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Cross-domain effect of pitch processing in lexical and melodic contexts
reflected by non-musicians: An MEG study
Zhaowei Liu1, Yun Nan2, Lingxi Lu3, Wei Cui4, Jianqiao Ge4*, Jia-Hong Gao4,5,6*

Pitch processing in language and music is generally considered to engage overlapped neural correlates. Previous studies on musicians showed
that the ability of pitch processing in music could be transferred to language. It is known that music training can facilitate neural processing
of speech. However, the underlying neural mechanisms of pitch processing in language and music are not fully understood, especially in non-
musicians. Usingmagnetoencephalography (MEG),wepresented apitch anomaly paradigmwhich consists of language/music phrases ending in
either congruous or incongruous tone/pitch to non-musicians. We found dis nc ve brain ac vity pa erns between two groups of par cipants
with varying (high vs. low) musical pitch perceptual abili es. The brain-behavior results showed a posi ve correla on between performance
of musical pitch tasks and ac va on of the le frontotemporal cor cal regions elicited by lexical tones. Our results suggested that the cross-
domain effect of language and music could be generalized to people without formal music training.
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INTRODUCTION
Pitch is a basic acoustic attribute shared by both language and
music. Whereas different tones indicate different lexical semantics
in tonal languages such as Mandarin Chinese, introducing changes
in pitch across time produces melody in music. For decades,
the relationship between neural mechanisms underlying pitch pro-
cessing in the domains of language and music has drawn much
research attention. Most of these investigations were based on
people with extensive experience in musical training, such as the
professional musicians (1, 2). However, the neural mechanism of
the cross-domain effect between language and music in the general
population still remains unclear.

Decades of neuroimaging studies on musicians have indicated
both shared and distinct neural mechanisms underlie the processing
of information in language and music (3–5). A previous elec-
troencephalography (EEG) study on Mandarin-speaking musicians
suggested that pitch processing is left lateralized for tonal language
and right lateralized for music, revealed by the late positive
component (6). A follow-up fMRI study found that the right
superior temporal gyrus (STG) and the left inferior frontal gyrus
(IFG) are engaged in the processing of pitch incongruities across
both tonal language and music domains (7). Specifically, it was
shown that the right frontotemporal network is engaged in the
processing of pitch contour in tonal language (i.e., lexical tone) (8,
9). In the music domain, melody with varying pitch activates the
Heschl’s gyrus (HG) and planum temporale (PT) bilaterally (10).
Nevertheless, how pitch in lexical and melodic contexts is processed
in people without formal music training has not been well studied.

Interestingly, the neuroplastic accounts of associations between
music training and speech perception were challenged. Recent
research found that individuals without formal music training but
with higher music perception ability showed stronger frequency-
following responses to noise-degraded speech than those with
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weaker music perception ability while listening to clear and noise-
degraded speech sounds, which is consistent with the increased
fidelity of speech encoding and speech-in-noise benefits observed
previously in highly trained musicians (11). It has been sug-
gested that the auditory neuroplasticity of music engagement likely
involves a layering of both preexisting (nature) and experience-
driven (nurture) factors in speech perception.

With the aim to investigate the influence of the music pitch
perceptual ability on the processing of tonal speech in non-
musicians, we manipulated the tone (or pitch) of the last word
(or note) of language (or music) phrases and used an event-
related field (ERF) paradigm design to study the interactional neural
mechanisms of the pitch processing in the domains of language
and music. The Profile of Music Perception Skills (PROMS) test
was used to classify non-musicians in terms of their ability in pitch
processing into high-scoring and low-scoring groups (12).

We hypothesized that for non-musicians, their preexisting ability
on musical pitch processing may also have an impact on the
processing of lexical tone in their brain and showed differentiated
brain activation patterns in cortical regions that play an essential
role in pitch processing across domains, such as the Broca’s area
and the left temporal lobe. To test this hypothesis, we used MEG
to record cortical responses of non-musicians while listening to
congruous and incongruous phrases of language and music. Source
localization and brain-behavior analysis were further performed to
investigate the brain activation patterns of people with different
receptive music perception abilities on pitch.

