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Congenital amusia is a lifelong neurodevelopmental disorder of fine-grained pitch processing. In this fMRI
study, we examined the neural bases of congenial amusia in speakers of a tonal language — Cantonese. Previous
studies on non-tonal language speakers suggest that the neural deficits of congenital amusia lie in the music-

N selective neural circuitry in the right inferior frontal gyrus (IFG). However, it is unclear whether this finding can
lé/laliilgnese generalize to congenital amusics in tonal languages. Tonal language experience has been reported to shape the
AMRI neural processing of pitch, which raises the question of how tonal language experience affects the neural bases of
congenital amusia. To investigate this question, we examined the neural circuitries sub-serving the processing of
relative pitch interval in pitch-matched Cantonese level tone and musical stimuli in 11 Cantonese-speaking
amusics and 11 musically intact controls. Cantonese-speaking amusics exhibited abnormal brain activities in a
widely distributed neural network during the processing of lexical tone and musical stimuli. Whereas the
controls exhibited significant activation in the right superior temporal gyrus (STG) in the lexical tone condition
and in the cerebellum regardless of the lexical tone and music conditions, no activation was found in the
amusics in those regions, which likely reflects a dysfunctional neural mechanism of relative pitch processing in
the amusics. Furthermore, the amusics showed abnormally strong activation of the right middle frontal gyrus
and precuneus when the pitch stimuli were repeated, which presumably reflect deficits of attending to repeated
pitch stimuli or encoding them into working memory. No significant group difference was found in the right IFG
in either the whole-brain analysis or region-of-interest analysis. These findings imply that the neural deficits in
tonal language speakers might differ from those in non-tonal language speakers, and overlap partly with the
neural circuitries of lexical tone processing (e.g. right STG).

1. Introduction

Congenital amusia is a lifelong neurodevelopmental disorder that
influences musical pitch processing (Ayotte et al., 2002; Peretz et al.,
2002; Hyde and Peretz, 2003, 2004; Foxton et al., 2004). It is
estimated to affect about 3-4% of the population (Peretz et al.,
2008). Earlier studies suggest that this disorder is music-specific,
leaving pitch processing in language intact (Ayotte et al., 2002;
Peretz and Hyde, 2003). However, recent studies with more refined
design found that amusia does affect pitch processing in language
(Patel et al., 2005; Nguyen et al., 2009; Liu et al., 2010; Tillmann et al.,
2011a, 2011b). Among non-tonal language speakers, the amusics were
found to be impaired in intonation processing when pitch differences in
speech stimuli were controlled and reduced (Liu et al., 2010). The
amusics also had difficulty with accurate discrimination of non-native
lexical tones (Nguyen et al., 2009; Tillmann et al., 2011a). Among tonal
language speakers, those with congenital amusia exhibited inferior

performance in the perception of native tones as well as nonnative
tones (Nan et al., 2010; Jiang et al., 2012b; Wang and Peng, 2014; Liu
etal., 2013, 2015; Huang et al., 2015a, 2015b). For instance, Nan et al.
(2010) found that Mandarin-speaking amusics performed worse than
musically intact controls in the identification and discrimination of
Mandarin tones, though there was individual variation in the severity
of lexical tone impairment. Furthermore, there is some evidence that
the deficiency in tonal language speakers is not confined to auditory
pitch processing, but prevails to higher-level phonological processing,
impeding the categorical perception of lexical tone (Jiang et al. 2012b;
Huang et al., 2015a). All these findings suggest that the musical pitch
deficit prevails to pitch processing in language.

In spite of the ample behavioral evidence of pitch impairment in
music and speech, however, the neural bases of congenital amusia
remain unclear, especially in different language populations.
Understanding the neural bases of congenital amusia is important,
not only for shedding light on the nature of congenital amusia, but also
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for guiding the intervention. In non-tonal languages, although one
study has found deficient pitch processing in the auditory cortices in
congenital amusia (Albouy et al., 2013), the majority of neuroimaging
studies have found that the auditory cortices of the amusics respond
normally to pitch, especially in implicit pitch processing tasks (Omigie
et al., 2013; Peretz et al., 2005, 2009; Hyde et al., 2011; Moreau et al.,
2013; Norman-Haignere et al., 2016). For instance, in a functional
MRI (fMRI) study, Hyde et al. (2011) found that the auditory cortices
of the amusics responded normally to unattended pitch changes in a
sequence of pitch stimuli. Instead, the functional deficits are localized
in the music-selective neural circuitry in the right inferior frontal gyrus
(IFG), which is believed to support musical pitch encoding and pitch
memory (Zatorre et al., 1994; Holcomb et al., 1998; Griffiths et al.,
1999). Furthermore, the right IFG showed anatomical abnormality in
terms of the white and grey matter concentration in the amusic brain
(Hyde et al., 2006, 2007; Albouy et al., 2013). Functional and
structural connectivity between the right IFG and right auditory cortex
is also disrupted (Hyde et al., 2011; Loui et al., 2009; Albouy et al.,
2013).

The aforementioned studies have provided important data regard-
ing the neural bases of congenital amusia in non-tonal language
speakers. However, it remains unclear whether these findings can
generalize to congenital amusia in different language populations, or
might be under the influence of (non-tonal) language experience to
some extent. In particular, it is worth examining the neural bases of
congenital amusia in tonal language speakers. Long-term experience of
a tonal language has been widely demonstrated to shape the neural
processing of pitch (Bidelman et al., 2011, 2013; Tong et al., 2005; Luo
et al., 2006; Gandour et al., 2002, 2004; Gu et al., 2013). In tonal
languages, pitch is systematically used to convey information, like in
music. Probably because of the overlap in pitch usage, cross-domain
transfer between music and tonal language experience in pitch
processing has been widely report at both behavioral and neural levels
(Bidelman et al., 2011, 2013; Pfordresher and Brown, 2009; Deutsch
et al., 2006; Peng et al., 2013; Wong et al., 2012; Alexander et al., 2005;
Delogu et al., 2006, 2010; Lee and Hung, 2008; Lee et al., 2014;
Smayda et al., 2015). Furthermore, as mentioned before, tonal
language speakers with congenital amusia have been found to exhibit
degraded performance in lexical tone perception (Nan et al., 2010;
Jiang et al., 2012b; Wang and Peng, 2014; Liu et al., 2013, 2015;
Huang et al., 2015a, 2015b), which also suggests that musical proces-
sing is intimately linked with lexical tone processing. Such cross-
domain transfer hints at possibly shared neural pathways of musical
and lexical tone processing in tonal language speakers with congenital
amusia. However, this hypothesis has not been systematically exam-
ined at the neurobiological level before. As the majority of previous
neuroimaging studies focused on non-tonal language speakers, little is
known about the neural bases of amusia in tonal language speakers.

