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Differential Roles of Right Temporal Cortex and
Broca’s Area in Pitch Processing: Evidence from
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Abstract: Superior temporal and inferior frontal cortices are involved in the processing of pitch informa-
tion in the domain of language and music. Here, we used fMRI to test the particular roles of these brain
regions in the neural implementation of pitch in music and in tone language (Mandarin) with a group of
Mandarin speaking musicians whose pertaining experiences in pitch are similar across domains. Our
findings demonstrate that the neural network for pitch processing includes the pars triangularis of Bro-
ca’s area and the right superior temporal gyrus (STG) across domains. Within this network, pitch sensi-
tive activation in Broca’s area is tightly linked to the behavioral performance of pitch congruity
judgment, thereby reflecting controlled processes. Activation in the right STG is independent of perform-
ance and more sensitive to pitch congruity in music than in tone language, suggesting a domain-specific
modulation of the perceptual processes. These observations provide a first glimpse at the cortical pitch

processing network shared across domains. Hum Brain Mapp 34:2045-2054, 2013.
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INTRODUCTION

Pitch, as the percept of the fundamental frequency, is a
vital element of music and auditory language. It forms
essential variations in melodies and it establishes the basic
intonational patterns in speech. Melodic pitch in language
has two functional parts, one at the level of syntax indicat-
ing intonational phrase boundaries and at the same time
syntactic boundaries [Meyer et al., 2004; Steinhauer et al.,
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1999], and one at the lexical level determining word mean-
ing in tonal languages [Nan et al., 2010]. The latter form of
pitch bears an important resemblance with musical mel-
ody: pitch variations occur in small units.

The abilities to process musical pitch and linguistic tone
are closely linked. Pitch-related expertise seems transfera-
ble across domains [Bidelman et al., 2011; Magne et al,,
2006; Moreno et al., 2009; Schon et al., 2004; Wong et al.,
2007]. Music training facilitates pitch perception as
reflected by behavioral and event-related brain potential
measures in both music and language [Schon et al., 2004].
Follow-up training studies with 8-year-old children
observed similar effects [Magne et al., 2006] in linguistic
pitch discrimination and a general enhancement in reading
[Moreno et al., 2009]. Compared to nonmusicians, musi-
cians have more accurate brainstem pitch tracking of lin-
guistic tones [Wong et al., 2007]. Experience with a tone
language, similar to that with music, could greatly
improve the accuracy of subcortical linguistic and musical
pitch tracking [Bidelman et al., 2011]. Along the same line,
there is a behavioral study showing that pitch in speech
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and music might be stored in the same short-term memory
[Semal et al.,, 1996]. Conversely, pitch deficits affect not
only music, but also sometimes language, tonal [Nan
et al.,, 2010], and nontonal languages [Liu et al., 2010] alike.
Although congenital amusia is widely accepted as a neuro-
genetic disorder that selectively affects the processing of
musical pitch [Peretz, 1993], recent studies have found
subgroups of amusic individuals with parallel pitch defi-
cits in language, showing impairments in the discrimina-
tion and identification of Mandarin lexical tones among
tone language speakers [Nan et al., 2010] or speech intona-
tion problems among nontone language speakers [Liu
et al., 2010]. A recent study suggests that the pitch deficits
of amusia may even compromise the ability to process and
learn tone languages for nontone language speakers [Till-
mann et al., 2011].

These findings could be best explained by a common
mechanism encoding pitch processing across domains.
However, strong evidence for a common neural basis is
still lacking [but see Nan et al., 2009]. Conventionally, me-
lodic pitch processing seems to be right lateralized [see
Limb, 2006 for a review; Zatorre et al., 1992], mostly cen-
tered in fronto-temporal regions [Hyde et al., 2006, 2007,
2008, 2010; Loui and Schlaug, 2009]. In the language do-
main, however, accumulating evidence suggests a much
wider network participating in processing of sentential
prosody and lexical tone, including both left- and right-
hemispheric regions [for reviews, see Friederici and Alter,
2004; Wong et al.,, 2009]. Linguistically relevant lexical
tones are reported to normally recruit left superior tempo-
ral and frontal language areas [Gandour et al., 1998, 2000;
Liang and van Heuven, 2004]. However, the right fronto-
temporal network which is implicated in musical pitch
and sentence-level prosody also seems to play a certain
role in forming lexical tone perception [Klein et al., 2001;
Luo et al., 2006; Liu et al., 2006].