RESULTS
Behavioral results
This study mainly focused on the musical ability of pitch process-
ing. We selected the subtests of melody, tuning, and pitch from the
PROMS test. Further, the scores of these three subtests were used
to evaluate the musical pitch perception ability. A median (12) split
of the total score divided non-musicians into low-scoring (N = 14)
and high-scoring (N = 13) groups. The PROMS pitch processing
score was 9.18 ± 1.16 for the low-scoring group, 15.80 ± 1.81 for
the high-scoring group (mean ± SE). In addition, the PROMS total
score was 17.70 ± 4.07 for the low-scoring group, and 28.72 ± 3.22
for the high-scoring group. There was a significant difference in
terms of both the PROMS pitch processing scores and the PROMS
total scores between the high-scoring and low-scoring groups (two-
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tailed two-sample equal variance t-test, pPitch< 0.001, pPROMS <
0.001) (see Fig. 1).

Fig. 1. The distribu on of the PROMS pitch processing score (N = 27). The median
score of 12 was used to divide the low-scoring group (blue bars) and the high-scoring
group (red bars). The PROMS pitch processing score of the low-scoring group was
significantly lower than that of the high-scoring group (* p < 0.001).

MEG: Source-level signals
The incongruous vs. congruous contrast maps showed different
patterns of brain activation in the language and music tasks across
the low-scoring and high-scoring groups, indicating that the musical
ability of pitch processing would exert different influences on the
two domains. We also found distinct brain activation patterns for the
language and music tasks across the low-scoring and high-scoring
groups, indicating different networks for language and music pitch
processing.

In the language congruity task, the incongruous condition
(compared to the congruous condition) elicited stronger activation
in the left IFG, left middle frontal gyrus (L MFG), left superior
frontal gyrus (L SFG), left sensory motor cortex (L SMC), left
supramarginal gyrus (L SMG), and left temporal cortex (L TC) of
the low-scoring group within 200-600 ms relative to the onset of
the fourth word. As for the high-scoring group, the incongruous
condition (compared to the congruous condition) elicited stronger
activation in the L IFG, L SMC, L STG, and left anterior portion of
the superior temporal gyrus (L aSTG) within 300-400 ms and 700-
1000 ms relative to the onset of the fourth word (p < 0.01 cluster-
based permutation tests) (Fig. 2A).

In the music congruity task, the incongruous condition (com-
pared to the congruous condition) elicited stronger activation in the
right IFG (rIFG), right MFG (rMFG), right SMG (rSMG), and right
TC (rTC) in the high-scoring group within 100-300 relative to the
onset of the fourth note (p < 0.01 cluster-based permutation tests).
However, no significant activation in the low-scoring group was
observed in the incongruous vs. congruous contrast (Fig. 2B).

Furthermore, the source amplitude within 100-300 ms relative
to the onset of the fourth word/note for each ROI in the right
hemisphere was extracted from the source localization results of
the incongruous and congruous conditions for both language and
music tasks. In the language task, there was no significant differ-
ence in source amplitude between the incongruous and congruous
conditions within the selected ROIs. In the music task, the source
amplitudes under the incongruous condition of rSMC, rMFG, rTC,
and rIFG were significantly stronger than those under the congruous
condition (Fig. 3).

Fig. 2. Sta s cal maps for the source localiza on result of language and music
tasks. (A) Cor cal maps illustrate t-value for the language incongruous vs. congruous
contrast of the low-scoring and the high-scoring groups (p < 0.01 cluster-based
permuta on tests). (B) Cor cal maps illustrate t-value for the music incongruous vs.
congruous contrast of the low-scoring and the high-scoring groups (p < 0.01 cluster-
based permuta on tests). The me window was 0-1000 ms from the onset of the
fourth word. L and R indicated le and right hemisphere respec vely.