To fill in the gap, in the current fMRI study, we examined the effect
of tonal language experience on the neural circuitries of pitch proces-
sing in lexical tone and musical stimuli in Cantonese speakers with
congenital amusia. We hypothesize that the neural circuitries sub-
serving pitch processing in lexical tone and music are commonly
impaired in Cantonese-speaking congenital amusics. In particular, we
aim to examine whether the neural deficits in tonal language speakers
lie in music-selective neural circuitry in the right IFG as in non-tonal
language speakers, or overlap with the neural circuitries of lexical tone
processing (cf. Tong et al., 2005; Luo et al., 2006; Gandour et al., 2002,
2004; Wong et al., 2004; Li et al., 2010; Gu et al., 2013; Zhang et al.,
2016). We chose Cantonese in this study because it has three level
tones that contrast a relatively flat pitch contour at various pitch height,
which can be matched with musical notes in pitch (see Fig. 1).

We adopted a group (amusic and normal) x domain (speech and
music) x pitch interval (repetition, fixed pitch interval, and varied
pitch interval) design to examine the neural bases of relative pitch
perception, a fundamental human perceptual ability in both lexical
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Fig. 1. FO trajectory of the three level tones and three pitch-matched musical notes. The
three words carrying the three level tones (B /ji55/ ‘a doctor’; & /ji33/ ‘meaning’; =
/ji22/ ‘second’) were produced by a female Cantonese speaker. The three pitch-matched
musical notes were Cf#4, Aff3, and Gf#3. The three level tones were indicated by red
connected lines, and the musical notes were indicates by black dotted lines. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

tone and musical perception (Saffran and Griepentrog, 2001; Itoh
et al., 2005). It has been found that the absolute pitch height of a tone
varies dramatically in the productions of speakers with different pitch
ranges, and thus cannot be a reliable index of the tone category
perceptually (Peng et al., 2012; Zhang et al., 2012, 2013). On the other
hand, the pitch location of a tone within a speaker's pitch range is
relatively constant across speakers (e.g. Wong and Diehl, 2003). For
example, a high tone tends to be located close to the upper bound of a
speaker's pitch range, while a low tone tends to be located close to the
lower bound of a speaker's pitch range, no matter whether this speaker
speaks with a high or low pitch range (Peng et al., 2012). It has been
found that tonal language speakers rely on the relative pitch height of a
tone with reference to a speaker's pitch range in lexical tone perception
(Zhang et al., 2012, 2013; Zhang and Chen, 2016). Similarly, relative
pitch relationship is critical for musical perception. A musical melody
can be perceived as the same melody when presented at different keys,
presumably because the relative pitch intervals between notes are
constant across keys. Recognizing the same melody presented at
different keys is to some extent analogous to recognizing the same
tone produced by speakers with different pitch ranges, both of which
rely on the constancy of the relative pitch relationship between notes/
tones.

We used an adaptation paradigm (e.g. Celsis et al, 1999;
Chandrasekaran et al., 2011; Joanisse et al., 2007; Zhang et al.,
2016) to examine the neural activities underlying relative pitch
processing in lexical tone and musical stimuli, via a comparison of
three conditions — repetition, fixed interval, and varied interval. The
repetition condition, where a pair of tone/music sounds was simply
repeated eight times in a block, served as the control condition. The
fixed interval condition included eight pairs of tone/music sounds with
repeated pitch interval at various pitch height in a block. The pitch
interval was identical between the fixed interval and repetition condi-
tion, but the pitch height was different. The varied interval condition
included eight pairs of tone/music sounds with varied pitch intervals at
various pitch height in a block. Repetition of the pitch interval in the
repetition and fixed interval conditions is expected to habituate the
Blood Oxygenation Level Dependent (BOLD) signal in brain regions
sensitive to relative pitch processing. The varied interval condition
would result in a release from habituation, increasing the BOLD signal
in those same regions. It has been found that implicit lexical tonal
changes presented in an adaptation paradigm activated the superior
temporal gyrus (STG) bilaterally in Cantonese speakers, among other



C. Zhang et al.

brain regions (Zhang et al., 2016). While the experimental design of the
previous study was different from the current study to a certain extent,
it provides some information of the neural bases of lexical tone
processing in Cantonese speakers. Based on the previous study, it is
possible that the processing of relative pitch intervals also activates the
bilateral STG and/or other brain regions. Importantly, the amusics,
who are less sensitive to refined pitch differences, might fail to detect
the variations in pitch interval size in the varied interval condition
(which were 1 semitone larger or smaller than the pitch interval size in
the fixed interval and repetition block; see Stimuli below). If so, the
amusics would show a strong habituation even in the varied interval
condition, thus exhibiting less or no activation (i.e. less/no release from
habituation) in the processing of relative pitch intervals in the bilateral
STG and/or other brain regions compared to the controls. Apart from
the bilateral STG, we also focus on examining whether Cantonese-
speaking amusics exhibit deficient pitch processing in the right IFG as
in non-tonal language speakers (cf. Hyde et al., 2011).