What adds complexity to this question is the malleabil-
ity of the auditory system [Kraus and Banai, 2007]. The
neural representation of pitch is largely shaped by related
experiences in each domain. Compared to nonmusicians,
musicians demonstrated more faithful frequency following
responses toward linguistic pitch contours [Wong et al.,
2007]. In addition, tone language experience also demon-
strates similar effects upon representations of pitch in the
brainstem [Bidelman et al., 2011]. To understand the brain
mechanism underlying pitch processing in music and tone
language, it is thus important to consider participants
whose pertaining experiences in pitch are similar across
domains.

Chinese musicians are a special group of people, with
expertise in both music and tone language (Mandarin).
They are the best biological models for observing the pos-
sible neural interaction between linguistic and musical
pitch. With Chinese musicians as participants, the current
fMRI study adopted a pitch congruity judgment task from
Nan et al. (2009), in which the participants were required
to first listen to musical or linguistic phrases ending in

either congruous or incongruous pitches then judge the
congruity of the phrases.

We predict that areas in the right auditory regions
should constitute the general pitch network. Given that
the left inferior frontal gyrus (IFG) is not only engaged in
linguistic incongruity processing [for a review, see Frieder-
ici, 2002; Friederici and Kotz, 2003], but also sensitive to
incongruities in the musical phrases [Maess et al., 2001;
Koelsch et al., 2002; Sammler et al., 2011], we hypothesize
that the left IFG is another common candidate region for
pitch processing in language and music.

MATERIALS AND METHODS
Participants

Eighteen healthy young adult female musicians (mean
age, 20.8 years; SD, 1.7 years) from China Conservatory of
Music (recruited on campus through flyers), with normal
hearing abilities were paid for participation in the current
study. All participants were right-handed, spoke Mandarin
as their first language, and met standard MRI safety
criteria. None of them reported to be an absolute pitch
possessor. All these musicians started to play musical
instruments at an age around 6 years old (6.0 £ 2.1).
Eleven out of 18 participants reported to be able to play at
least two instruments. The present main instruments were
piano (14), accordion (1), violin (1), lute (1), and Guzheng
(1). On average, these musicians practiced 2.6 hours (2.6
0.9) on a daily basis. Informed consents were obtained
from all participants before the study. The experimental
protocol was approved by the Ethics Committee of Beijing
Normal University.

Materials and Procedure

The stimulus materials and experimental paradigm were
adopted from Nan et al. (2009). To avoid long measure-
ment time under the scanner, a set of two thirds of the
original 240 stimuli [Nan et al., 2009] were chosen for the
current study, which included 80 quadrisyllabic Chinese
phrases and 80 four-note musical phrases. Each phrase
lasted 2000 ms, with four equal-length units. All the Chi-
nese phrases were produced by a female native Mandarin
speaker. Half of the Chinese phrases were semantically
meaningful. The other half was acoustically similar to the
first half except ending in incongruous tonal contours as a
result of cross-splicing. This resulted in 40 incongruous
language phrases that are either semantically incorrect (in-
congruous meaning, 12 of 40) or combined semantically/
syntactically incorrect (incongruous meaning and incorrect
syntactic word category, 28 of 40). Similarly, the 80 musi-
cal phrases consisted of 40 congruous and 40 incongruous
phrases, with minimal acoustic differences in the ending
notes between the two types. As compared to the congru-
ous musical phrases, the incongruous counterparts
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Figure I.