Fig. 3. The comparison of source amplitude in the language and music tasks. The
selected ROIs were rSMC, rMFG, rTC, and rIFG. In the language task, there was no
significant difference in source amplitude between the incongruous and congruous
condi ons within the selected ROIs. In the music task, the source amplitudes under
the incongruous condi on of rSMC, rMFG, rTC, and rIFGwere significantly higher than
those under the congruous condi on (* p < 0.05; ** p < 0.001).
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Brain-behavior results
The results of the Pearson correlation analysis between the averaged
source amplitude of the ROIs and the PROMS pitch processing
score showed the bi-directional influence between the processing
of lexical tone and musical pitch (Fig. 4).

We found a significant positive correlation between the averaged
source amplitude of the left pars opercularis of the IFG (L IFGop)
within 200-600 ms relative to the onset of the fourth word under
the language congruous condition and the PROMS pitch processing
score (R = 0.43, p = 0.02). Besides, under the language incongruous
condition, the averaged source amplitudes of L aSTG and left
superior temporal pole (L STP) within 700-1000 ms relative to the
onset of the fourth word were also significantly positively correlated
with the PROMS pitch processing score (RaST G = 0.42, paST G =
0.03; RST P = 0.42, pST P = 0.02).

Fig. 4. Brain-Behavior correla on results.During the shown mewindow of interest,
themean source amplitudes of IFGop in the language congruous condi on, as well as
aSTG and STP in the language incongruous condi on were posi vely correlated with
individual's PROMS pitch processing score.

DISCUSSION
The current study investigated the influence of an individual’s
receptive musical pitch perception ability on language pitch pro-
cessing in their brain. Our MEG study recruited non-musicians
as participants, who were then divided into low-scoring and high-
scoring groups based on their scores in the behavioral PROMS
test. Using source localization of the MEG recordings, we found
that both groups showed similar significant activations of extensive
left frontotemporal brain regions for processing pitch incongruity
in the language task. However, the pitch incongruity in the music
task elicited activations of the right frontotemporal cortex only in
the high-scoring group. Importantly, the results also showed that
receptive musical pitch perception ability could significantly predict
brain activation of the left IFGop under the language congruous
condition, as well as that of the aSTG and STP under the language
incongruous condition, which indicated the pivotal function of these
brain regions in pitch processing across both music and language
domains.

In this study, the MEG source localization results of the language
pitch congruity task reflected the cross-domain pitch processing
effect from music to language – a directional inference made on

the basis of participant classification using receptive musical pitch
perception ability. Our results demonstrated that incongruous tones
(compared to congruous tones) elicited stronger activations in the
left frontotemporal brain regions, as well as the SMC and SMG
within the time windows of the N400 and 700-1000 ms relative to
the onset of the fourth word in the language task, corroborating
the N400 effect yielded by tonal inconsistency from a previous
EEG study (13). With regard to spatial information, the activated
brain regions under the incongruous vs. congruous contrast within
200-600 ms in our study consistently suggested lexical-semantic
violation induced by incongruous tones (14). Furthermore, the
activations of the frontotemporal brain regions within 700-1000 ms
relative to the onset of the fourth word under the incongruous vs.
congruous contrast in language task was found only in the high-
scoring group, reflecting a musician-like auditory function when
processing lexical tones (6).

From the perspective of musical pitch processing, our results
showed differentiated brain activity patterns under incongruous vs.
congruous contrast in the music task. There was no significant
activation in the low-scoring group, which indicated their lower
receptive musical pitch discrimination ability and provided MEG
evidence for the behavioral PROMS test (12, 15). As for the high-
scoring group, the incongruous notes elicited stronger activation in
the right temporal cortex, right IFG, right SMG, and right SMC
within 100-300 ms relative to the onset of the fourth note, which
indicated their higher sensitivity in discriminating incongruous
musical pitch (16, 17).