2. Material and methods
2.1. Participants

Eleven amusics and 11 musically intact controls matched one by
one in age, gender, and years of education participated in the
experiment. All participants were native speakers of Hong Kong
Cantonese and university students in Hong Kong. They were all
right-handed, and reported no hearing impairment, no history of
neurological illness or musical training. The amusic participants were
identified using the Online Identification Test of Congenital Amusia
(Peretz et al, 2008; http://www.brams.umontreal.ca/onlinetest),
which has been used as a screening test in recent studies on
congenital amusia (e.g. Liu et al, 2010; Zendel et al., 2015). All
amusic participants scored 73 or lower, whereas the control
participants scored 80 or higher in the global score of the test, which
is the average of all three subtests — out-of-key, offbeat and mistuned
subtests. Among the 11 amusic participants, nine of them even scored
below 70 in the global score. Note that the score for selecting amusics
(73) used in the current study was below the cut-off score (78.4)
reported in a previous prevalence study of Cantonese-speaking amusics
using the same test (Wong et al., 2012). A lower score was used in the
current study partly because the Cantonese participants in the previous
study (Wong et al., 2012) had a high level of musical training, which
was likely to inflate the cut-off score for determining the amusics to
some extent. Independent-samples t¢-test confirmed that the global
score of the amusics was significantly lower than that of the controls
(t(20)=-14.337, p < 0.001) in the current study. This result was further
corroborated by the results of a behavioral study that examined the
performance of Cantonese-speaking amusics selected using the same
criterion (eight out of 11 amusics in the current study participated in
the behavioral study) in lexical tone identification and discrimination,
which showed that these amusics demonstrated an impairment in
lexical tone perception, apart from the deficient musical perception
performance (Shao et al., 2016). Demographic characteristics of the
participants are summarized in Table 1. For the reason that the
participants were only tested on the online amusia test, the
possibility that some participants might have other cognitive deficits
such as attentional deficits cannot be completely ruled out. The
procedures of the fMRI experiment were approved by the Shenzhen
Institutes of Advanced Technology Institutional Review Board.
Informed written consent was obtained from participants in
compliance with the experiment protocols.

2.2. Stimuli

The stimuli were comprised of speech stimuli generated from
natural productions of Cantonese words contrasting the three level
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Table 1

Demographic characteristics of the participants. The amusic participants were identified
using the Online Identification Test of Congenital Amusia (Peretz et al., 2008; http://
www.brams.umontreal.ca/onlinetest). All amusic participants scored 73 or lower,
whereas the control participants scored 80 or higher in the global score of the test,
which is the average of all three subtests — out-of-key, offbeat and mistuned subtests. The
results (p-value) of t-tests comparing the amusics and controls in age and the scores of
the amusia test are reported.

fMRI experiment Amusics Controls p-value

No. of participants 112M,9F) 11(2M,9F) /

Age (range) 22.0 + 3.1 years 21.7 + 2.7 years n.s.
(19.2-28.5 years) (18.8-28.8 years)

Online Identification Test of Congenital Amusia

Out-of-key (SD) 67.5 (6.8) 89.5 (5.6) p<0.001

Offbeat (SD) 74.3 (11.4) 85.6 (7.8) p<0.05

Mistuned (SD) 57.5 (5.0) 91.9 (5.9) p<0.001

Global score (SD) 66.5 (4.5) 89.6 (3.5) p<0.001

Note: M=male; F=female; n.s.=not significant; SD=standard deviation.

tones, and musical stimuli in the piano timbre that were matched in
pitch with the speech stimuli. The three lexically contrastive level tones
were high level tone (B /ji55/ ‘a doctor’), mid level tone (& /ji33/
‘meaning’), and low level tone (= /ji22/ ‘second’). A female Cantonese
speaker was recorded reading aloud the three target words minimally
contrasting the three level tones (B /ji55/ ‘a doctor, & /ji33/
‘meaning’= /ji22/ ‘second’) in a carrier sentence (BEF&__ /155
ko33 tsi22 hei22 _ / ‘This word is __’) for ten times. The FO was
measured at 21 sampling points of 5% intervals across the whole
syllable using the Praat (Boersma and Weenink, 2014). The FO
trajectory of the three tones averaged from all repetitions is shown in
Fig. 1. The three level tones were primarily distinguished by pitch
height, despite some small and perceptually negligible fluctuation in
the pitch contour (Peng et al., 2012). The high level tone /ji55/ was
roughly 3 semitones higher than the mid level tone /ji33/, which was
roughly 2 semitones higher than the low level tone /ji22/.

One clearly produced token of /ji33/ was selected for manipulation.
It was normalized in duration to 500 ms and in average intensity to
80 dB using the Praat. Then the FO trajectory of /ji33/ was raised by 3
semitones to create the /ji55/ stimulus, and lowered by 2 semitones to
create the /ji22/ stimulus. Resynthesized stimuli based on /ji33/
instead of naturally produced /ji55/ and /ji22/ were used, in order
to minimize acoustic differences between the three tones other than the
FO (Peng et al., 2012). This manipulation helps to ensure that any
observed group differences between amusics and controls in the neural
processing are not due to different processing abilities of duration,
formant frequency or other acoustic cues, other than the FO.

The musical stimuli were 500-ms long piano tones generated using
a Kurzweil K2000 synthesizer tuned to the standard A4 of 440 Hz
(Peng et al., 2013). The FO trajectories of the three musical notes (Cf4,
A3, and Gff3) that were pitch-matched with the three level tones are
shown in Fig. 1.

The three tonal/musical stimuli were grouped into six pairs (/55/-/
33/, /33/-/55/, /33/-/22/, /22/-/33/, /55/-/22/, /]22/-/55/), and each
pair was presented in the three conditions — repetition, fixed interval,
and varied interval (see Table 2). In the repetition condition, a tone/
music pair was simply repeated eight times. The fixed interval
condition included eight variants of the same tone/music pair, with
identical pitch interval as in the repetition condition, but varied pitch
height. Among the eight variants, four variants were 1-4 semitones
higher in pitch height than the pair in the repetition condition, while
the other four variants were 1-4 semitones lower. The varied interval
condition included eight variants of the same tone/music pair with
varied pitch interval and varied pitch height. Among the eight
variants, four variants had pitch interval one semitone larger than
the pair in the fixed interval condition, and the other four variants had
pitch interval one semitone smaller. This was achieved by switching the
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The mean FO (Hz) of six pairs of lexical tone stimuli and the notes of pitch-matched musical stimuli presented in the repetition, fixed interval and varied interval conditions.

