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Abstract

Congenital amusia is a neuro-developmental disorder of pitch perception that causes severe problems with music
processing but only subtle difficulties in speech processing. This study investigated speech processing in a group of
Mandarin speakers with congenital amusia. Thirteen Mandarin amusics and thirteen matched controls participated in a set
of tone and intonation perception tasks and two pitch threshold tasks. Compared with controls, amusics showed impaired
performance on word discrimination in natural speech and their gliding tone analogs. They also performed worse than
controls on discriminating gliding tone sequences derived from statements and questions, and showed elevated thresholds
for pitch change detection and pitch direction discrimination. However, they performed as well as controls on word
identification, and on statement-question identification and discrimination in natural speech. Overall, tasks that involved
multiple acoustic cues to communicative meaning were not impacted by amusia. Only when the tasks relied mainly on
pitch sensitivity did amusics show impaired performance compared to controls. These findings help explain why amusia
only affects speech processing in subtle ways. Further studies on a larger sample of Mandarin amusics and on amusics of
other language backgrounds are needed to consolidate these results.
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Introduction

As a neuro-developmental disorder of music processing,

congenital amusia (amusia hereafter) provides a unique opportu-

nity for studying the cognitive and neural mechanisms underlying

language and music processing [1]. This is because despite

suffering from severe musical impairments in everyday life [2–3],

individuals with amusia (amusics hereafter) only demonstrate

subtle problems with linguistic tone and intonation processing

under laboratory conditions [4–8]. The apparent domain

specificity of amusia (severely impaired musical processing and

largely spared linguistic processing) has been explained by the

‘Melodic Contour Deafness Hypothesis’, according to which

amusics have pitch direction discrimination deficit for both speech

and music, although this deficit has a more significant impact on

music processing than linguistic intonation processing [1: 233].

A number of factors may account for the robustness of

intonation perception in amusia. First, in a non-tonal language

like English, the acoustic realization of focus (e.g., ‘John loves

Mary’ versus ‘John loves Mary’, with focus on the first and last

word, respectively) is not only dependent on variation in pitch

direction, but also on the large pitch movement of the focused

word and the lowered pitch of the following words [9], which can

explain amusics’ normal performance on focus identification and

discrimination [1–2,8,10]. Second, when pitch direction plays

a significant role in signifying statements and questions in English

[11], amusics can detect these differences as long as the pitch

contrasts exceed their pitch direction discrimination thresholds

and when there are other cues (syntactic, semantic, and

contextual) in the signal to aid understanding [8]. Thus, spared

linguistic but impaired musical abilities in amusics may arise

because linguistically meaningful pitch contrasts in non-tonal

languages are relatively large compared to the pitch intervals used

in music [1,12–13]. Indeed, when exposed to relatively small pitch

direction contrasts in the final words of statements and questions in

English and French, most amusics showed impaired performance

on discrimination, identification, and imitation of these utterances

[4,6].

It remains unclear whether the ‘Melodic Contour Deafness

Hypothesis’ holds for speakers of tone languages in which pitch

distinguishes meaning at the lexical level. For example, ‘ma’ in

Mandarin signifies different meanings depending on different

lexical tones [14–15]: ‘mother’ (Tone 1, High), ‘hemp’ (Tone 2,

Rising), ‘horse’ (Tone 3, Low), and ‘to scold’ (Tone 4, Falling).

Mandarin tones are primarily characterized by the height and

shape of fundamental frequency (F0) contours, though other

acoustic cues such as duration, intensity, and phonation type (e.g.,

creaky voice) also play a role [16–19]. Although such features

suggest a strong connection between tone languages and music,

recent findings have confirmed that tone language speakers also
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suffer from amusia, and the prevalence of this disorder is similar

(around 4%) for speakers of tone and non-tonal languages [5,7,20–

21].

Like English/French amusics [4,6,8], Mandarin-speaking

amusics exhibit subtle problems with intonation processing when

exposed to small pitch differences in statement- and question-final

syllables [5]. However, in linguistic tone processing, a subgroup of

Mandarin amusics performed at ceiling on discrimination of

lexical tones carried by the same segment, e.g., ‘yu2’ versus ‘yu3’

(Tones 2 and 3 on the same segment ‘yu’), but showed impaired

discrimination on tones carried by different segments, e.g., ‘shan1’

versus ‘wu4’ (Tones 1 and 4 on different segments ‘shan’ and ‘wu’)

[7]. Furthermore, despite demonstrating normal lexical tone

production, these amusics were unable to identify the tones by

names (such as 1/2/3/4 in ‘hua1/hua2/hua3/hua4’) as well as

controls [7].

Given these mixed results, the authors of [7] proposed two

possible sources of deficits for the ‘lexical tone agnosia’ in their

subgroup of Mandarin amusics: 1) ‘impaired pitch tracking

system’, and 2) ‘low executive or attentional control’ [7: 2641].

However, the low-level ‘pitch tracking’ deficit hypothesis seems

unlikely given that, a) the pitch excursion sizes of the tones used in

[7] were rather large (2–17 semitones on average, which likely

exceeds amusics’ pitch discrimination thresholds; [6,22–23]), and,

b) amusics with ‘lexical tone agnosia’ showed normal performance

on discrimination of tones that shared the same segments

(demonstrating normal ‘pitch tracking’ abilities). In contrast, the

‘low executive or attentional control’ hypothesis seems plausible:

around 40% of amusics may have attention deficits [24] and

amusia is associated with deficits in phonemic/pitch awareness

[25–27]. More precisely, it is possible that ‘lexical tone agnosia’

reflects impaired phonological awareness, i.e., awareness of the

sound structure of a word [28–29]. In fact, previous studies have

indicated that even normal Mandarin speakers (including children

and adults) have difficulty identifying lexical tones using tone

names (Tone 1/2/3/4) and discriminating tone pairs when

segments are also varied [30–32]. This is likely because task

difficulty and linguistic complexity interfere with phonological

awareness [33]. Therefore, it remains an open question whether

Mandarin-speaking amusics have pitch-processing deficits for

lexical tones in their native language (rather than due to lack of

phonological awareness).

The current investigation examined the mechanism of speech

processing in congenital amusia in Mandarin speakers from the

following four perspectives. First, assuming that amusia is

a domain-general pitch-processing deficit as proposed by the

‘Melodic Contour Deafness Hypothesis’ [1] and demonstrated by

several recent studies [5–6,8], we expect Mandarin amusics to

show tone processing deficits in speech when the tonal contrasts

are relatively small (not greatly exceeding their pitch discrimina-

tion thresholds) and when the tones are carried by the same

segments (not involving high demand on attentional/executive

control or phonological awareness). Therefore, we took a different

approach than [7] in which labeling was required for tone

identification and attentional/executive control was essential for

tone discrimination due to the use of different segments. Instead,

we designed the tone perception tasks as identification and

discrimination of Mandarin words that shared the same segments

but had small tonal contrasts (1.5–4.1 semitones on average; Table

S1; the words were represented by corresponding Chinese

characters, in order to reduce the demand for phonological

awareness). We hypothesized that Mandarin amusics’ pitch-

processing deficit would be revealed in the language domain

under such conditions.