Accumulating neuroimaging evidences have indicated that lan-
guage and music share domain-general subcortical and cortical
network for pitch processing (1, 3, 5). In our study, the significant
positive correlation between the activation of frontotemporal brain
regions for language processing and the PROMS pitch processing
scores suggested that the better an indiviudal is at musical pitch
processing, the stronger the activaiton is in the frontotemporal
regions elicited by incongruity in language processing, providing
consistent evidence for the bi-directional influence between tonal
language and music. In addition, the incongruous musical pitch
elicited stronger activation of rSMC, rMFG, rTC, and rIFG com-
pared to congruous musical pitch, indicating acoustic analysis of
pitch information (18, 19).

The present MEG study revealed the spatiotemporal features
of brain activity on pitch processing across the tonal language
and music domains in individuals without formal music training.
Specifically, pitch incongruity in language task elicited stronger
activation of the frontotemporal brain regions for individuals with
better musical pitch perception ability, and these individuals were
also found to be more sensitive towards pitch congruity of music.
These results highlight the importance of left frontotemporal brain
regions in modulating the pitch processing between music and tonal
language, and suggested that the cross-domain effect of language
and music may be related with individual’s preexisting ability on
music perception and thus could be generalized into people without
professional music training.

MATERIALS AND METHODS
PROMS Musicality Test
We assessed receptive musicality objectively using the
PROMS (12). The test battery consists of four subtests tapping
listening skills in the domains of melody, tuning, accent, as well
as tempo and pitch perception. Each subtest contains 14-18 trials.
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Listeners heard two identical sound clips and then were asked if
a third probe clip was the same as or different from the previous
two. Scores for each subtest were calculated based on accuracy
and confidence ratings (i.e., two points were given for correctly
reporting “definitely the same” or “definitely different,” one point
was given for “probably the same” or “probably different,” and no
point was given for “I don’t know” or an incorrect answer).

Par cipants
Thirty-one non-musicians (17 males, aged between 18 and 30 years,
with a mean age of 23.7 years) participated in this study. All
participants were healthy with no history of mental disorder or
language impairment. Non-musicians were required to have had
<3 years of musical training, which must have occurred >7 years
before their participation in the study (11, 20). Handedness was
tested using the Edinburgh Handedness Questionnaire (21), and
one female participant was excluded because of left-handedness.
In addition, one female and two male particpants were excluded
from data analysis because of excessive electrooculogram (EOG)
artifacts and head movements. Thus, the subsequent behavioral and
MEG data analyses were based on the remaining 27 participants
(15 males, aged between 18 and 28 years). The mean age was 23.31
± 3.45 for the high-scoring group, and 24.71 ± 3.26 for the low-
scoring group. There was no significant difference in age between
the two groups (p = 0.304). Besides, the gender across each group
was balanced (low-scoring group: 7 males and 7 females; high-
scoring groups: 6 males and 7 females). Written informed consent
was provided by all participants, and they were paid a modest
honorarium for participation. The procedure for this study was
approved by the Institutional Review Board of Peking University.

S muli
The following types of language and music stimuli were used in
this experiment (Fig. 5): (1) language congruous phrases (LCs), (2)
language incongruous phrases (LIs), (3) music congruous phrases
(MCs), and (4) music incongruous phrases (MIs). The auditory
stimuli were adopted from previous studies (6, 7).

The language congruous condition consisted of 60 Chinese
four-character phrases, which were read out by a Chinese-native
woman at a normal speaking rate. Each phrase lasted for 2000
ms and included four equal-length syllables. We shifted the tone
of the last word of the language congruous phrases to create the
language incongruous stimuli. The manipulation of tone shift led
to the semantic anomaly effect during speech processing. The tone
shifts of the last syllables between congruous and incongruous
language phrases were evenly distributed among the four-pitched
tone categories of Mandarin Chinese, with 16 (out of 60) phrases
shifted to the neighboring pitch category, 31 (out of 60) to the next-
nearest-neighboring pitch entry, and 13 (out of 60) to the next-next-
nearest-neighboring entry (the longest pitch distance in the current
study) (Fig. 5A).