55-33/33-55 33-22/22-33 55-22/22-55
Speech Piano Speech Piano Speech Piano

Repetition 277 233 C4 Af3 233 208 Af3 G#3 277 208 C4 G#3

Fixed interval 349 294 F4 D4 294 262 D4 C4 349 262 F4 Cc4
330 277 E4 Cf4 277 247 Cti4 B3 330 247 E4 B3
311 262 D4 c4 262 233 c4 Af3 311 233 D4 Af3
294 247 D4 B3 247 220 B3 A3 294 220 D4 A3
262 220 C4 A3 220 196 A3 G3 262 196 c4 G3
247 208 B3 G#3 208 185 G#3 Fi3 247 185 B3 Fi3
233 196 A3 G3 196 175 G3 F3 233 175 A3 F3
220 185 A3 Fi3 185 165 Fi3 E3 220 165 A3 E3

Varied interval 349 277 F4 Ct4 294 247 D4 B3 349 247 F4 B3
330 294 E4 D4 277 262 C4 c4 330 262 E4 C4
311 247 D4 B3 262 220 Cc4 A3 311 220 D4 A3
294 262 D4 Cc4 247 233 B3 Af3 294 233 D4 Af3
262 208 Cc4 G#3 220 185 A3 Fi3 262 185 c4 Fi3
247 220 B3 A3 208 196 G#3 G3 247 196 B3 G3
233 185 A3 Fi3 196 165 G3 E3 233 165 A3 E3
220 196 A3 G3 185 175 Fi3 F3 220 175 A3 F3

second sound in the eight variants in the fixed interval condition to
create varied pitch intervals for each tonal/musical pair (e.g., D#{4-C4
and D4-B3 in the fixed interval condition was paired as Dff4-B3 and
D4-C4 in the varied interval condition).

In total, all tone pairs presented in the three conditions covered 14
speech stimuli, and the musical stimuli covered 14 pitch-matched
musical notes in the piano timbre, ranging from E3 to F4 (see Table 2).

2.3. Procedure

The stimuli were presented in a block design. There were 36 blocks
in total, including 18 speech blocks and 18 music blocks, which were
further divided into equal numbers of repetition, fixed and varied
interval conditions (six blocks per condition).

Each block was 20 s in length, followed by a 12 s rest block. In the
first 16 s of a block, eight pairs of stimuli were randomly presented.
Each pair of stimuli was one second in length, containing two stimuli of
500-ms each with no pause in between; neighboring pairs were
separated by one second. After the stimulus presentation, a question
appeared on the screen, instructing participants to judge whether the
heard stimuli were speech or music within four seconds, by pressing
buttons (1 or 2) with the left and right thumb respectively. The manual
responses were counterbalanced, with half of participants making
"speech" responses with left thumb and "music" responses with right
thumb, and the other half of participants with switched left/right
thumb responses. The task was only to ensure that the participants
paid sustained attention to the auditory stimuli. Both amusics and
controls were highly accurate in the speech/music judgment.
Independent-samples t-tests found no significant difference between
amusics and controls in either accuracy (¢(88.262)=-1.649, p=0.101;
amusics: mean=98.0%, SD=6.6%; controls: mean=99.5%, SD=2.9%) or
reaction time (RT) (#(119.619)=1.158, p=0.249; amusics:
mean=1045 ms, SD=254; controls: mean =984 ms, SD=344). An
example block of the musical stimuli in the repetition, fixed interval
and varied interval conditions is displayed in Fig. 2. Examples of audio
files of the speech and musical stimuli (using the pair /55/-/33/ as an
example) in the repetition, fixed interval and varied interval conditions
can be found in the Supplementary materials.

For each participant, the 36 blocks were randomly divided into
three runs, with 12 test blocks per run together with 12 rest blocks.
Each run included six speech blocks and six music blocks (two test
blocks for each of the repetition, fixed interval and varied interval
conditions). The order of the 12 test blocks was randomized in a run.
Each run lasted 384 s.

21

2.4. fMRI data acquisition

fMRI data were acquired using a 3T Magnetom TRIO Scanner
(Siemens, Erlangen, Germany) equipped with a 12-channel phased
array receive-only head coil at the Shenzhen Institutes of Advanced
Technology, the Chinese Academy of Sciences. 3D MPRAGE was
applied to obtain continuous high-resolution T1-weighted anatomical
images (scan repetition time (TR)=2530 ms; echo time (TE)=2.01 ms;
flip angle (FA)=7°; field of view (FOV)=256 mm; in-plane resolution
1.0 mmx1.0 mmx1.0 mm; 192 slices in total). Functional gradient-
echo planar images (EPI) were acquired (TR=2000 ms; TE=30 ms;
FA=90°; FOV=220 mm; 4 mm slice thickness; no gap; 64x64 matrix;
32 slices) continuously in ascending interleaved axial slices.

2.5. fMRI data analysis

Three imaging runs, each containing 198 TRs, were obtained from
each participant. Data analysis was performed using AFNI (Cox, 1996).
The first six TRs of each run were disregarded from analysis. Images
were aligned to the first TR, corrected for slice acquisition time, motion
corrected using a six-parameter rigid body transform, and spatially
smoothed with an 8 mm Gaussian filter. Images exceeding 3 mm
displacement or 3° rotation measured in TR-to-TR change were
discarded. The high-resolution anatomical scan for each participant
was normalized to Talairach and Tournoux stereotaxic space using the
Colin27 template. All data were transformed to this same space using a
single concatenated transform from EPI to high-resolution anatomical
to Colin27 template. Single-subject BOLD signals were scaled and
submitted to a regression analysis with the idealized hemodynamic
responses as regressors at each voxel, which were created by convolving
the timing of a condition with a gamma function for each condition
respectively. The six parameters from the motion-correction process
were included as nuisance regressors, as were baseline, linear, and
quadratic trend.

Regression coefficients from the single-subject analysis were input
to the group-level analysis. Whole-brain and region-of-interest (ROI)
analysis were conducted using the AFNI.