Second, given that amusics rarely report language problems in

daily life [5–6], it was necessary to examine how and why they are

able to manage speech communication with such a severe pitch-

processing deficit. Therefore, in contrast to the design in [5] where

short statements and questions were manipulated to differ

primarily in the pitch pattern of the final syllable, we conducted

intonation perception tasks that required participants to identify

and discriminate naturally-spoken statements and questions that

differed in various acoustic characteristics (F0, duration, and

intensity) across the entire utterances. It was predicted that

Mandarin amusics would be able to perform as well as controls on

these tasks owing to the additional non-pitch-based cues (duration

and intensity).

Third, it is unclear how stimulus type (speech versus non-speech

analogs) affects pitch processing in amusia. Some studies suggest

that amusics are better able to process natural speech than tone

analogs [2,5,10], while others have failed to observe this difference

[6,8]. To examine further the effect of stimulus type on pitch

processing in amusia, we employed gliding tone analogs of the

tone and intonation stimuli in the above two tasks to compare

amusics’ performance on speech versus non-speech materials.

Finally, to explore the link between pitch processing in low-level

psychophysical tasks and high-level linguistic tasks, the current

study also included two pitch threshold tasks that used adaptive-

tracking forced-choice procedures to determine participants’

thresholds for detection of pitch change and discrimination of

pitch direction, as in [6].

Materials and Methods

Participants
Participants were recruited through advertisements in the

bulletin board system of universities in Beijing. Volunteers were

first screened by author CJ through a phone interview inquiring

about their musical (dis)abilities. Depending on whether they

reported difficulty carrying a tune and detecting an out-of-tune

note in a melody, these volunteers were classified as either

potential amusics or possible controls. Suitable volunteers were

then invited to the lab for diagnosis of amusia using the Montreal

Battery of Evaluation of Amusia (MBEA) [34]. Consisting of six

subtests (each 30 trials, scored using number of correct responses

out of 30), the MBEA assesses individuals’ abilities to discriminate

pitch changes in melodies in three pitch-related subtests (contour,

interval, and scale), and measures their musical aptitudes for

rhythm, meter, and memory in the other three subtests. To

separate amusics from controls, participants’ pitch composite

scores (the sum of the scores on the three pitch subtests) were

calculated, and those scored at or below 65 were confirmed as

amusics [6,34]. In the end, thirteen amusics and thirteen matched

controls agreed to participate in the study. All were undergraduate

or Master’s students at Beijing universities with Mandarin Chinese

as their native language and having no formal extra-curricular

musical training (see Table S2 for details). None of the participants

reported speech/hearing impairments or neurological/psychiatric

disorders. Table 1 summarizes the characteristics of the two

groups. While controls showed significantly better performance

than amusics on all MBEA subtests, the two groups were

comparable in sex, handedness, age, and education (in years).

Materials
The speech stimuli used in the word and intonation tasks were

recorded by a 20-year-old female student at Goldsmiths,

University of London, who was born and raised in Beijing until

the age of 18, with Beijing Mandarin as her native language. The

Speech Processing in Mandarin Amusics
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recording was done in a soundproof booth using Praat [35], with

44.1 kHz sampling rate and 16-bit amplitude resolution.

Word stimuli
Thirty-three word pairs were used in the word identification/

discrimination tasks. Among them, there were eight monosyllabic

pairs (e.g., 环-换, huan2-huan4, ‘hoop’-‘change’), ten disyllabic

pairs (e.g., 实践-事件, shi2jian4-shi4jian4, ‘practice’-‘event’),

seven 3-syllable pairs (e.g., 破伤风-坡上凤, po4shang1feng1-

po1shang4feng4, ‘tetanus’-‘a phoenix on the hill’), and eight 4-

syllable pairs (e.g., 暮鼓晨钟-木鼓沉重, mu4gu3chen2zhong1-

mu4gu3chen2zhong4, ‘evening drums and morning bells’-‘wood-

en drums are heavy’). The two words in each pair shared the same

segments but differed in tonal composition. The frequencies of

usage of the words in mono- and di-syllabic pairs were closely

matched (paired t-test: t(14) = 0.06, p=0.95, with 4 words having

missing frequencies, 2 in the same pair and 2 in different pairs)

[36]. Given that 3- and 4-syllable words are rare in Chinese [36], it

was not always possible to find pairs of words with the same

segments and matched frequencies but different tones. Therefore,

compounds or phrases were used in some 3- and 4-syllable word

pairs. The nature of the words (words versus pseudo-words),

however, did not affect participants’ performance, as shown in the

Results section.

Previous research indicates that focused words have significantly

larger pitch excursion sizes than non-focused words and that pitch

ranges of post-focus words are compressed and lowered compared

to pre-focus words in Mandarin [37]. In order to solicit word

stimuli that have relatively small pitch movements but with

different sizes, the speaker was instructed to produce the sixty-six

words under both pre- and post-focus conditions within the same

context (张三说__这个词儿 [‘ZhangSan said the word __’]). In

the pre-focus condition, the target words occurred before the focus

of the carrier sentence (the final word 词儿), whereas in the post-

focus condition, the same set of target words occurred after the

focus of the carrier sentence (the initial word 张三). These target

words were later extracted from their sentential contexts, resulting

in thirty-three word pairs in each focus condition as test stimuli.

The absence of tonal contexts has either negative [38] or no effect

[31] on tone identification in Mandarin. Neither effect is likely to

have significant consequences for the results of the current study,

since both amusic and control groups were exposed to the same set

of context-free stimuli. On the other hand, not including sentential

contexts might have helped to prevent ceiling performance in the

two groups.

In order for the two words in each pair to differ primarily in pitch,

one was selected (randomly) as the base (e.g., po4shang1feng1), and

the other as the pitch template (e.g., po1shang4feng4). Using

a custom-written Praat script, the pitch template was first adjusted

to match the base in duration, syllable-by-syllable (the duration

adjustment had no significant influence on the F0 profile of the word,

since the two words in each pair had closely matched durations.

Paired t-test: t(65)=0.998, p=0.32). The pitch of the base was then

replaced by that of the pitch template. This created a new stimulus

with the segment(s) of the base but pitch contour of the pitch template.

The original bases and their new counterparts then served as test

stimuli for word discrimination/identification. In total, 66 word pairs

(33 in each focus condition) were created following this procedure.

Within the 33 word pairs in each focus condition, there were 162

individual tones, among which 47 were High (Tone 1), 51 Rising

(Tone 2), 9 Low (Tone 3), and 55 Falling (Tone 4). The scarcity of

the Low tone in the stimuli was deliberate because this tone is often

characterized by phonation type (i.e., creaky voice) rather than F0
[16]. Figure 1 shows mean time-normalized F0 contours (in st) of the

four Mandarin tones, averaged across all the syllables that shared

the same tones in the stimulus sets under pre- versus post-focus

conditions. Table 2 displays acoustic characteristics of these tones in

post- versus pre-focus words, with those under the post-focus

condition (except for Tone 3) having significantly lower mean F0
and shorter duration than those under the pre-focus condition.

However, the two sets of tones did not differ significantly in pitch

excursion size, which ranged between 1.5 and 4.1 st on average

across different tones, or in glide rate/time (see Table S1 for detailed

definitions and measurements). Furthermore, pre- and post-focus

words exhibited similar pitch ranges across the tone(s) within the

word [maximum F0 – minimum F0; post-focus mean (SD): 3.48 st

(1.45), pre-focus: 3.67 st (2.03), t (65) =20.68, p=0.50)]. In order to

examine whether words under different focus conditions were

processed differently, pre- and post-focus words were tested

separately in different blocks.