A set of 60 four-note musical phrases with a timbre of grand
piano were created using a YAMAHA DGX-620 keyboard. For
each of the musical phrases, there were modified counterparts with
the last note changed, which differed from the original phases in
that they built up dissonant intervals with the third note in each of
the phrases (Fig. 5B). To ensure that the changed last notes also
served as incongruous endings with respect to the whole phrases,
only those intervals of augmented fourth (36 pieces out of 60),
diminished fifth (20 out of 60), and major seventh (four out of
60) were selected. As a result, the pitch shifts of the last notes

Fig. 5. S mulus illustra on. (A) The illustra on of language phrases. (B) The
illustra on of music phrases. The s muli were divided into language task and music
task. The first three words/notes cons tuted prepara on, and the fourth word/note
formed a congruous or incongruous rela onship with the context on the pitch level.
The experiment was divided into four condi ons: language congruous condi on,
language incongruous condi on, music congruous condi on and music incongruous
condi on. The dura on of each word/note was 500 ms.

between congruous and incongruous musical phrases ranged from
one to six semitones, with 15 one-semitone, 11 two-semitone, four
three-semitone, 14 four-semitone, four five-semitone, and 12 six-
semitone shifts respectively. Musical phrases were also 2000 ms in
duration with four 500 ms notes, matching the language phrases.

All the language and musical stimuli were digitized at a 16 bit/
44.1 kHz sampling rate. We used the Adobe Audition (San Jose,
California, Adobe Systems, Inc.) to edit the amplitude of the sound
to ensure no significant difference between the language and the
music tasks (p < 0.05).

Procedures
Before the MEG experiment, the participants completed the
PROMS Musicality Test. Then, the participants were seated in a
dimly lit and magnetically shielded room (VACUUMSCHMELZE
GmbH & Co. KG, Hanau, Germany). The experimental stimuli
were presented using the Presentation software (Neurobehavioral
Systems, Albany CA, USA) and delivered binaurally through MEG-
compatible insert earphones. Visual instructions were projected to
the screen positioned 1 m in front of the center of the partcipant’s
visual field.

The congruous and incongruous conditions in the language and
music tasks contained 240 stimuli, which were divided into 4
conditions on average. The order of the sessions and the trials in
each session was pseudorandomized for each participant. In each
trial, the auditory stimulus was first presented with a visual cue of
a black fixation displayed on the screen. The auditory stimulus was
terminated after 2000 ms. Then, a black fixation cue was presented
for 500 ms, followed by a visual cue for congruity judgment, which
lasted for 1500 ms, during which the participants were instructed to
judge the congruity of the stimuli by pressing the corresponding
buttons using the middle/index finger at the presentation of a
visual cue for congruity judgment. The arrangement of the buttons
for congruity judgment was counterbalanced across participants.
The feedback visual cue (“correct”, “wrong”, or “missed”) would
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present subsequently for 1000 ms. Finally, a fixation cross was
presented for 1600-1895 ms in the center of the screen. Before the
formal experiment, participants received a practice session to ensure
that they could perform the task correctly.

MEG and structural MRI
Continuous neuromagnetic signals were recorded using a 306-
channel, whole-head MEG system (Elekta-Neuromag TRIUX,
Helsinki, Finland) at Peking University. Before each session started,
the head position of each participant was determined by four head-
position indicator (HPI) coils. The EOG signal was simultaneously
captured by two electrodes placed around the eyes: one above the
left eye and one below the right eye. The continuous MEG data
were online bandpass filtered at 0.1 - 330 Hz, and the sampling rate
was 1000 Hz.

The participant’s structural MRI images were obtained with a 3T
GE Discovery MR750 MRI scanner (GE Healthcare, Milwaukee,
WI, USA). A three-dimensional (3D) fast gradient-recalled acqui-
sition in the steady-state with radiofrequency spoiling (FSPGR)
sequence was used to obtain 1 × 1 × 1 mm3-resolution T1-
weighted anatomical images. We coregistered the MEG data with
the MRI data based on the location of three fiducial marks
(the nasion and two preauricular points) and approximately 150
digitalization points on each participant’s scalp.