For the whole-brain analysis, a mixed-effects group x domain x
pitch interval ANOVA analysis with subjects as a random factor was
conducted at each voxel at a whole-brain level using 3dMVM of AFNI.
Contrast maps were obtained for main and interaction effects of group,
domain and pitch interval, with a focus on the main effects of group
and the interaction between group and other factors. Additionally, in
order to fully explore the differences between the amusics and controls
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Fig. 2. Example blocks of musical stimuli in the fMRI experiment. (A) Repetition condition. (B) Fixed interval condition. (C) Varied interval condition.

in brain activities, we also examined the main effects of group in each
level of domain (speech, music), pitch interval (repetition, fixed
interval, varied interval) and domain x pitch interval condition
(speech-repetition, speech-fixed interval, speech-varied interval, mu-
sic-repetition, music-fixed interval, music-varied interval). More im-
portantly, partly following the previous study (Hyde et al., 2011),
within-group analyses of relative pitch processing were conducted on
the data of the amusics and controls respectively, in order to examine
the neural circuitries sub-serving the processing of relative pitch
interval in each group, which is the main focus of this study. As
mentioned above, repetition of pitch interval in the repetition and fixed
interval conditions is expected to habituate the BOLD signal in brain
regions sensitive to relative pitch interval processing, whereas the
varied interval condition would result in a release from habituation,
increasing the BOLD signal in those same regions. Thus those brain
regions involved in relative pitch interval processing are expected to
show the following pattern: large BOLD signal in the varied interval
condition and comparably reduced BOLD signal in the repetition and
fixed interval conditions (Varied interval > Fixed interval
Repetition). Using this criterion, contrast maps were obtained for
speech and music conditions respectively for the amusic and control
group. For all comparisons, statistic images were assessed for cluster-
wise significance using a cluster-defining threshold calculated with
3dClustSim of AFNI: the uncorrected threshold was p=0.001, and the
FWE-corrected critical cluster size at the threshold of p=0.05 was 36.2
voxels (NN level 1, faces must touch and 2-sided threshold).

As for the ROI analyses, we focused on the right IFG (pars
orbitalis), where functional deficit was reported in non-tonal language
speakers (Hyde et al., 2011). A 5 mm sphere was generated centering
on the coordinates of the right IFG (MNI coordinates: x=34, y=32, z=0)
reported in Hyde et al. (2011), and the mean beta values of all voxels
within the sphere were obtained. Note that spheres of other sizes (3—
8 mm) have also been used, and the results were similar. ROI analysis
was also conducted on the clusters significantly activated in the whole-
brain analysis mentioned above. The mean beta values of all voxels
within each mask/cluster were input to the group x domain x interval
ANOVA analysis using SPSS (IBM Corp, 2011).

3. Results

All significant clusters are reported in Table 3. In the text below, we
focused on reporting the results of group effects and within-group
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Table 3

Significantly activated clusters in the whole-brain analysis (cluster-wise FWE corrected
p=0.05, uncorrected p=0.001). FWE-corrected critical cluster size was 36.2 voxels (NN
level 1, faces must touch and 2-sided threshold). MNI coordinates are reported for peak
activation in the LPI format.

Condition Region X y z Size (cm®)

Main effect of group (in repetition condition)

Amusics > Controls R MFG 38 41 17 1.377

GroupxInterval (Varied vs. Repetition) interaction

Amusics > Controls R precuneus 29 =77 44 1.296

Within-group analyses of relative pitch processing

Controls: Varied > Cerebellum 14 -32 -7 2484
Fixed=Repetition

Controls (Speech): Varied > R STG 63 -4 2 1.107
Fixed=Repetition

Other activations

Speech > Music R STG 66 -20 1 2.646

Varied > Repetition R STG 57 5 -1 0.999

Controls: Varied > Repetition R STG 60 8 01 1.08

Controls: Varied > Fixed R SFG 26 2 58 2.322

Cerebellum 14 -35 -7 2214

Controls (Speech): Varied > R STG 66 -13 1 1.296
Repetition

Amusics (Speech): Repetition > L fusiform -53 -47 -15 1.242
Varied gyrus

Note: L=left; R=right; MFG=middle frontal gyrus; STG=superior temporal gyrus;
SFG=superior frontal gyrus.

analyses of relative pitch processing. Significantly activated clusters
and the mean beta values for each condition are shown in Fig. 3. Fig. 4
shows the ROI analysis of the right IFG.

For the mixed-effects group x domain x pitch interval analysis, the
only condition that showed significant activations was the interaction
between group and interval, where a cluster primarily located in the
right precuneus was significantly activated. ROI analysis revealed that
the group difference was significant only in the repetition condition
(t(42) =2.133, p=0.039), where the mean beta value was significantly
larger in the amusics (mean =0.056, SD =0.135) than in the controls
(mean =-0.031, SD =0.136). No other effects were significant.

As for the analyses of main effects of group in each level, a
significant group effect was found in the repetition condition, where
a cluster primarily located in the right middle frontal gyrus (MFG) was
significantly activated. The mean beta values in the right MFG were
significantly larger in the amusics (mean =0.066, SD =0.072) than in
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Fig. 3. Significantly activated brain clusters in the whole-brain analysis (FWE corrected p=0.05, uncorrected p=0.001). (A) Significant main and interaction effects of group. (B)
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Fig. 4. ROI analysis of the right IFG. A 5 mm sphere centering on the coordinates of the right IFG reported in Hyde et al. (2011) (MNI coordinates: x=34, y=32, z=0) was generated. The
mean beta values of all voxels within the sphere were extracted for each condition, and input to the group x domain x interval ANOVA analysis using SPSS. R = right; IFG = inferior

frontal gyrus; Rep = repetition condition.

the controls (mean =-0.016, SD =0.067). No other brain regions were
significantly activated in other group analyses.

As for within-group analyses of relative pitch processing, two
clusters were significantly activated in the control group, one cluster
in the right STG in the speech condition, and the other cluster in the
cerebellum in general. No significant activations were found in
response to relative pitch processing in the amusics in these two
regions or any other brain region. This indicates that only controls
exhibited habituation and a release from habituation to the constancy
of pitch interval specifically in the speech condition in the right STG,
and habituation and a release from habituation to the constancy of
pitch interval regardless of speech and music conditions in the
cerebellum.