Intonation stimuli
Intonation stimuli comprised 20 statement-question pairs that

shared the same word sequence but differed in intonation. These

utterances ranged from 3 to 7 syllables and consisted of only

High/Falling tones. They were naturally spoken with either an

Table 1. Characteristics of the amusic (n= 13) and control (n= 13) groups.

Group Sex Handedness Age Education Scale Contour Interval Rhythm Meter Memory
Pitch
composite

Amusic

Mean 8F 2L 24.08 16.62 16.92 19.31 18.69 21.92 19.54 21.54 54.92

SD 5M 11R 2.93 2.53 3.33 2.90 2.98 4.54 4.03 4.48 6.97

Control

Mean 9F 0L 24.69 17.92 27.00 26.85 26.38 27.08 26.31 28.23 80.23

SD 4M 13R 1.84 0.95 1.91 1.72 1.61 1.71 2.32 2.01 3.59

t-test

t 0.64 1.74 9.46 8.06 8.18 3.83 5.24 4.91 11.64

p 0.53 0.09 ,0.0001 ,0.0001 ,0.0001 ,0.0001 ,0.0001 ,0.0001 ,0.0001

F = female; M=male; L = left; R = right; scores on the six MBEA subtests are in number of correct responses out of 30; the pitch composite score is the sum of the scale,
contour, and interval scores; t is the statistic of the Welch two sample t-test (two-tailed, df=24).
doi:10.1371/journal.pone.0030374.t001
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initial or a final focus. Figure 2 shows real-time F0 contours of two

pairs of statements and questions, with those in the left panel

containing an initial focus and those on the right having a final

focus (see Table S3 for how these sentences were formed). As can

be seen, the significant differences between these statements and

questions not only lie in F0 (questions showing overall higher

pitches than statements), but also in their duration patterns, with

statement-final syllables showing significantly shorter durations

than the corresponding question-final syllables (0.11 s versus

0.22 s in Figure 2A and 0.12 s versus 0.18 s in Figure 2B).

Acoustic characteristics of the 40 statements and questions and

their final syllables are summarized in Table 3. Paired t-tests

indicate that statements had significantly lower mean F0, lower

mean intensity, and wider pitch range than questions both as

a whole and on the final syllable. Furthermore, statement-final

syllables had significantly shorter duration and smaller glide rate

than question-final syllables.

Gliding tone analogs of word and intonation stimuli
Using the technique described in [6,8,10,39], gliding tone

analogs of the word/intonation stimuli were created with Praat.

These tone analogs had the same pitch and rhythmic patterns as

the original stimuli, but were made of complex tones that consisted

of the F0 plus seven odd harmonics of the syllable(s) in the stimuli,

leading to a clarinet-like sound quality. Examples of the speech

stimuli and their tone analogs can be found at http://www.phon.

ucl.ac.uk/home/yi/SoundExamples2/SoundExamples.html. To

achieve roughly equal loudness, the amplitudes of all stimuli were

normalized by increasing the peak value to the maximum using

Praat.

Procedure
Experiments were conducted in a quiet room at the Institute of

Psychology, Chinese Academy of Sciences in Beijing, China.

Written informed consent forms were obtained from all partici-

pants before testing. The protocol was reviewed and approved by

the Goldsmiths, University of London Ethics Committee. The

entire testing session (with regular breaks) took about two hours on

average, during which the participants completed six word

perception, three intonation perception, and two pitch threshold

tasks for the present study, and a number of listening/singing tasks

for another study.

Figure 1. Mean time-normalized F0 contours (in semitones, or st; st = 12 * log2(Hz), Hz=2(st/12)) of the four Mandarin tones. (A) in pre-
focus words, and (B) in post-focus words. The F0 contours of the High tone (Tone 1) were averaged across 47 tokens, those of the Rising tone (Tone 2)
51 tokens, those of the Low tone (Tone 3) 9 tokens, and those of the Falling tone (Tone 4) 55 tokens.
doi:10.1371/journal.pone.0030374.g001

Table 2. Acoustic characteristics of the tones in post- versus pre-focus words.

Tone Acoustic characteristics Post-focus Pre-focus Paired t-test (two-tailed)

Tone 1 (n=47) Mean F0 (st) 91.97 (1.16) 93.23 (0.81) t(46)=25.91, p,0.0001

Duration (s) 0.11 (0.02) 0.12 (0.03) t(46)=24.52, p,0.0001

Mean intensity (dB) 83.91 (1.77) 83.42 (2.27) t(46)= 1.52, p= 0.13

Tone 2 (n=51) Mean F0 (st) 91.25 (1.39) 91.95 (1.09) t(50)=23.77, p=0.0004

Duration (s) 0.11 (0.03) 0.12 (0.04) t(50)=24.02, p=0.0002

Mean intensity (dB) 82.97 (2.36) 83.10 (2.42) t(50)=20.35, p=0.73

Tone 3 (n=9) Mean F0 (st) 89.90 (0.65) 89.62 (1.63) t(8)= 0.70, p=0.51

Duration (s) 0.10 (0.02) 0.10 (0.04) t(8)=20.97, p= 0.36

Mean intensity (dB) 83.18 (2.42) 82.74 (3.24) t(8)= 0.58, p=0.58

Tone 4 (n=55) Mean F0 (st) 91.48 (1.06) 92.66 (0.89) t(54)=27.09, p,0.0001

Duration (s) 0.11 (0.03) 0.12 (0.04) t(54)=23.51, p=0.0009

Mean intensity (dB) 83.01 (1.89) 82.70 (2.11) t(54)= 0.99, p= 0.33

Data are means (SD). Mean F0 (in semitones, or st) is the average fundamental frequency of the tone; duration (in seconds, or s) is the length of the tone; mean intensity
(in decibels, or dB) is the mean-energy intensity of the tone; Tone 1 =High; Tone 2= Rising; Tone 3 = Low; Tone 4= Falling.
doi:10.1371/journal.pone.0030374.t002
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Word discrimination and identification
The word perception tasks were presented to all participants in

separate blocks in the same order: 1) pre-focus word discrimina-

tion (discrimination of the word pairs in pre-focus condition), 2)

pre-focus glide discrimination (discrimination of the gliding tone

analogs of the word pairs in pre-focus condition), 3) pre-focus word

identification (identification of the words in pre-focus condition), 4)

post-focus word discrimination (discrimination of the word pairs in

post-focus condition), 5) post-focus glide discrimination (discrim-

ination of the gliding tone analogs of the word pairs in post-focus

condition), and 6) post-focus word identification (identification of

the words in post-focus condition). Two other tasks were

interspersed in between these word tasks, separating them with

roughly 10-minute intervals.

In the discrimination tasks, each of the 33 stimulus pairs appeared

in both ‘same’ (randomly selected 16 pairs as word 1 – word 1 and

the other 17 pairs as word 2 – word 2) and ‘different’ configuration

(randomly selected 16 pairs as word 1 – word 2 and the other 17

pairs as word 2 – word 1). Thus, there were 66 stimulus pairs (33

‘same’ pairs and 33 ‘different’ pairs) in the discrimination tasks and

66 individual stimuli in the identification tasks. All discrimination/

identification stimuli were pseudo-randomized and presented to the

participants in the same order, with 750 ms interstimulus interval

(in the discrimination tasks) and 1500 ms intertrial interval.