MEG data preprocessing and source localiza on
MEG data preprocessing and source localization were conducted
according to a well-accepted pipeline (22). Raw MEG data were
first processed using the temporal extension of the signal-space
separation (tSSS) technique with the default setting of parameters
(length of raw data buffer: 30 seconds; subspace correlation limit:
0.98) to minimize the confounding contribution of magnetic sources
from outside the head and reduce within-sensor artifacts (23).
Head movements between each session were corrected based on
the positions of HPI coils, implemented in MaxFilter 2.2 software
(Elekta Neuromag). Artifacts due to eye blinks and eye movements
were removed using independent component analysis (ICA), which
was performed with MNE-Python (24). Further, a 40-Hz low-
pass filter was applied. T1-weighted images were processed using
the Freesurfer software (http://surfer.nmr.mgh.harvard.edu/) for
cortical reconstruction and volumetric segmentation.

After preprocessing, source localization was performed with
Brainstorm (25) (http://neuroimage.usc.edu/brainstorm/). MEG
data were first visually inspected to exclude trials that contained
bad segments caused by head movements and eye blinks. There
was no difference across conditions among rejected trials. The bad
MEG channels were also marked and excluded from event-related
analyses (performed -200 to 1000 ms relative to the onset of the
fourth word/note) and source estimation.

Minimum-norm estimates (26) with overlapping spheres (27)
were used for source construction with a source space consisting
of 15000 vertices. The same source reconstruction analysis was
conducted based on the unfiltered data for Granger causality
analysis. The source localization results were then normalized with
a z-score based on the baseline from -200 to 0 ms relative to
the onset of stimuli. In addition, the root mean square (RMS)
of each vertex in the source space was calculated over a 100-ms
time window from 0 to 1000 ms following the onset of the fourth
word/note. The RMS result of each time window per pacticipant
was spatially smoothed using an isotropic Gaussian kernel with a
full-width at maximum (FWHM) of 5 mm. The source localization

results were projected to the default anatomy of Colin27 (28) with
a 1-mm resolution in the Montreal Neurological Institute (MNI)
standard space for further group analysis. The RMS results of the
sequential 100-ms time windows of each participant in the source
space were used for statistical analysis. The differences in cortical
activation among the congruous and incongruous conditions of
the language and music tasks were assessed using paired t-tests
(two-tailed). The cluster-based nonparametric permutation test (29),
implemented in FieldTrip (http://fieldtriptoolbox.org/) was applied
for multiple-comparison correction (1000 times Monte-Carlo simu-
lations, α = 0.01 for cluster inclusion and α = 0.01 for permutation
significance).

ROI selec on
We selected the brain regions of interest (ROI) that showed signif-
icant activations under the congruous condition compared with the
incongruous condition in the language and music congruity tasks
within high-scoring and low-scoring groups (Table 1). Specifically,
we found no significant activation under the contrast of music
incongruous condition vs. music congruous condition in the low-
scoring group. The selected ROIs were L SFG, L MFG, L IFG,
L SMC, L SMG, L aSTG, left posterior portion of the superior
temporal gyrus (L pSTG), L STP, left middle TC, rSMC, rMFG,
rIFG, rTC. The time courses of significant activated brain regions
among the contrasts (low-scoring group: LI > LC, 200-600 ms;
High-scoring group: LI > LC, 300-400 ms and 700-900 ms; High-
scoring group: MI>MC, 100-300 ms) were extracted for further
brain-behavior analysis.

Brain-behavior analysis
According to the selection of the ROI, the similar ROIs (left
inferior frontal gyrus, left superior temporal pole, left anterior
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temporal gyrus, and left middle temporal cortex) under the contrast
of LI > LC between low-scoring and high-scoring group were
selected for brain-behavior correlation analysis. Based on the source
localization results, the source amplitude for each of these ROIs
under LI and LC conditions within 200-600 and 700-1000 ms
relative to the onset of the fourth word was extracted. Subsequently,
we separately calculated the Pearson correlation coefficient of the
average source amplitude of these brain regions and the PROMS
pitch processing score to investigate the function of the left inferior
frontal gyrus and the left temporal cortex in music pitch processing.
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