The ROI analysis was conducted on the mean beta values of the
right STG cluster. Given that this cluster was activated specifically in
the speech condition, group x interval ANOVA analysis was conducted
on the mean beta values of the speech condition. There were a
significant group by interval interaction (F(2, 40) =4.630, p=0.016),
and a significant main effect of interval (F(2, 40) =7.727, p=0.001).
Post-hoc analyses revealed a near-significant trend of differences in
pitch interval processing in the controls (F(2, 30) =2.282, p=0.120),
where the mean beta value was larger in the varied interval condition
(mean =0.707, SD =0.231) than the fixed interval condition (mean
=0.545, SD =0.234) and the repetition condition (mean =0.514, SD
=0.217), while the latter two were quite similar to each other. No
significant effect or such trend was found in the amusics, where the
mean beta value was actually largest in the fixed interval condition
(repetition: mean =0.477, SD =0.232; fixed interval: mean =0.590, SD
=0.207; varied interval: mean =0.549, SD =0.215).

The ROI analysis on the cerebellum also confirmed that there were
significant group differences in the processing of relative pitch interval.
Group x domain x interval ANOVA analysis on the mean beta values
of voxels in the cerebellum cluster revealed a significant group by
interval interaction (F(2, 40) =10.184, p <0.001), and a significant
main effect of interval (F(2, 40) =8.027, p=0.001). Post-hoc analyses
showed that there was a significant main effect of interval in the
controls only (F(2, 63) =5.146, p=0.009). For the controls, Bonferroni-
corrected pairwise comparisons showed that the mean beta value was
significantly stronger in the varied interval condition than the fixed
interval condition (p=0.007; varied interval: mean =0.088, SD =0.106;
fixed interval: mean =-0.027, SD =0.157), while there was no
significant difference between the fixed interval and repetition condi-
tion (repetition: mean =0.014, SD =0.088). The main effect of interval
was not significant in the amusics. Moreover, independent-samples ¢-
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tests showed that the group difference was significant in the fixed
interval condition (t(42) =2.076, p=0.044), where the mean beta value
was significantly stronger in the amusics (mean =0.053, SD =0.086)
than the controls (mean =-0.027, SD =0.157). No group difference was
found in the other conditions. These results indicate that only controls
exhibited habituation to repeated pitch intervals regardless of whether
they were lexical tone or speech stimuli in the cerebellum.

Lastly, for the right IFG, no significant activations were found in the
whole-brain analysis. ROI analysis on the mean beta values of a 5 mm
sphere centered on the coordinates reported in Hyde et al. (2011) also
failed to find a significant main effect of group or interaction effects of
group with other factors in this region. The only significant effect
revealed by the ROI analysis was the main effect of domain (F(1, 20)
=4.656, p=0.043), where the mean beta value was stronger in the
speech condition (mean =0.046, SD =0.142) than in the music
condition (mean =0.004, SD =0.159) in the right IFG.

4. Discussion

In this fMRI study, we examined the neural deficits of pitch
processing in lexical tone and musical stimuli in Cantonese speakers
with congenital amusia and matched controls. We found that
Cantonese-speaking amusics exhibited abnormal activities in a widely
distributed neural network in music and lexical tone conditions.
Whereas the controls exhibited significant activation in the right STG
in the lexical tone condition and in the cerebellum regardless of the
lexical tone and music conditions during the processing of relative
pitch interval, no activation was found in the amusics in those regions.
The amusics also demonstrated abnormally strong activation in
response to the repetition of pitch stimuli in the right MFG and right
precuneus.

4.1. Relative pitch processing deficits

Relative pitch perception is a fundamental human perceptual
ability, which requires the extraction of constancy in relative pitch
intervals from auditory stimuli. This ability is crucial for speech and
musical perception (e.g. Saffran and Griepentrog, 2001; Itoh et al.,
2005). For lexical tone, the category of a tone is more reliably indexed
by its pitch location relative to a speaker's pitch range than its absolute
pitch location, the latter of which varies substantially in the produc-
tions of different speakers (Peng et al., 2012; Zhang et al., 2012, 2013,
2016; Zhang and Chen, 2016). Similarly, a musical melody presented
at different keys can be perceived as the same melody, presumably
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because relative pitch intervals between notes are constant across keys.

We found that the cerebellum responded to the constancy of
relative pitch intervals in general, showing stronger activation in the
varied interval condition than in the fixed interval condition (and
similar activation between the fixed interval and repetition condition),
regardless of speech or music conditions, in the control group only.
This indicates that the cerebellum in the control participants’ brain
exhibited habituation by the constancy of pitch intervals in general, and
release from habituation when such constancy was interrupted in the
varied interval condition. On the contrary, no activation in the
cerebellum was found in the amusics. It has been found that the
cerebellum is involved in automatic recognition, motor learning, and
language-related skills (Ito, 2000; Nicolson et al., 2001). For instance,
dyslexia — a reading disorder with a core deficit in phonological
processing (e.g., Ramus et al., 2013; Boets et al., 2013; Frost et al.,
2009), has been associated with cerebellar impairment, among other
reported neural deficits, with the cerebellar impairment found in about
80% of the cases (Nicolson et al., 2001). The cerebellum was also
activated in the automatic detection of talker changes (which are
indexed by pitch differences to a large extent) in the speech stimuli
while listeners were doing a lexical tone judgment task (Zhang et al.,
2016). Given the previously reported functional involvement of cere-
bellum, it is likely that a general mechanism for automatically detecting
sound patterns is subserved by the cerebellum. More importantly, this
general mechanism in the cerebellum appears to be dysfunctional
during the detection of constancy in relative pitch intervals in the
amusics.