Example of stimuli used in the experiment. In Mandarin Chinese,
lexical tones determine word meaning. The first panel illustrates
a pair of congruous and incongruous language phrases. When
the phrase ends with a third tone [i.e., bi(3)], it is congruous
and means “catch one thing and lose another” Whereas when

contained a different fourth note which formed incongru-
ous intervals with the previous tones, and thus causing
syntactical violations in musical syntax. In sum, the con-
gruous and incongruous phrase pairs in music and lan-
guage both contained pitch manipulations in the ending
units which resulted in syntactic errors in music and
semantic or semantic and syntactic errors in language. Fig-
ure 1 lists one pair of Chinese phrases and one pair of
musical phrases [please see Nan et al, 2009 for more
examples].

Recordings of the language phrases were made in a
soundproof booth with a Sony 60EC digital recorder and a
NT1 microphone with a Samson MDR8 mixer. Musical
phrases were created using a YAMAHA DGX-620 key-
board with a grand piano timbre. All the language and
musical stimuli were digitized at a 16bit/44.1 kHz sam-
pling rate and were root mean square amplitude normal-
ized using Praat 4.4.26 [Boersma, 2001] to 70 dB.

All participants completed two experimental runs with
mixed musical and Chinese phrases presented binaurally
in a pseudo-random order with a task of congruity judg-
ment. Each run contained 80 phrases with short rest
periods (each 2 s in duration) in between. Participants con-
trolled the resting duration between runs as needed.
Before scanning, a detailed instruction and practice session
was given to ensure that participants understood the task
well. The experimental design was event-related. A trial
sequence normally consisted of a 2 s of initial fixation, a 2
s of stimulus presentation followed by a 1 s of pause, a 1.5
s of response collection time (with a visual prompt using a
question mark), a 0.5 s of visual feedback (with a visual
prompt of “correct” or “wrong”), at last ended with a 1 s
of final fixation. For some of the trials within the run, the
initial fixation could be randomly shifted to 0 s with a
paired final fixation lasted 3 s. As a result, each stimulus
onset followed the previous one 4 s, 6 s, or 8 s later. The
participants were asked to press buttons (“congruous” or
“incongruous”) to indicate the congruity of the stimulus.
The response buttons and hands were counterbalanced
across participants.

the phrase ends with a second tone [i.e., bi(2)], it is incongruous
and means “catch one thing and lose one’s nose” Numbers in
parentheses are lexical tone labels. The second panel shows mu-
sical notations for a pair of congruous and incongruous musical
phrases.

MR Imaging

Twenty-eight axial slices (field of view = 1200 x 1200
mm, with a 64 x 64 matrix, 4 mm thickness, 1 mm inter-
slice distance) were collected from a Siemens 3T scanner
(Siemans TRIO, Erlangen, Germany). The images were
parallel to the AC-PC plane and covering the whole brain,
acquired using a single shot gradient recalled EPI
sequence (repetition time = 2000 ms, echo time = 30 ms,
flip angle = 90°). One functional run consisted of 320
scans, with each scan sampling over 28 slices. One-hun-
dred and sixty time points were collected for each condi-
tion. High-resolution (1.0 x 1.0 x 1.0 mm) T;-weighted
images (128 sagittal slices, field of view = 256 x 256 mm,
data matrix = 256 x 256) were collected to coregister the
functional scans before two functional runs.

Participants were placed comfortably in a supine posi-
tion in the scanner. They received binaurally presented au-
ditory stimuli via specially constructed, MR compatible
headphones (Commander XG, Resonance Technology,
Northridge). To attenuate the scanner noise without reduc-
ing the quality of the sound, we combined soundproof
headphones and special ear plugs. All the sound stimuli
were adjusted so that participants could perceive the stim-
uli with no problem.

Data Analysis
fMRI data analysis

The fMRI data analysis was performed with SPM5
(Wellcome Department of Cognitive Neuroscience, Lon-
don, UK) using the general linear model in an event-
related design manner. To correct the potential slice timing
errors caused by the interleaved acquisition sequence,
each slice of the functional data were first synchronized in
time to the middle slice within the same volume. Images
were then spatially realigned, normalized, smoothed (with
a 6 mm Gaussian kernel full-width half maximum) and fil-
tered (high pass filter of 128 s).
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Two sets of contrast images were created for each partic-
ipant, representative of two main effects: (1) congruous
versus incongruous phrases (CONGRUITY) and (2) lan-
guage versus music phrases (DOMAIN). These contrast
images were then entered into a second-level random
effect analysis for each contrast. The generated statistical
parametric maps (SPMs) depicting main effects (CON-
GRUITY and DOMAIN) were thresholded at P < 0.05
adjusted for multiple comparisons using the false discov-
ery rate (FDR), with a minimal cluster-size of 10 contigu-
ous voxels.