Four practice trials (with different stimuli than the experimental

trials) were given before each of the first three tasks to familiarize the

participants with the experimental procedure and materials. During

testing, participants were required to judge as quickly and

accurately as possible whether the two words/glides were the same

or different in the discrimination tasks, and which word they had

heard in the identification tasks (by choosing the corresponding

Chinese characters of the words). Responses were recorded with key

presses combined with reaction times. The Chinese characters of

‘same’ [相同] and ‘different’ [不同] (for the discrimination tasks)

and those of the word pairs (for the identification tasks) were

displayed on the computer screen (one to the left and one to the

right) to indicate to the participants which key to press (‘q’ for the left

and ‘p’ for the right). The experimental protocols were the same

across word/glide discrimination tasks and pre-/post-focus condi-

tions. Participants were not informed that the stimuli were related.

Statement-question discrimination and identification
The three intonation perception tasks were also presented to the

participants separately in fixed order: 1) statement-question

discrimination (discrimination of the statement-question pairs), 2)

gliding tones discrimination (discrimination of the gliding tone

analogs of the statement-question pairs), and 3) statement-question

identification (identification of the statements and questions). Two

Figure 2. Real-time (in s) F0 contours (in st) of two statement-question pairs. (A) the first two syllables ‘Gu4Jun4’ were focused, and (B) the
last two syllables ‘zuo4fan4’ were focused. The Chinese characters of the sentences are ‘顾俊做饭’ [‘GuJun cooks the rice’], in which all the syllables
carried the Falling tone (Tone 4).
doi:10.1371/journal.pone.0030374.g002

Table 3. Acoustic characteristics of the statements and questions and their final syllables.

Sentence type Sentence Final syllable

Mean F0 Duration
Mean
Intensity

Pitch
Range Mean F0 Duration

Mean
Intensity

Glide
Size

Glide
Time

Glide
Rate

Statement
(n= 20)

m 92.88 0.86 78.98 11.35 91.20 0.13 75.90 6.82 0.10 261.19

s 2.17 0.22 3.44 7.27 4.61 0.04 6.89 7.20 0.05 84.70

Question
(n= 20)

m 93.66 0.89 80.09 7.75 92.50 0.19 77.68 3.59 0.12 222.78

s 1.37 0.22 2.42 3.94 2.45 0.04 5.06 4.38 0.04 37.15

t-test t 22.22 21.70 22.86 2.46 21.80 25.89 22.50 2.54 21.65 22.41

p 0.04 0.11 0.01 0.02 0.09 ,0.0001 0.02 0.02 0.12 0.03

Mean F0 (in st) is the average fundamental frequency of the sentence (or the final syllable); duration (in s) is the length of the sentence (or the final syllable); mean
intensity (in dB) is the mean-energy intensity of the sentence (or the final syllable); pitch range (in st) is defined as the difference in fundamental frequency between
maximum and minimum F0 of the sentence; glide size (in st) is the pitch excursion size of the final syllable ( =maximum F02minimum F0); glide time (in s) is the duration
between maximum and minimum F0 of the final syllable; glide rate (in st/s) = glide size/glide time; m=mean; s= standard deviation; t is the statistic of the paired t-test
(two-tailed, df= 19).
doi:10.1371/journal.pone.0030374.t003
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other tasks were again administered in between these intonation

tasks, separating them with 10–15 minute gaps.

Four practice trials (with different stimuli than the experimental

trials) were given before each task. There were 40 individual

stimuli or stimulus pairs in each task. These stimuli were arranged

and presented to the participants in the same way as the word

perception tasks. Participants were asked to respond via a key press

(‘q’ or ‘p’) whether the two sentences or tone sequences were the

‘same’ [相同] or ‘different’ [不同] in the discrimination tasks and

whether they heard a ‘statement’ [陈述句] or ‘question’ [疑问句]

in the identification task, while their reaction times were recorded.

Pitch threshold tasks
As in [6], participants’ thresholds for pitch change detection and

pitch direction discrimination were evaluated with adaptive-tracking

procedures using a 3-interval, 2-alternative forced-choice oddball

(‘odd-one-out’) design. In the pitch change detection task, partici-

pants were required to report which of the three pure tones (two

steady-state and one gliding, each 600 ms in duration, with 600 ms

interstimulus interval) contained a glide, thus detecting a pitch

change. In the pitch direction discrimination task, participants were

asked to report which of the three gliding tones differed in direction

(rising versus falling) from the other two, thus discriminating the

direction of pitch change. The threshold (in semitones) was

calculated as the mean pitch excursion size of the target glide in

the last six reversals using the ‘2 down, 1 up’ staircase method.

Scoring and statistical analyses
In keeping with previous studies [2,6,8,10], performance was

scored as the percentage of hits minus the percentage of false

alarms (%H-%FA) for the discrimination tasks, and as the

percentage of correct responses (%Correct) for the identification

tasks. Specifically, a hit was achieved when a ‘different’ pair was

correctly judged as different, whereas a false alarm arose when

a ‘same’ pair was judged as different.

Statistical analyses were conducted using R, ‘a language and

environment for statistical computing’ [40]. Data were analyzed

using mixed-effects ANOVAs. Results were also confirmed (but

not reported here in the interest of space) with non-parametric

methods (Wilcoxon rank sum test and Wilcoxon signed rank test),

as amusics’ scores on three tasks (there were in total 22 tests) did

not follow a normal distribution (Shapiro-Wilk normality tests:

pre-focus glide discrimination:W=0.75, p=0.002; pre-focus word

identification: W=0.84, p=0.02; pitch direction discrimination:

W=0.86, p=0.03). Correlations were evaluated with the rank-

based measure of association, Kendall’s t statistic (two-sided).

Generalized linear mixed models were fit using the lme4 package

for R to determine the effects of stimulus characteristics on

participants’ responses, with individual participants and stimulus

items as random effects and stimulus characteristics as fixed effects

[41]. The analyses of reaction time data are not reported because

no group difference was found in regard to this measure (but see

Tables S5 and S7 for results).

Results

Word discrimination and identification
Figure 3 shows the results of the word/glide discrimination tasks

(see Tables S4 and S5 for individual scores and reaction times).

Mixed-effects ANOVA with Subject (individual participants) as the

random effect, Group (amusic versus control) the between-subject

factor, and Stimulus (word versus glide) and Focus (pre versus post)

the within-subject factors revealed significant main effects of Group

[F(1,24) = 13.71, p=0.001], Stimulus [F(1,72) = 81.56, p,0.0001],

and Focus [F(1,72) = 16.37, p=0.0001]. No significant interactions

were found. This indicates that, regardless of focus condition,

amusics performed significantly worse than controls on both word

discrimination and glide discrimination. Both groups performed

significantly better on glide discrimination than word discrimination

[amusics: F(1,36) = 32.60, p,0.0001; controls: F(1,36)= 56.53,

p,0.0001]. While controls achieved significantly better perfor-

Figure 3. Boxplots of amusics and controls’ scores on the four word discrimination tasks (in ‘percentage of hits – percentage of
false alarms’; %H – %FA). (A) pre-focus word discrimination, (B) pre-focus glide discrimination, (C) post-focus word discrimination, and (D) post-
focus glide discrimination. Individual scores are represented by black dots, with those at the same horizontal level having identical values, and those
lying beyond the whiskers being outliers (which are further indicated by open circles in the middle).
doi:10.1371/journal.pone.0030374.g003
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mance under the pre-focus condition than the post-focus condition

[F(1,36) = 20.83, p,0.0001], the effect of focus on amusics’

performance was only marginally significant [F(1,36) = 2.87,

p=0.099].