While the cerebellum responded to the constancy of pitch intervals
in a domain-general manner (regardless of speech and music condi-
tion), the right STG responded to pitch interval constancy in speech
specifically. We found that the right STG was significantly activated in
the speech condition in the control group only, whereas the amusic
group exhibited no activation. The following ROI analyses also revealed
a trend of habituation by the constancy of pitch intervals in the fixed
interval condition and release from habituation in the varied interval
condition in the control group only. The right STG has been found to be
involved in the processing of spectral information (Zatorre et al., 1992;
Zatorre and Belin, 2001). It is also part of the neural circuitries of
lexical tone processing (Tong et al., 2005; Zhang et al., 2016). For
instance, Zhang et al. (2016) found that the implicit processing of
lexical tone changes entangled with talker changes in the speech
stimuli activated the bilateral STG in Cantonese speakers. Thus the
right STG probably plays a pivotal role in the processing of lexical tone
with phonetic variation. Importantly, the neural function in the right
STG appears to be impaired in the amusics during the implicit
processing of constancy in pitch intervals.

4.2. Potential influence of language experience on the neural bases of
congenital amusia

Most previous neuroimaging studies on non-tonal language speak-
ers have found that pitch processing in the auditory cortices is normal
in the congenital amusics, especially in implicit pitch processing tasks
(Peretz et al., 2005, 2009; Hyde et al., 2011; Moreau et al., 2013; Lu
et al., 2015; Norman-Haignere et al., 2016). For instance, Hyde et al.
(2011) found that the bilateral auditory cortices of the amusics
responded normally to pitch changes, showing increasing activation
on a par with increasing pitch distance in a sequence of pitch stimuli.
Consistent with this finding, a recent study reported that the amusics
exhibited normal responses to pitch in pitch-responsive clusters in the
auditory cortices, which are comparable in extent and anatomical
location to those in the controls (Norman-Haignere et al., 2016). The
functional deficit of the congenital amusia was found in the right IFG,
which showed abnormal deactivation towards implicit pitch changes
(Hyde et al., 2011). The right IFG also showed anatomical abnormality
in terms of white and grey matter concentration in the amusics (Hyde
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et al., 2006, 2007; Albouy et al., 2013). Hyde et al. (2011) argued that
the neural deficit in the right IFG is related to impairment in higher-
level processing in musical pitch encoding and pitch memory in the
amusics (Zatorre et al., 1994; Griffiths et al., 1999; Holcomb et al.,
1998). The functional and structural connectivity between the right
auditory cortex and the right IFG is also disrupted (Loui et al., 2009;
Hyde et al., 2011; Albouy et al., 2013). Interestingly, although the
auditory cortices appear to function normally in the amusical speakers
of non-tonal languages, anatomical abnormality in the right auditory
cortex has been reported (Hyde et al., 2006, 2007; Albouy et al., 2013).

While the above findings have provided important information on
the neural bases of congenital amusia on non-tonal language speakers,
the neural bases in tonal language speakers remain largely unknown.
As mentioned before, cross-domain transfer between musical and tonal
language experience in pitch processing has been widely reported
(Bidelman et al., 2011, 2013; Pfordresher and Brown, 2009; Deutsch
et al., 2006; Peng et al., 2013; Wong et al., 2012; Alexander et al., 2005;
Delogu et al., 2006, 2010; Lee and Hung, 2008; Lee et al., 2014;
Smayda et al., 2015), which raises the question of how long-term
experience of a tonal language affects the neural bases of congenital
amusia.

In the present study, we found that tonal language experience
appears to affect the neural bases of congenital amusia to some extent,
for the reason that the neural deficits in Cantonese-speaking amusics
seem to be different from those reported in non-tonal language
speakers. The differences between Cantonese-speaking amusics and
amusical speakers of non-tonal languages are discussed in detail below.

First, we found that Cantonese-speaking amusics exhibited abnor-
mal lack of activation during relative pitch processing in the right STG
in the speech condition and in the cerebellum regardless of speech and
music conditions. The finding of functional brain deficits in the right
STG in particular seems to deviate from the aforementioned findings
on non-tonal language speakers with congenital amusia, who usually
exhibit normal pitch processing in the auditory cortices (Peretz et al.,
2005, 2009; Hyde et al., 2011; Moreau et al., 2013; Lu et al., 2015;
Norman-Haignere et al., 2016). It should be noted that the right STG is
part of the neural network of lexical tone processing. It has been found
that lexical tone processing recruits the bilateral STG (Tong et al.,
2005; Luo et al., 2006; Zhang et al., 2016), amid a widely distributed
neural network in frontal, temporal and parietal regions (Gandour
et al., 2002, 2004; Wong et al., 2004; Li et al., 2010; Gu et al., 2013).
Implicit processing of lexical tone changes also activates the bilateral
STG in Cantonese speakers (Zhang et al., 2016). This suggests that the
neural deficits of congenital amusia in Cantonese speakers might partly
overlap with the neural network of lexical tone processing.

Second, we did not find neural deficit in the right IFG in either the
whole-brain analysis or ROI analysis. A possible explanation is that
different functions of pitch in tonal and non-tonal languages might
attune different neural circuitries of pitch processing in the amusics.
Pitch, especially refined pitch differences, has a high functional load in
Cantonese, systematically distinguishing word meanings in the lexicon.
It is possible that the high linguistic functional load of pitch leads to
more fragile STG in Cantonese-speaking amusics, which is prone to
neural dysfunction. On the other hand, pitch processing in non-tonal
languages is less linguistically relevant, and relies on neural circuitries
of higher-level musical processing such as the right IFG (Zatorre et al.,
1994; Holcomb et al., 1998; Griffiths et al., 1999). Thus congenital
amusia in non-tonal language speakers is manifested neurobiologically
as deficiency in the right IFG (Loui et al., 2009; Hyde et al., 2006, 2007,
2011; Albouy et al., 2013).