Conjunction analysis

We conducted a conjunction analysis with SPM5, based
on four separate sets of contrast images each representing
an experimental condition in comparison to rest. The
resulted SPMs were thresholded at P < 0.05 adjusted for
multiple comparisons using the FDR, with a minimal clus-
ter-size of 10 contiguous voxels.

Region of interest analysis

We selected a set of ROIs in regions which were func-
tionally defined from the two main effects based on the
group data, as well as those from the conjunction analysis.
All significant voxels within a 7 mm radius of any local
focus among the activated voxels defined an ROI. For each
of these ROIs, we then extracted the normalized mean
weights from each of the four conditions in each
individual.

Group statistics

Both the behavioral data and the ROI-based B values for
each individual across different conditions were subject to
two-way repeated measure ANOVAs with the factors DO-
MAIN (language, music) and CONGRUITY (congruous,
incongruous). Respective P values were adjusted with
Bonferroni correction.

RESULTS
Behavioral Results

All 18 musicians performed well above chance, with
mean correct response rates more than 90%: congruous lan-
guage phrases, 94.4% =+ 3.4% (mean correct response rate +
SD); incongruous language phrases 91.6% =+ 5.0%; congru-
ous music phrases 93.3% =+ 4.2%; incongruous music
phrases 96.4% + 2.3%. Both hit rates and false alarms were
taken into account to generate d’-scores: hits were the cor-
rect answers to congruous phrases; false alarms were the
wrong answers to the incongruous ones. The correct
response rates and the d’-scores were further analyzed with
CONGRUITY (congruous vs. incongruous) x DOMAIN

(music vs. language) ANOVAs. No main effect or interac-
tion was found.

Imaging Results

All 18 participants showed extensive bilateral temporal
and frontal activations in response to music and language
phrases and were all included in the final imaging analy-
sis. Different analyses were conducted. Whole-brain analy-
sis obtained a main effect of DOMAIN, but no main effect
of pitch variations (CONGRUITY effect). Conjunction anal-
ysis identified common areas of activation to both pitch
variations across music and language. Supplementary ROI
analysis performed on the peak sites of the DOMAIN
effect and conjunction results revealed brain areas show-
ing interaction between DOMAIN and CONGRUITY fac-
tors, as well as CONGRUITY effect. The results from these
analyses are discussed in more detail later.

Whole Brain Analysis

The whole brain analysis revealed a main effect of DO-
MAIN in several regions. The bilateral temporal cortices,
although extensively activated for both music and lan-
guage phrases, exhibited both a stronger left- than right-
hemispheric peak activation and a larger right- than left-
hemispheric cluster size when comparing language with
music (Fig. 2, Table I). This stronger network for language
as compared to music included the anterior portion of the
left STG extending inferiorly to the left middle temporal
gyrus, and the anterior portion of the right STG. It also
included the triangular part of Broca’s area (BA 45). These
results are in line with the notion that relative to music,
auditory language processing recruits bilateral temporal
cortices and Broca’s area. No significant activity was found
for the inverse contrast in which we compared music to
language.

Results of the Conjunction Analysis

Bilateral superior temporal gyri, including bilateral
Heschl’s Gyri, showed overlapping responses to both pitch
variations across music and language (blue and green
regions in Fig. 3). This suggests that bilateral STG was a
prerequisite for processing auditory language and music.
The shared bilateral STG activation in language and music
perception is likely due to those acoustic features that are
similar across domains such as pitch and rhythm. Overlap-
ping activity was not observed in other brain regions out-
side of primary auditory cortex. The analysis, moreover,
revealed that parts of these shared brain areas also
showed a DOMAIN effect, i.e., activating more for lan-
guage than music (green regions in Fig. 3). This is prob-
ably due to the additional processing load (such as
phonological analysis and the more various pitch trajecto-
ries) in language compared to music phrases. In general,
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Brain network shows increased activity for language phrases
compared to music phrases (X = 144, Y = 109, Z = 72). Brain
areas demonstrating stronger activity for language phrases than
music phrases include bilateral temporal cortices and the left in-
ferior frontal region. The color bar indicates t value. All the acti-
vated voxels reached voxelwise threshold of P < 0.05 (FDR),
with minimal cluster size exceeding 10 voxels.