There was a significant positive correlation between perfor-

mances on pre-focus word discrimination and pre-focus glide

discrimination for amusics (z=2.50, p=0.01, t=0.55). Amusics’

performances on pre- and post-focus word discrimination were

also positively correlated (z=2.92, p=0.004, t=0.65). No other

correlations reached statistical significance.

Consistent with previous findings [6,8], most errors made by

amusics in the discrimination tasks were misses rather than false

alarms (77.0% versus 23.0% in pre-focus word discrimination;

76.9% versus 23.1% in post-focus word discrimination; 86.0%

versus 14.0% in pre-focus glide discrimination; 91.3% versus 8.7%

in post-focus glide discrimination). Thus, errors were mainly

caused by amusics’ insensitivity to the differences between the

stimuli. A generalized linear mixed model was fit to examine the

effects of stimulus characteristics on amusics’ responses to

‘different’ pairs, in which stimulus type (word versus glide), focus

condition (pre-focus versus post-focus), stimulus length (1–4

syllables), number of different tones between the two stimuli in

a pair (1–4), number of compounds/pseudo-words in a pair (0, 1),

and the absolute difference in pitch range between the two stimuli

in a pair were included as fixed effects, and individual amusics and

stimulus items were treated as random effects. The results on

stimulus type and focus condition were consistent with the findings

based on the ANOVAs on the whole stimulus sets (‘same’ plus

‘different’ pairs). That is, amusics performed better on glide

discrimination than on word discrimination (z=4.69, p,0.0001),

and they also achieved better performance on pre-focus stimuli

than on post-focus stimuli (z=2.40, p=0.02). Furthermore,

amusics performed better when the absolute difference in pitch

range between the two stimuli in a pair was larger (z=2.13,

p=0.03). The other fixed effects (stimulus length, number of

different tones between the two stimuli in a pair, and number of

compounds/pseudo-words in a pair) did not contribute signifi-

cantly to amusics’ performance on detecting the difference

between the word/glide stimuli in ‘different’ pairs. Similar analysis

on controls revealed that they also performed better on glide

discrimination than on word discrimination (z=7.01, p,0.0001),

and on pre-focus stimuli than on post-focus stimuli (z=4.49,

p,0.0001). Furthermore, they achieved better discrimination

when the two stimuli in a pair had greater numbers of different

tones (z=2.27, p=0.02).

Figure 4 shows the results on the word identification tasks (see

Tables S4 and S5 for individual scores and reaction times). Mixed-

effects ANOVA with Subject (individual participants) as the

random effect, Group (amusic versus control) the between-subject

factor, and Focus (pre versus post) the within-subject factor

revealed a significant effect of Focus [F(1,24) = 35.66, p,0.0001].

Neither Group [F(1,24) = 0.37, p=0.55] nor Group6Focus

interaction [F(1,24) = 0.05, p=0.83] was significant. This indicates

that amusics performed as well as controls on both pre- and post-

focus word identification. Both groups performed significantly

better on pre- than post-focus word identification [amusics: F

(1,12) = 16.80, p=0.001; controls: F(1,12) = 18.88, p=0.001].

Both groups’ performances on the two tasks were positively

correlated (amusics: z=2.27, p=0.02, t=0.51; controls: z=2.66,

p=0.008, t=0.58).

Statement-question discrimination and identification
Figure 5 shows the results on the intonation tasks (see Tables S6

and S7 for individual scores and reaction times). No significant

group difference was observed for the identification task [F

(1,24) = 0.73, p=0.40]. For the discrimination tasks, mixed-effects

ANOVA with Subject (individual participants) as the random

effect, Group (amusic versus control) the between-subject factor,

and Stimulus (natural speech versus gliding tone) the within-

subject factor revealed significant effects of Group [F(1,24) = 9.76,

p=0.005] and Group6Stimulus interaction [F(1,24) = 5.19,

p=0.03], but not Stimulus [F(1,24) = 1.03, p=0.32]. This was

because amusics achieved normal performance on natural speech

[F(1,24) = 1.30, p=0.27] but showed impaired performance on

gliding tone analogs [F(1,24) = 14.91, p=0.0007]. Furthermore,

while controls’ performances did not differ significantly across the

two stimulus types [F(1,12) = 0.56, p=0.47], amusics performed

significantly better on natural speech than on gliding tone analogs

[F(1,12) = 9.45, p=0.0096]. Interestingly, while amusics’ perfor-

mances on the two discrimination tasks showed a significant

positive correlation (z=2.38, p=0.02, t=0.53), controls’ perfor-

mances on the two tasks were not significantly correlated

(z=20.57, p=0.57, t=20.13).

Analysis of the errors made by amusics in the two discrimination

tasks (natural speech and gliding tones) indicates that there were

more misses than false alarms (83.8% versus 16.2% in natural

speech; 90% versus 10% in gliding tones). Given that natural

speech stimuli and their gliding tone analogs shared the same pitch

and duration patterns, but differed slightly in intensity envelopes,

two separate generalized linear mixed models were fit to examine

what might have caused amusics’ insensitivity to ‘different’ pairs in

the two discrimination tasks, with stimulus presentation order

(statement-question versus question-statement), sentence length

(3–7 syllables), tone component (High versus Falling), focus

condition (initial versus final), and the absolute differences in

acoustic characteristics between the two stimuli in a pair (see

Table 3) as fixed effects, and individual participants and stimulus

items as random effects. Results indicate that in the model for

amusics’ responses to ‘different’ speech stimuli, only the absolute

Figure 4. Boxplots of amusics and controls’ scores on the two word identification tasks (in percentage of correct responses; %
Correct). (A) pre-focus word identification, and (B) post-focus word identification.
doi:10.1371/journal.pone.0030374.g004
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difference in overall mean intensity between the stimuli in a pair

significantly affected amusics’ performance, although in an

unexpected direction: the bigger the absolute difference, the worse

the performance (z=22.15, p=0.03). On the other hand,

amusics’ discrimination performance on gliding tone analogs was

significantly affected by several acoustic characteristics of the

stimulus pairs. Among them, most effects were in expected

directions, namely, amusics performed significantly better on

gliding tone pairs that differed greatly in overall mean F0 (z=2.78,

p=0.005), overall pitch range (z=2.04, p=0.04), final glide time

(z=3.09, p=0.002), final syllable duration (z=2.03, p=0.04), and

final mean intensity (z=2.26, p=0.02). Nevertheless, two effects

worked in unexpected directions, with amusics showing better

discrimination performance on gliding tone pairs that had smaller

differences in overall duration (z=22.68, p=0.007) and final

glide rate (z=22.05, p=0.04). Interestingly, none of the acoustic

effects or other fixed effects of the stimulus characteristics

contributed significantly to controls’ discrimination of statements

and questions and their gliding tone analogs.