Consistent with this finding of deficient pitch processing in the right
STG, previous studies have reported impaired auditory processing of
pitch in tonal language speakers with congenital amusia (Nan et al.,
2010, 2016; Jiang et al., 2012b; Wang and Peng, 2014; Liu et al., 2013,
2015; Huang et al., 2015a, 2015b). Nan et al. (2016) found that pre-
attentive auditory processing of lexical tone is impaired in Mandarin-
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speaking amusics, as indexed by the reduced mismatch negativity
(MMN) response to lexical tone changes. The MMN is primarily
generated by neural sources in bilateral auditory regions in the
temporal lobe, in addition to secondary sources related to attention
switch in the frontal lobe (Opitz et al., 2002; Rinne et al., 2000). This
thus implies that auditory processing of lexical tone primarily sub-
served by auditory temporal regions is impaired in Mandarin-speaking
amusics. Apart from lexical tone processing, Mandarin-speaking
amusics have been found to show abnormal N100 while listening to
sentences with illegal prosody (Jiang et al., 2012b). The N100 is
believed to index auditory processing with neural sources in the
primary auditory cortex (Krumbholz et al., 2003; Pantev et al,
1988). Altogether these findings suggest that pitch processing in
auditory cortices is very likely to be impaired in tonal language
speakers with congenital amusia.

Note that there are alternative explanations for the lack of neural
deficits in the right IFG in tonal language speakers. One possibility is
the discrepancy in experimental and stimulus design between the
current study and the previous study (Hyde et al., 2011). For instance,
in the previous study the stimuli were long melody-like sequences
comprised of 21 pure tone stimuli. Long stimulus sequences might tax
pitch encoding and pitch memory more, thus more likely to reveal
potential functional deficit in musical processing in the right IFG. This
question awaits further investigation in future studies. Moreover,
future studies might examine the neural deficits of congenital amusics
in tonal and non-tonal languages using the same experimental para-
digm in one study.

4.3. Working memory and/or attention deficits

We found that the amusics demonstrated abnormally strong
activation of the right MFG and the right precuneus in the repetition
condition. The brain activations typically go down with stimulus
repetition. However, the amusics exhibited abnormally strong activa-
tion with repeated pitch stimuli. This seems to suggest a deficit in
attending to repeated pitch stimuli, or encoding repeated pitch stimuli
into working memory in the amusics.

Previous studies have found that bottom-up sensory-driven atten-
tion is subserved by a ventral fronto-parietal network in the right
hemisphere, including the tempo-parietal junction, MFG, IFG, frontal
operculum and anterior insula (Chica et al., 2013). The right MFG and
IFG are also involved in reorienting attention (Shulman et al., 2009;
Japee et al., 2015). Moreover, volume reduction in the right MFG was
associated with deficits in episodic retrieval in older adults (Rajah et al.,
2011). As for the precuneus, it is involved in episodic memory
(Lundstrom et al., 2003, 2005; Wallentin et al., 2006) and self-
consciousness (Kjaer et al, 2002; Lou et al.,, 2004). Thus the
abnormally strong activation of the right MFG and precuneus in the
amusics might suggest deficits of attending to repeated pitch stimuli, or
effortful encoding of repeated pitch stimuli. This result is also
consistent with previous findings that the amusics are impaired in
pitch encoding and retrieval in short-term memory (Gosselin et al.,
2009; Marin et al., 2012; Albouy et al., 2013; Tillmann et al., 2009;
2016).

5. Conclusion

To conclude, the current study is the first to examine the neuro-
biological bases of congenital amusia in tonal language speakers.
Cantonese-speaking amusics exhibited abnormal lack of activation in
the cerebellum and right STG, which likely reflects a dysfunctional
mechanism of relative pitch processing, and abnormally strong activa-
tion of the right MFG and precuneus, which likely reflects working
memory and/or attention deficits of repeated pitch stimuli. The neural
deficits of congenital amusia in Cantonese speakers appear to differ
from those in non-tonal language speakers, and partly overlap with the
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neural network of lexical tone processing in tonal language speakers
(e.g. right STG). These findings provide some evidence for the impact of
tonal language experience on the neural bases of congenital amusia,
and have implications for the intervention for congenital amusia in
tonal language speakers.

The current study also has some limitations that wait to be
addressed by future studies. First, the sample size of congenital
amusics is quite small (11 amusics). Future studies might further
examine the neural deficits of congenital amusia in tonal languages
using a larger sample of amusics. Second, in the current study the pitch
intervals between two tone/musical stimuli in a pair were 2, 3, or 5
semitones respectively, which might be greater than the pitch threshold
of some amusics (e.g. Jiang et al., 2011; Huang et al., 2015b). Future
studies might examine the neural deficits underlying refined pitch
processing (e.g. pitch differences of 1 semitone or smaller) in tonal
language speakers with congenital amusia. Third, we cannot rule out
the possibility that some amusic participants in this study might have
other cognitive deficits. The participants were only tested on the Online
Identification Test of Congenital Amusia (Peretz et al., 2008), but not
other cognitive tests. This might affect the brain activation results to
some extent. Last, the task used in the fMRI experiment (judging
whether the heard sequences were speech or music) does not require
the participants to explicitly process/detect the pitch changes. It has
been found that the amusics, especially those in non-tonal languages,
typically show normal or nearly normal pitch processing in implicit
pitch processing task (Omigie et al., 2013; Peretz et al., 2005, 2009;
Hyde et al., 2011; Moreau et al., 2013). While we have found neural
deficits of Cantonese-speaking amusics using the current task (also see
Nan et al. (2016), who found impaired pre-attentive auditory proces-
sing of lexical tone in Mandarin-speaking amusics), future studies
might consider using explicit pitch-processing tasks. This will shed
further light on the neural bases of congenital amusia in tonal language
speakers. Related to this point, please note that previous studies have
generally reported bilateral activations with a left-hemisphere predo-
minance for lexical tone processing in native tonal language speakers
(Gandour et al., 2002, 2004; Wong et al., 2004; Li et al., 2010; Gu et al.,
2013; Van Lancker and Fromkin, 1973, 1978; Wang et al., 2001).
Nonetheless, we found a right hemisphere lateralization (i.e. right STG)
in the current study. This is probably related to the design of the
current study. As mentioned before, the task used in the fMRI
experiment does not require the participants to access the linguistic
meaning or tone category of the stimuli. While the current design is
useful for investigating the processing of relative pitch interval, future
studies might consider using explicit tasks such as tone identification,
which could reveal more about the linguistic processing of lexical tone
in the tonal language speakers with congenital amusia.
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