language activations were higher than music activations
across the STG bilaterally and in the left IFG (red regions
in Fig. 3).

This may be due to different underlying processing
strategies. Although the task was to judge the pitch con-
gruity in both music and language phrases, it is possible
that participants might have employed different strategies
completing the task in the respective domains. Incongru-
ous pitches led to syntactic errors in music and either
semantic or combined semantic/syntactic errors in lan-
guage. In Chinese, syntactic processes always rely on
semantic comprehension [Zhang et al,, 2010] and cannot
always be strictly separated from semantic processing. It
thus is reasonable to assume that semantic processes were
involved in judging the congruity of language phrases but
not in music. This difference may have contributed to the
observed overlapping as well as different brain networks
between music and language.

Results of ROI Analysis

All the ROIs were functionally defined based on either
their responses to DOMAIN factor or their significantly
overlapping activation to both music and language
phrases. Follow-up exploratory analyses with these ROIs

were conducted to examine their responses to CONGRU-
ITY factor. As such, only those with significant CONGRU-
ITY effect (main effect or interaction involving
CONGRUITY) were reported. The other ROIs with no
effect of CONGRUITY but only DOMAIN effect (such as
those based on DOMAIN effect) replicated their original
functional definition. These ROIs were thus not repeatedly
reported.

For the right STG (MNI coordinates: 63, —6 —5; BA41), a
significant interaction between DOMAIN (language vs.
music) and CONGRUITY (congruous vs. incongruous)
was detected, F117 = 6.715, P = 0.019 (Fig. 4). Post hoc
comparisons suggested a significant CONGRUITY effect
for music phrases (P = 0.003), with statistically increased
activation for congruous music phrases relative to incon-
gruous ones. Pitch variations in language phrases did not
produce the similar pattern (P = 0.233). No significant
interaction or main effect of CONGRUITY was found for
ROIs within the left STG.

Within the triangular part of Broca’s area (MNI coordi-
nates: —54, 27, 0; BA 45), a significant CONGRUITY effect
was observed, F17 = 5.046, P = 0.038. According to
probabilistic cytoarchitectonic maps [Eickhoff et al., 2005]
these coordinates assign the activation to BA 45 with a
probability of 60% and to BA 44 with 10%. In this brain
region phrases with congruous endings were associated
with significantly higher activation than phrases with in-
congruous ending pitches (Fig. 5). Moreover, mean per-
formance measured by d’ (averaged across language and
music conditions) was significantly correlated with the
mean activation in the BA 45, r(18) = 0.605, P = 0.008.
Namely, higher behavioral performance was associated
with higher signal change in the BA 45 for pitch process-
ing (Fig. 5). No such correlation was found for the right
STG, r(18) = 0.378, P = 0.122.

Both the right STG and left BA 45 showed DOMAIN
effects in the ROI analysis, with greater responses to lan-
guage phrases relative to music phrases. These aspects of

TABLE I. Regions of significant activations where
language yielded stronger responses than music phrases

Voxel X Y Z L/R Location BA  Zoax
570 63 -6 -5 R Superior temporal G 41 5.61
57 =30 5 R Superior temporal G 21 5.31

63 —24 0 R Superior temporal G 22 535

766 -54 —-12 -5 L  Superior temporal G 42 5.19
—-60 —-18 5 L  Superior temporal G 22 540