Pitch threshold tasks
Figure 6 shows the results on pitch threshold tasks (see Table S6

for individual scores). Mixed-effects ANOVA with Subject

(individual participants) as the random effect, Group (amusic

versus control) the between-subject factor, and Task (pitch change

detection versus pitch direction discrimination) the within-subject

factor revealed significant effects of Group [F(1,24) = 6.21,

p=0.02] and Task [F(1,24) = 6.78, p=0.02], but not Group6Task

interaction [F(1,24) = 0.01, p=0.94]. That is, amusics had

significantly higher pitch thresholds than controls for both pitch

change detection and pitch direction discrimination. Both groups

showed a tendency to perform better on pitch direction

discrimination than pitch change detection. No significant

correlation was found for either group between their performances

on the two pitch threshold tasks.

Correlation analyses between word/intonation tasks and pitch

threshold tasks indicate that amusics’ performance on post-focus

word identification was negatively correlated with their thresholds

for both pitch change detection (z=22.17, p=0.03, t=20.48)

and pitch direction discrimination (z=22.05, p=0.04,

t=20.45). Controls’ performance on statement-question identi-

fication was negatively correlated with their thresholds for pitch

direction discrimination (z=22.22, p=0.03, t=20.50). That is,

the smaller the pitch thresholds, the better the performance on

those speech tasks.

Discussion

Speech processing in Mandarin amusics
Although previous studies have suggested that amusia impacts

upon speech processing in subtle ways for speakers of both tone

and non-tonal languages [4–8], it was unclear whether the ‘lexical

tone agnosia’ reported for Mandarin amusics was caused by pitch-

processing deficits or impaired phonological awareness [7]. This

study investigated the mechanism of speech processing in

Mandarin amusics by employing different experimental designs

than previous studies.

First, by using relatively small tonal contrasts in word

discrimination that involved the same segments and by providing

Chinese characters in word identification, we found impaired

performance on word discrimination but normal performance on

word identification in our Mandarin amusics. This is in contrast to

Figure 5. Boxplots of amusics and controls’ scores on the three statement-question perception tasks. (A) statement-question
discrimination in natural speech (in %H – %FA), (B) statement-question discrimination in gliding tones (in %H – %FA), and (C) statement-question
identification in natural speech (in %Correct).
doi:10.1371/journal.pone.0030374.g005

Figure 6. Boxplots of amusics and controls’ pitch thresholds (in st) in the two psychophysical tasks. (A) pitch change detection, and (B)
pitch direction discrimination.
doi:10.1371/journal.pone.0030374.g006
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what was observed for the subgroup of Mandarin amusics with

‘lexical tone agnosia’ in [7]. The conflicting results on word/tone

discrimination between the current study and [7] are likely due to

the fact that our stimuli contained much smaller pitch excursion

sizes than those in [7] (1.5–4.1 st versus 2–17 st), making it possible

to reveal amusics’ pitch-processing deficits in linguistic tone

processing even when the tones shared the same segments. The

discrepancy regarding tone/word identification between [7] and

the current study is likely due to the different demands for

phonological awareness between the two tasks. While the tone

identification task in [7] required explicit labeling of tone names

(thus demanding a high level of phonological awareness), our task

required recognition of the Chinese characters that represented

the words with the tones.

Second, by using naturally spoken statements and questions that

differed in multiple acoustic cues across the entire utterances, we

found normal performance on statement-question discrimination

and identification in our Mandarin amusics. This is in contrast to

the findings in [5] where Mandarin amusics showed subtle

problems with identification of statements and questions that

differed mainly in final pitch. This indicates that human listeners

including amusics are adept at using multiple acoustic cues (F0,

duration, and intensity) to achieve speech communication.

However, it is puzzling that amusics showed inferior perfor-

mance on word discrimination but normal performance on word

identification with exactly the same set of stimuli in the current

study. This is unlikely due to the order in which word

discrimination and identification were presented, since the results

were robust across pre- and post-focus conditions and across

groups. Moreover, both groups demonstrated increased response

latencies for word identification compared with discrimination in

terms of reaction times (Table S5). According to [42], short-term

memory of two auditory events is required in discrimination tasks,

whereas the comparison between the long-term memory store and

a single auditory event is needed in identification tasks. Given that

amusics have short-term memory deficits for pitch [43–44] but no

obvious long-term memory impairment [24], it is possible that

controls’ superior word/glide discrimination performance can be

accounted for by their enhanced short-term memory for pitch

relative to amusics. However, the analysis of amusics’ responses to

‘different’ word pairs did not find a significant main effect of

stimulus length (words ranging from 1 to 4 syllables). Rather, the

errors were mainly caused by amusics’ failure to detect the small

pitch differences between the two words in a pair. Mandarin

speakers have been shown to be able to identify the four lexical

tones correctly 90% of the time with a pitch range only around

0.49 st, and they could identify Tones 1 and 4 efficiently even at

the pitch range of 0.25 st [45]. Since the pitch ranges of our tone

stimuli were around 1.5–4.1 st (Table S1), they did not seem to be

small enough to jeopardize amusics’ word identification perfor-

mance. This is reminiscent of the previous finding that listeners

can process linguistic contrasts based on acoustic differences they

cannot consciously recognize [46–47].

Pitch thresholds in Mandarin speakers
It is a matter of debate whether psychophysical pitch discrim-

ination is a basic low-level ability or is shaped by linguistic/musical

experience [48–49]. Previous studies have shown that amusics have

significantly higher thresholds than controls for both pitch change

detection and pitch direction discrimination, but the difference in

pitch direction discrimination is especially pronounced between the

two groups [6,22]. In the current study, although our Mandarin

amusics also demonstrated higher pitch thresholds than controls for

pitch change detection and pitch direction discrimination, both

groups exhibited slightly better (smaller) thresholds for pitch

direction discrimination than pitch change detection. Furthermore,

although highly comparable on the MBEA scores (all ps.0.1), the

Mandarin groups in the current study performed significantly better

than the English groups in [6] on pitch direction discrimination

(Wilcoxon rank sum test: English versus Mandarin control groups:

W=42, p=0.04; amusic groups: W=16, p,0.0001), but not on

pitch change detection (control groups: W=72.5, p=0.69; amusic

groups: W=82, p=0.08).

