also recognition of
phonological forms stored in long-term memory. Thus the phonemic
function of the lexical tones for Chinese listeners may result in a dif-
ferent auditory neural network being used for lexical tones than for
other non-speech (and even non-phonemic) pitch variations.

4. General discussion

To investigate how speaking a tone language natively influences
neural detection of pitch change in language and music as well as their

correlations, we tested Chinese and Dutch listeners’MMN in response to
Chinese lexical tones and three-note musical melodies. We manipulated
lexical tones and musical stimuli so that they were comparable in both
pitch level and pitch contour, but despite these similarities, they cap-
ture specific features of language and music: the lexical tones are
continuous pitch variations realized by human voices, and the musical
melodies comprise discrete pitches without voices. With this in mind, it
is notable that ERPs to lexical tones and to musical melodies exhibit
very different waveforms, capturing the particular characteristics of the
stimuli. Neural resources are possibly exploited domain generally when
processing pitch, yet the brain also responds to the domain-specific
features in music and language.

We did not find enhanced MMN for tone language speakers in either
the lexical tone or the music condition. Thus it appears that when a
pitch change is sufficiently salient, non-tone language listeners do not
necessarily show attenuated neural detection compared to tone lan-
guage listeners. With regard to the lexical tones, these results are con-
sistent with the behavorial results in Chen, Liu, and Kager (2015),
which showed that Dutch and Chinese listeners had comparable accu-
racy when discriminating monosyllabic Chinese lexical tones. Although
it is difficult for non-native listeners to acquire lexical tones, such dif-
ficulties may not be due to lack of discrimination at the acoustic level.
Rather, top-down linguistic processing, which for non-tone language
speakers listening to what is obviously speech, albeit not speech in their

Fig. 7. Scatter plots of lexical tone MMN amplitude versus music note2 MMN and music LDN amplitude for CN and NL.
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native language, precludes incorporation of syllable-level pitch varia-
tions into stored representations. It would be useful for future studies to
investigate whether the comparable MMN amplitude between native
and non-native listeners is particular to T2-T3, which is the acoustically
least salient contrast (Hume & Johnson, 2001), or whether it also holds
for other more salient tonal contrasts. In addition, we did not reverse
the standard and deviant in the current study, yet perceptual asym-
metry in discriminating T2-T3 contrast has been observed in behavioral
experiments among both native and non-native listeners, with such
asymmetry being more pronounced among native listeners (Chen, Liu,
et al., 2015). For future studies, it will be worth investigating whether
such asymmetry, as well as any language experience induced differ-
ence, can be observed in the MMN response.

Chen, Liu, et al. (2016) found that when discriminating musical
phrases in the Music Ear Test (MET, Wallentin, Nielsen, Friis-Olivarius,
Vuust, & Vuust, 2010), the native Chinese listeners outperformed the
Dutch listeners. The current study, however, did not find more prou-
nounced MMN among the Chinese listeners in the music condition. As
the musical phrases in the MET consisted 3–8 tones and our musical
stimuli were three-note miniature melodies, it is possible that when
memory burden increases, tone language listeners start showing bene-
fits in musical pitch processing. Yet whether such hypothesis holds for
neural responses needs further investigation.

Nevertheless, our results show that being a native speaker of a tone
language does modulate neural responses to both the native tones and
musical stimuli. When responding to lexical tones Chinese listeners here
showed a later MMN peak than Dutch listeners without an LDN. When
listening to musical melodies, native speakers of Chinese showed an
earlier LDN than the Dutch listeners. This pattern suggests that tone and
non-tone language listeners’ neural response to the lexical tones dif-
fered in terms of quality rather than quantity. The difference between
note2 and lexical tone MMN peak latency is more evident among the
Dutch listeners than among the Chinese listeners. The standard and
deviant musical melodies differed from the second note, hence for both
the Chinese and the Dutch listeners, it is impossible to show MMN
earlier than the second note. The lexical tones, however, have con-
tinuous pitch contours, hence it is possible that the Dutch listeners
detected the pitch change earlier than the time point corresponding to
the onset of the second note in the musical condition, leading to an
earlier MMN peak latency for lexical tones than music note2. The
Chinese listeners showed a later MMN peak in the lexical tone condition
than the Dutch listeners, hence there was comparable peak latency in
the two conditions. Although Chinese listeners did not show enhance-
ment in response to local pitch changes in musical melodies, they might
discriminate the global contour difference more easily as shown by the
earlier LDN peak. The enhanced representation of musical contour
might be a carryover effect from their knowledge of the lexical tones.
Yet the exact function of LDN should be further investigated.

Importantly, as predicted by the split hypothesis (Chen, Liu, et al.,
2016; Chen, Peter, Burnham et al., 2016; Chen, Roncaglia-Denissen
et al. 2016), MMN amplitudes between music and lexical tone are
correlated for the Dutch, but not Chinese listeners. Elicitation of MMN
depends on the short-term memory trace of the standard, which serves
as a referent for detecting regularity violation (Näätänen et al., 2007).
Beyond short-term memory, native phonological categories are well
represented in long term memory, and language-specific long-term
memory traces of phonological categories modulate MMN (Dehaene-
Lambertz, 1997; Näätänen et al., 1997; Winkler et al., 1999, among
others). When presented with phonological contrasts, the recognition of
patterns stored in long-term memory may be activated (Näätänen et al.,
1997). For the Dutch listeners, the top-down modulation from long
term phonological memory is irrelevant for lexical tones, as this mod-
ulation is silent with respect to representation of F0 variation at the
syllable level. Accordingly, for non-tone language listeners, lexical
tones are processed in a similar manner to the musical stimuli. For the
Chinese listeners, however, neural resources seem to be assigned

differently for the lexical tones and for musical melodies, presumably
depending on the presence or absence of long-term phonological
memory traces. MMN is mostly generated by bilateral supratemporal
cortices (Alho et al., 1998; Hari et al., 1984; Levänen, Ahonen, Hari,
McEvoy, & Sams, 1996), and the lack of correlation between conditions
in the Chinese listeners suggests that different cortical neural networks
may be at play for the discrimination of phonologically contrastive
versus musical pitch patterns. Whether such dissociation only occurs at
the cortical level or is also evident at the subcortical level is worthy of
further investigation. Previous studies haven found that Chinese amu-
sics may also have difficulties with native lexical tone discrimination
(Nan et al., 2016; Nan Sun & Peretz, 2010), which suggests some
common pitch processing mechanisms across domains. Hence our re-
sults may also suggest that for tone language listeners neural resources
are allocated differently for the processing of continuous pitch contours
versus discrete pitch intervals. Further within-domain comparison is
required to test such a hypothesis.

It should be acknowledged that we did not include conditions pre-
senting only the deviant stimuli hence, although unlikely (Peter et al.,
2012; Schröger & Wolff, 1996), it is still possible that the difference
waves not only reflect neural change detection but also difference in
neural refratoriness as the result of sensory adaptation (as the standards
were presented more frequently, they have a greater refractory effect as
compared to deviants). It would be useful for future studies to further
compare MMN differences induced by language after ruling out any
possible refractory effects. In addition, the musical stimul in the current
study were tone triplets. Although they well captured the discreteness
of musical pitch, they were miniatures rather than real musical phrases,
so it would be useful for future study to investigate whether the brain is
able to detect individual note changes when presented with melodies
containing richer musical structure.

5. Statement of significance

Speech and music are two unique products of the human brain. This
is the first study exploring whether language induced plasticity trans-
fers to music. It also found the first evidence that language experience
not only shapes responses within one domain, but also the correlation
between neural responses in different domains.
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