-54 27 0 L Inferior frontal G 45  5.03

The coordinates shown in the table are MNI coordinates for peak
activations within each cluster. All the activated voxels reached
voxelwise threshold of P < 0.05 (FDR), with minimal cluster size
exceeding 10 voxels. The anatomical locations and Brodmann
areas were estimated based on the MNI coordinates using SPM
Anatomy Toolbox [Eickhoff et al., 2005].
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The relationship between the conjunction map and DOMAIN
effect map (X = 37, Y = 105, Z = 72). The conjunction map
(blue) shows overlapped responses to both pitch variations
across music and language. These common brain areas are situ-
ated on bilateral superior temporal gyri, including bilateral
Heschl’s Gyri, P < 0.05 (FDR). The conjunction map (blue) and
DOMAIN effect map (red) overlap within bilateral STG, as
shown in green. These areas were not only commonly activated
by music and language phrases for both types of pitch variations,
but also showing more activation for language than music
phrases.

the data confirmed the original functional definition of
these ROIs and were already reported earlier.

In summary, our results showed that pitch processing in
music and Mandarin was associated with the right STG
and the pars triangularis (BA 45). Congruous ending
pitches in both music and tone language phrases elicited
greater activation in left BA 45 relative to the incongruous
ending pitches. The strength of the activity in left BA 45,
but not in the right STG, is positively related to behavioral
performance in pitch congruity judgment across domains.
The right STG although showing activation for both lan-
guage and music phrases, demonstrates a sensitivity to
pitch variations only in music phrases, but not in
language.

DISCUSSION

The current study directly compared pitch processing in
music and tone language (Mandarin) in Mandarin speak-

ing musicians with fMRI. This is the first time where the
neural substrates underlying pitch processing are exam-
ined with a group of subjects whose expertise in pitch is
similar across music and tone language. Our results dem-
onstrate a common pitch processing network across music
and tone language, including the triangular part of Broca’s
area and the right STG with the latter region differentially
modulated by the different domains.

Broca’s Area

Congruous ending pitches in both music and tone lan-
guage phrases elicited greater activation in the pars trian-
gularis (BA 45) as part of Broca’s area relative to the
incongruous ending pitches. The strength of the activation
in Broca’s area is positively related to behavioral perform-
ance in pitch congruity judgment, suggesting that the in-
tegrity of Broca’s area is mandatory for pitch processing
performance. Broca’s area in the left hemisphere has long
been known to be involved in language processing with
the more anterior portion mainly holding responsible for
semantic aspects and the more posterior portion for syn-
tactic aspects [for reviews see Bookheimer, 2002; Friederici,
2002] and for the processing of musical syntax [Koelsch
et al., 2002; Maess et al., 2001].

It should be noted that in the current study, congruous
pitches were associated with higher activation in left BA
45 as compared to incongruous ones in both music and
language, whereas a prior study showed more activation
for incongruous harmonic continuation in music [Koelsch
et al., 2002]. This discrepancy might be attributed either to
the fact that participants in the two studies came with dif-
ferent musical expertise, with high expertise in the current
study as musicians, but with less expertise as nonmusi-
cians in the Koelsch et al. (2002) study, or to the fact that
different experimental tasks were used. The first difference
may only be of minor importance as qualitative similar
electrophysiological patterns were observed for the proc-
essing of musical violations in musicians and nonmusi-
cians [Koelsch et al., 1999, 2000]. Moreover, differences in
brain activation patterns between the musicians and non-
musicians were reported mainly for structures involved in
control, programming and planning of actions [Schulze
et al., 2011]. Thus, the task-related aspect may be more im-
portant. In the current study, the subjects were asked to
respond explicitly to the congruity and incongruity of lan-
guage and music phrases. Congruous and incongruous
conditions were both task-relevant. In the fMRI study by
Koelsch et al. (2002) the participants” task was to detect
deviant instruments and dissonant tone-clusters and to
indicate deviant instruments by button press. Thus, only
one of the incongruous conditions, the cluster, was task-
relevant, whereas the other incongruous conditions (the
modulation) and the congruous condition (in-key chords)
were both task-irrelevant. Within a single study, task-rele-
vant and task-irrelevant conditions are associated with
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Music CONGRUITY effect in the right STG (MNI coordinates: 63, —6, —5). Average 3 values
for each condition in the ROI located in the right STG (shown on the left). Error bars indicate