It has been shown that the pitch direction thresholds of typical

individuals are considerably higher than their pitch change

thresholds [45] (although see [50] for mixed results). The

remarkably lower thresholds for pitch direction discrimination in

both amusic and normal Mandarin speakers in the current study

may reflect ‘perceptual learning’ (e.g., [51–52]) or ‘experience-

dependent plasticity’ (e.g., [53]). In Mandarin, tones such as Rising

and Falling are the fundamental ‘building blocks’ of everyday

speech. In English, however, only focused or sentence-final

stressed syllables carry deliberate pitch changes [9,11]. As

a consequence, Mandarin speech contains more dynamic F0
movements, and is characterized by greater rates of F0 changes

than English speech [54]. Multidimensional scaling studies on tone

perception have demonstrated that linguistic experience shapes

listeners’ perceptual dimensions of tone [55–57]. For example,

Mandarin listeners attached more importance to the ‘direction’

dimension (rising versus non-rising) than the ‘height’ dimension

(average F0 level) in their judgments of tone dissimilarity, while

English listeners showed the opposite pattern. This is again in line

with the ‘perceptual learning’ theory [52: 592–594], according to

which individuals may develop specialized ‘feature detectors’ or

‘internal representations’ for perceived stimuli through ‘feature

imprinting’ of ‘environmental inputs’. Indeed, there is evidence for

‘experience-dependent plasticity’ in tone language speakers and

musicians (e.g., [53]). For example, Mandarin speakers and

English non-musicians and musicians exhibited ‘enhanced tuning’

only to the pitch features that are most relevant to their native

language (‘direction’ or ‘pitch acceleration’ in Mandarin versus

‘height’ in English) and to music (‘musical pitch interval’) during

pre-attentive pitch processing in the auditory brainstem [53: 432].

This may in part explain why Mandarin amusics still suffer from

amusia despite exhibiting relatively small pitch direction discrim-

ination thresholds: tuning to different pitch features is required in

linguistic versus musical processing. It will be interesting to

examine Mandarin amusics’ frequency-following responses to

linguistic tones and musical intervals in the brainstem, in

comparison to normal controls and musicians, as the results are

likely to provide insight into why amusia only affects speech

processing in subtle ways.

The effect of stimulus type on pitch processing
As in previous studies [2,5–6,8,10], the results on the effect of

stimulus type on pitch processing are also mixed in the current

study. In the word/glide discrimination tasks, amusics achieved

better performance on gliding tones than on natural words.

However, they performed significantly worse on gliding tones than

on natural speech in the statement-question discrimination tasks.

Given that our word stimuli ranged from one to four syllables and

our sentence stimuli from three to seven syllables, it is possible that

amusics’ inferior performance on discrimination of the gliding tone

analogs of statements and questions was caused by their short-term

memory deficits for tones [43–44]. On the other hand, both

English and Cantonese listeners showed higher sensitivity to F0
differences for non-speech complex tones than synthesized speech

stimuli [58]. Since our gliding tone analogs were also made of
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complex tones, they should not bring any disadvantage to the

listeners in pitch processing as compared to speech sounds.

However, there are other substantial differences between speech

materials and tone analogs, e.g., the presence/absence of linguistic

information, which might have led to the different performance in

amusics [1,10]. A more matched comparison between speech and

music processing in amusia could adopt the approach in [59–60],

comparing speaking versus singing performance in amusics.

Overall, the findings of the current study suggest that the

mechanism of speech processing in amusia is unlikely to be

different across tone and non-tonal language speakers. Rather, the

disorder appears to be a domain-general pitch-processing deficit

that is neither music-specific nor language-specific. Nevertheless,

in everyday life, it only manifests itself in the musical domain, and

it is only under laboratory conditions that tone/intonation

processing deficits in speech can be revealed. However, given

the relatively small sample size of the current study and the

heterogeneity of the amusic population [2–8,22,24–25], future

studies on a larger sample of Mandarin amusics and on amusics of

other language backgrounds are needed to further corroborate the

current findings.

Supporting Information

Table S1 Glide size/time/rate of the tones in post- versus pre-

focus words.

(DOC)

Table S2 Characteristics of the participants.

(DOC)

Table S3 A set of statement-question pairs used in intonation

tasks.

(DOC)

Table S4 Performance of amusics (A1-13) and controls (C1-13)

on word perception tasks.

(DOC)

Table S5 Percentages of correct and incorrect responses and

reaction times on word perception tasks by amusics and controls.

(DOC)

Table S6 Performance of amusics (A1-13) and controls (C1-13)

on pitch threshold and intonation tasks.

(DOC)

Table S7 Percentages of correct and incorrect responses and

reaction times on intonation perception tasks by amusics and

controls.

(DOC)

Acknowledgments

We would like to thank Aniruddh D. Patel for providing information on

the creation of gliding tone analogs, and Sukhbinder Kumar for developing

the psychophysical procedures for the pitch threshold tasks. Other

experiments in the study were realised using Cogent 2000 developed by

the Cogent 2000 team at the FIL (Functional Imaging Laboratory) and the

ICN (Institute of Cognitive Neuroscience) and Cogent Graphics developed

by John Romaya at the LON (Laboratory of Neurobiology) at the

Wellcome Department of Imaging Neuroscience, University College

London, UK. We also thank Dr Antoni Rodriguez-Fornells and three

anonymous reviewers for helpful comments.

Author Contributions

Conceived and designed the experiments: FL. Performed the experiments:

FL. Analyzed the data: FL. Contributed reagents/materials/analysis tools:

YX. Wrote the paper: FL CJ WFT YX YY LS. Recruited the subjects: CJ.

References

1. Patel AD (2008) Music, language, and the brain. New York: Oxford University

Press. 2008. 528 p.

2. Ayotte J, Peretz I, Hyde K (2002) Congenital amusia: A group study of adults

afflicted with a music-specific disorder. Brain 125: 238–251.

3. Dalla Bella S, Giguère J, Peretz I (2009) Singing in congenital amusia. J Acoust

Soc Am 126: 414–424.

4. Hutchins S, Gosselin N, Peretz I (2010) Identification of changes along

a continuum of speech intonation is impaired in congenital amusia. Front

Psychology 1: 236.

5. Jiang C, Hamm JP, Lim VK, Kirk IJ, Yang Y (2010) Processing melodic contour

and speech intonation in congenital amusics with Mandarin Chinese.

Neuropsychologia 48: 2630–2639.

6. Liu F, Patel AD, Fourcin A, Stewart L (2010) Intonation processing in congenital

amusia: discrimination, identification, and imitation. Brain 133: 1682–1693.

7. Nan Y, Sun Y, Peretz I (2010) Congenital amusia in speakers of a tonal

language: Association with lexical tone agnosia. Brain 133: 2635–2642.

8. Patel AD, Wong M, Foxton J, Lochy A, Peretz I (2008) Speech intonation

perception deficits in musical tone deafness (congenital amusia). Music Percept

25: 357–368.

9. Xu Y, Xu CX (2005) Phonetic realization of focus in English declarative

intonation. J Phon 33: 159–197.

10. Patel AD, Foxton JM, Griffiths TD (2005) Musically tone-deaf individuals have

difficulty discriminating intonation contours extracted from speech. Brain Cogn

59: 310–313.

11. Liu F (2009) Intonation systems of Mandarin and English: A functional

approach. Ph.D. Dissertation. The University of Chicago. pp 187.

12. Dowling WJ, Harwood DL (1986) Music cognition. San Diego: Academic Press.

258 p.

13. Peretz I, Hyde K (2003) What is specific to music perception? Insights from

congenital amusia. Trends Cognit Sci 7: 362–367.

14. Howie JM (1976) Acoustical studies of Mandarin vowels and tones. New York:

Cambridge University Press. 303 p.

15. Xu Y (1997) Contextual tonal variations in Mandarin. J Phon 25: 61–83.

16. Gårding E, Kratochvil P, Svantesson JO, Zhang J (1986) Tone 4 and Tone 3

discrimination in modern standard Chinese. Lang Speech 29: 281–293.