SDs (*P < 0.05).

differential effects of attention: task-relevant items are
more attended to than task-irrelevant ones, and yield more
brain activation [Downar et al., 2001]. These task-induced
attentional effects could be of importance. Although the
final results by Koelsch et al. (2002) showed generally

greater BOLD responses for the incongruous conditions as
compared to the congruous condition, but for the incon-
gruous conditions, the one that was relevant to the task
(the cluster) yielded bigger response than the one that was
task-irrelevant (the modulation), suggesting that the

Broca's area (BA 45)

Mean beta values

3.2 34 3.6 3.8

Mean performance (d")

Figure 5.
Neural activity in the triangular part of Broca’s area (BA 45, MNI coordinates: —54, 27, 0) corre-
lated with behavioral performance. Scatter plot between the mean behavioral performance
(measured by d') and the mean activity in Broca’s area (shown on the left) across four experi-
mental conditions. There was a positive and reliable correlation between the mean performance
and the mean 3 values in Broca’s area across participants (r = 0.605, P < 0.01).
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imaging results could be greatly influenced by the degree
of task-relevance.

The engagement of Broca’s area in the common network
for music and language [Koelsch et al., 2002] might reflect
a role for this region in task-relevant processes involved in
both music and tone language. Broca’s area has long been
associated with task-related lexical processes [Thompson-
Schill et al., 1997] and lexical pitch processing in tonal lan-
guage speakers [Gandour et al.,, 1998, 2004; Wong et al.,
2004]. Damage to Broca’s area caused by left-sided brain
lesion resulted in greatly compromised identification of
lexical tone and thereby the word’s semantic meaning
[Liang and van Heuven, 2004]. Similarly, brain anomalies
in bilateral inferior frontal areas have been associated with
congenital amusia — the neurogenetic condition of music
pitch deficit [Hyde et al., 2007, 2010; Mandell et al., 2007].
Moreover, congenital amusia has been shown to affect sen-
tence-level prosodic information processing [Liu et al.,
2010]. The involvement of Broca’s area in a common pitch
network is also consistent with the observed frontally dis-
tributed late positive component for pitch violations across
music and language domains in our previous ERP study
[Nan et al., 2009]. It is thus consistent with our data to
suggest that part of Broca’s area contributes to the general
cognitive processes such as verbal and tonal working
memory [Rogalsky et al., 2011; Schulze et al., 2011] as well
as cognitive control [Norvick et al., 2010] that are essential
for the judgment of pitch information in musical and lan-
guage phrases.

Right Superior Temporal Cortex

The right STG which was also identified as part of the
common pitch processing network, on the other hand,
might be responsible for the early perceptual acoustic anal-
ysis of pitch. For music, congruous ending pitches elicited
higher activation in the right STG relative to the incongru-
ous ones. This corroborates previous findings about the
right STG in perceptual analysis of melodies and retention
of pitch [Zatorre et al., 1994]. The malfunction of the right
STG might indicate amusia, via a neural network that
includes the right inferior frontal area [Hyde et al., 2007,
2010]. Lexically relevant pitch variations in tone language
did not produce similar pattern as was observed in musical
phrases: for pitch variations resulting in semantic or com-
bined semantic/syntactic incongruity no activation differ-
ence was found in the right STG. This is in line with
previous fMRI results indicating a left-localization of lexical
pitch only when language processing beyond the auditory
analysis is required [Gandour et al., 2004]. It is also consist-
ent with a previous ERP work [Luo et al, 2006] which
allows a more fine grained temporal resolution of the
neural activation underlying the different aspects of pitch
processing. Using ERP it was found that early auditory
processing of lexical tones as reflected by the auditory mis-
match negativity is lateralized to the right STG [Luo et al,,

2006]. Thus, in the current study the involvement of the
right STG in lexical tone processing independent of seman-
tic congruity (and sometimes combined semantic/syntactic
congruity) might be related to the analysis of prelexical
acoustic features [Luo et al., 2006]. It is only until a later
stage of processing, most possibly under the involvement of
Broca’s area, that pitch information in language phrases is
finally mapped onto its lexical representations. The specific
difference of the right STG’s response to congruity between
tone language and music indicates that after initial acoustic
analysis of an auditory stimulus’ form, the function of the
stimulus determines brain activation. Thus the right STG
responded to musical congruence, but not to lexical congru-
ence. Furthermore, the lack of correlation between behav-
ioral performance and the right STG activation, in contrast
to the tight link between pitch performance and activation
in Broca’s area, provides additional evidence that the right
STG supports perceptual processes which are not directly
related to judgment performance.

Temporo-Frontal Network

Taken together, our results support a model whereby
pitch information in music and tone language undergoes
multiple stages of processing [Hickok and Poeppel, 2007;
Obleser et al., 2007], each of which relates to a distinct
neural structure. Most importantly, within each of these
different processing stages, we found shared neural
resources engaged in pitch processing for music and tone
language. Specifically, the right STG might reflect percep-
tual stage essential for acoustic analysis of pitch informa-
tion, whereas Broca’s area most likely represents a
performance-related processing stage.

This common neural network could help us understand
the positive transfer effects of pitch processing across
domains [Magne et al., 2006; Moreno et al., 2009; Schon
et al., 2004; Wong et al., 2007]. Life long experience with
pitch in one domain might strengthen the related neural
structures and provide benefits to the other domain, via
this common neural network.

Similarly, the disruption of this common circuitry might
cause deficits in pitch processing which are not limited to
one domain [Nan et al., 2010]. The current results thus sug-
gest that our previously observed common pitch deficits in
music and tone language might actually have its common
neural underpinnings. We assume that the core deficit com-
mon to music and tone language pitch processing observed
in Mandarin speaking amusics may be caused by the mal-
function of the right STG, which is crucial for pitch analy-
sis. Broca’s area, however, might not be causally involved,
since lexical tone production was reserved in these amusics
[Nan et al., 2010]. This assumption is also supported by the
present data showing that activation in Broca’s area is per-
formance related, rather than perception related. Further
evidence comes from recent findings of associated speech
intonation deficits in British amusics [Liu et al., 2010],
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whose native language does not involve lexical tone as
implicated in the left inferior frontal area.

An important caveat in music and language research is
observed gender effects. Previous results suggested that
females had less left lateralized hemispheric involvement
in pitch-related tasks compared to males [Gaab et al.,
2003]. Because of the precaution of gender confound, we
chose only female musicians as our participants. Given
this, however, it is not clear whether the observed interhe-
mispheric network for pitch processing in the current
study could be generalized across genders. A recent study
with children observing a similar network involving the
right STG and left IFG for language rhyming task showed
no gender effect [Bitan et al., 2010]. Future work will have
to test how gender might modulate the pitch processing
network. Moreover, at this point, there is not enough evi-
dence to support the generality of the current findings to
other groups of people, such as nonmusicians or other
tone language speakers. Recent language-music compara-
tive studies have found that, compared to musicians, non-
musicians showed a greater degree of neural overlap as
well as behavioral similarity in tonal and verbal working
memory tasks [Schulze et al., 2011; Williamson et al.,
2010]. Future research may focus on how musical and dif-
ferent tone language experiences affect the current
observed common pitch network.

CONCLUSIONS

Cross-domain comparisons provide unique insights into
the specific functional role of particular brain areas across
processing domains. Here, we used fMRI to test whether
there is a common neural implementation of pitch process-
ing in music and tone language (Mandarin). Our findings
obtained from Mandarin speaking musicians, i.e., from
individuals with a similarly high expertise in pitch proc-
essing in both tone language and music, demonstrate
shared neural circuits for pitch processing across domains,
including part of the right STG and the pars triangularis
of Broca’s area. Within this network, Broca’s area’s pitch
sensitivity is tightly linked to the behavioral performance
of pitch congruity judgment thereby reflecting controlled
aspects of pitch processing, whereas the right STG is
independent of performance most likely reflecting purely
perceptual processes. These observations provide a first
glimpse at the cortical pitch processing network shared
across domains.
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