17. Whalen DH, Xu Y (1992) Information for Mandarin tones in the amplitude

contour and in brief segments. Phonetica 49: 25–47.

18. Fu Q-J, Zeng F-G, Shannon RV, Soli SD (1998) Importance of tonal envelope

cues in Chinese speech recognition. J Acoust Soc Am 104: 505–510.

19. Liu S, Samuel AG (2004) Perception of Mandarin lexical tones when F0
information is neutralized. Lang Speech 47: 109–138.

20. Jiang C, Hamm JP, Lim VK, Kirk IJ, Yang Y (2011) Fine-grained pitch

discrimination in congenital amusics with Mandarin Chinese. Music Percept 28:

519–526.

21. Kalmus H, Fry D (1980) On tune deafness (dysmelodia): Frequency, de-
velopment, genetics and musical background. Ann Hum Genet 43: 369–382.

22. Foxton JM, Dean JL, Gee R, Peretz I, Griffiths TD (2004) Characterization of
deficits in pitch perception underlying ‘tone deafness’. Brain 127: 801–810.

23. Hyde K, Peretz I (2004) Brains that are out of tune but in time. Psychol Sci 15:

356–360.

24. Jones J, Zalewski C, Brewer C, Lucker J, Drayna D (2009) Widespread auditory

deficits in tune deafness. Ear Hear 30: 63–72.

25. Jones J, Lucker J, Zalewski C, Brewer C, Drayna D (2009) Phonological
processing in adults with deficits in musical pitch recognition. J Commun Disord

42: 226–234.

26. Loui P, Guenther FH, Mathys C, Schlaug G (2008) Action-perception mismatch

in tone-deafness. Curr Biol 18: R331–R332.

27. Loui P, Kroog K, Zuk J, Winner E, Schlaug G (2011) Relating pitch awareness
to phonemic awareness in children: Implications for tone-deafness and dyslexia.

Front. Psychology 2: 111. doi: 10.3389/fpsyg.2011.00111.

28. Mattingly IG (1972) Reading, the linguistic process, and linguistic awareness. In:

Kavanagh JF, Mattingly IG, eds. Language by ear and by eye: The relationships
between speech and reading. Cambridge, MA: MIT Press. pp 133–147.

29. Gillon GT (2004) Phonological awareness: From research to practice. New York:

The Guilford Press. 270 p.

30. Siok WT, Fletcher P (2001) The role of phonological awareness and visual-

orthographic skills in Chinese reading acquisition. Dev Psychol 37: 886–899.

31. Lee CY, Tao L, Bond ZS (2008) Identification of acoustically modified
Mandarin tones by native listeners. J Phon 36: 537–563.

32. Shu H, Peng H, McBride-Chang C (2008) Phonological awareness in young

Chinese children. Dev Sci 11: 171–181.

33. Stahl SA, Murray BA (1994) Defining phonological awareness and its

relationship to early reading. J Educ Psychol 86: 221–234.

34. Peretz I, Champod S, Hyde K (2003) Varieties of musical disorders: The
Montreal Battery of Evaluation of Amusia. Ann N Y Acad Sci 999: 58–75.

Speech Processing in Mandarin Amusics

PLoS ONE | www.plosone.org 10 February 2012 | Volume 7 | Issue 2 | e30374



35. Boersma P (2001) Praat: A system for doing phonetics by computer. Glot Int

5:9/10: 341–345.
36. The China National Language and Character Working Committee (2008)

Lexicon of common words in contemporary Chinese The Commercial Press.

669 p.
37. Liu F, Xu Y (2005) Parallel encoding of focus and interrogative meaning in

Mandarin intonation. Phonetica 62: 70–87.
38. Gottfried TL, Suiter TL (1997) Effects of linguistic experience on the

identification of Mandarin Chinese vowels and tones. J Phon 25: 207–231.

39. Patel AD, Peretz I, Tramo M, Labreque R (1998) Processing prosodic and
musical patterns: a neuropsychological investigation. Brain Lang 61: 123–144.

40. R Development Core Team (2009) R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna, Austria;

ISBN 3-900051-07-0; URL http://www.R-project.org.
41. Baayen RH, Davidson DJ, Bates DM (2008) Mixed-effects modeling with

crossed random effects for subjects and items. J Mem Lang 59: 390–412.

42. Aiken EG, Shennum WA, Thomas GS (1974) Memory process in the
identification of pitch. Percept Psychophys 15: 449–452.

43. Tillmann B, Schulze K, Foxton JM (2009) Congenital amusia: A short-term
memory deficit for non-verbal, but not verbal sounds. Brain Cogn 71: 259–264.

44. Williamson VJ, Stewart L (2010) Memory for pitch in congenital amusia:

Beyond a fine-grained pitch perception problem. Memory 18: 657–669.
45. Klatt DH (1973) Discrimination of fundamental frequency contours in synthetic

speech: implications for models of pitch perception. J Acoust Soc Am 53: 8–16.
46. Whalen DH, Liberman AM (1987) Speech perception takes precedence over

non-speech perception. Science 237: 169–171.
47. Xu Y, Liberman AM, Whalen DH (1997) On the immediacy of phonetic

perception. Psychol Sci 8: 358–362.

48. Bent T, Bradlow AR, Wright BA (2006) The influence of linguistic experience
on the cognitive processing of pitch in speech and nonspeech sounds. J Exp

Psychol Hum Percept Perform 32: 97–103.

49. Kishon-Rabin L, Amir O, Vexler Y, Zaltz Y (2001) Pitch discrimination: Are

professional musicians better than non-musicians? J Basic Clin Physiol
Pharmacol 12: 125–143.

50. Semal C, Demany L (2006) Individual differences in the sensitivity to pitch

direction. J Acoust Soc Am 120: 3907–3915.
51. Gibson EJ (1963) Perceptual learning. Annu Rev Psychol 14: 29–56.

52. Goldstone RL (1998) Perceptual learning. Annu Rev Psychol 49: 585–612.
53. Bidelman GM, Gandour JT, Krishnan A (2011) Cross-domain effects of music

and language experience on the representation of pitch in the human auditory

brainstem. J Cogn Neurosci 23: 425–434.
54. Eady SJ (1982) Differences in the F0 patterns of speech: Tone language versus

stress language. Lang Speech 25: 29–42.
55. Francis AL, Ciocca V, Ma L, Fenn K (2008) Perceptual learning of Cantonese

lexical tones by tone and non-tone language speakers. J Phon 36: 268–294.
56. Gandour JT (1983) Tone perception in far Eastern languages. J Phon 11:

149–175.

57. Guion SG, Pederson E (2007) Investigating the role of attention in phonetic
learning. In: Bohn O-S, Munro M, eds. Language experience in second

language speech learning: In honor of James Emil Flege. Amsterdam:
Benjamins. pp 57–77.

58. Francis AL, Ciocca V (2003) Stimulus presentation order and the perception of

lexical tones in Cantonese. J Acoust Soc Am 114: 1611–1621.
59. Pfordresher PQ, Mantell JT (2009) Singing as a form of vocal imitation:

mechanisms and deficits. In: Louhivouri J, Eerola T, Saarikallio S, Himberg T,
Eerola P-S, eds. Proceedings of the 7th Triennial Conference of European

Society for the Cognitive Sciences of Music. Jyväskylä, Finland. pp 425–430.
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