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PET was used in a cross-linguistic study to deter-
mine whether neural mechanisms subserving pitch
perception differ as a function of linguistic relevance.
We compared tone perception in 12 native Mandarin
speakers, who use tonal patterns to distinguish lexical
meaning, with that of 12 native speakers of a nontone
language, English. Subjects were scanned under two
conditions: a silent resting baseline and a tonal task
involving discrimination of pitch patterns in Manda-
rin words. Both groups showed common regions of
CBF increase, but only Mandarin speakers showed
additional activation in frontal, parietal, and parieto-
occipital regions of the left hemisphere; this latter
finding indicates that language experience may influ-
ence brain circuitry in the processing of auditory
cues. In contrast, only the English group showed ac-
tivity in the right inferior frontal cortex, consistent
with a right-hemispheric role in pitch perception.
© 2001 Academic Press
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INTRODUCTION

Sounds produced by the human voice vary along
multiple dimensions. Languages use these dimensions
in different ways to distinguish utterances. In partic-
ular, there are wide differences from one language to
another in the use of “suprasegmental,” or prosodic,
features, such as variations in fundamental frequency,
amplitude, and duration, which are not a function of
intrinsic characteristics of phonetic segments. Tonal
differences are perceived principally as differences in
pitch, although intensity and duration also provide
important secondary auditory cues for the identifica-
tion of specific tones (Karlgren, 1962). Lexical stress
and lexical tone are the two principal methods by
which languages use prosodic features to distinguish
one word from another. In tone languages, a lexically
distinctive function is served by the fundamental fre-
quency level or contour realized on a syllable; that is,
6461053-8119/01 $35.00
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differences in fundamental frequency over strings of
otherwise identical phonemes distinguish different
words in the lexicon from one another. Several inves-
tigations have taken advantage of this feature to dis-
sociate linguistic from nonlinguistic processing by re-
quiring judgements of pitch changes in two groups of
subjects: speakers of a tonal language and individuals
who do not know the language in question. This ma-
nipulation affords an opportunity for distinguishing
different behavioral and neural activity patterns re-
lated to tone discrimination in linguistic and nonlin-
guistic contexts.

On the behavioral level, several studies have manip-
ulated differences in lexical relevance of suprasegmen-
tal information (intonation, contour, or stress patterns)
and have compared the results for speakers of a tone
language with those of a nontone language. Using di-
chotic listening, Van Lancker and Fromkin (1973)
found that pitch discrimination tends to be lateralized
to the left hemisphere when the pitch differences are
processed linguistically. Lee and Nusbaum’s experi-
ments (1993) using a speeded classification task also
suggest an interaction between the structure of the
signal and the processing strategies of the listener. In
contrast, studies by Repp and Lin (1990) and Cutler
and Chen (1997) have found that listeners with no
knowledge of tone exhibit essentially the same discrim-
ination performance as that of native listeners, lending
support for the notion that acoustic characteristics of
the stimulus govern these judgements, rather than
linguistic knowledge.

More recently, a positron emission tomography
(PET) study addressed the issue of lexical relevance by
comparing pitch processing of Thai syllables by Thai
speakers with that of English speakers. Only the Thai
subjects showed activation in the left frontal cortex
(Gandour et al., 1998), suggesting preferential activa-
tion of specialized speech centers in the left hemi-
sphere when these stimuli are processed linguistically.
As an extension to this study, Gandour et al. (2000)
added a control group of listeners from another tone

language (Chinese). Activation in the left frontal re-
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gion was observed only for the Thai group, when Thai,
Chinese, and English speakers were compared on a
Thai discrimination-judgement task. In contrast, sig-
nificant activation was observed in the region of the
anterior insula for the English and Chinese groups, but
not the Thai (Gandour et al., 2000). These findings are
consistent with evidence from lesion studies of patients
who are speakers of tone languages and who are left-
hemisphere dominant for speech (Naeser and Chan,
1980; Gandour and Dardarananda, 1983; Packard,
1986). Interestingly, Gandour et al. (1998) failed to
observe activity in the right frontal region for the non-
tone speakers, a finding that contrasts with earlier
behavioral work with patients (Zatorre and Samson,
1991) and with PET studies (Zatorre et al., 1992, 1994)
that show a robust role for the right frontal cortex in
tasks requiring pitch processing of complex auditory
stimuli in nonlinguistic contexts.

The goal of the present study was to investigate
further how different brain regions are activated as a
function of changes in linguistic context. We used PET
to compare the patterns of CBF change between native
Mandarin- and English-speaking volunteers when per-
forming same-different judgements of tone in Manda-
rin word pairs. In the Mandarin-Chinese speakers, by
virtue of their language experience, we predicted that
the linguistic system would be engaged automatically
by the tonal stimuli, and that this would most likely
result in recruitment of left-hemisphere regions, even
though the task itself does not necessarily require lex-
ical access because it can be performed purely on the
basis of acoustic information. Conversely, we expected
nonspeakers of Chinese to perform tasks of tonal
judgement without access to linguistic processes, and,
therefore, that their pitch-contour discrimination
would involve right-hemisphere processes (Zatorre et
al., 1992).

MATERIALS AND METHODS

Subjects

In one group, the subjects were 12 native speakers of
Mandarin Chinese (6 male; 6 female), who were born in
China and came to Canada after the age of 10 years,
and who had become proficient in English in adoles-
cence. In a second group, the 12 subjects (6 male; 6
female) were native speakers of English who had no
knowledge of Mandarin or any other tonal language.
All subjects were right-handed university students
who were in good health, under no medication, and
with no history of neurological disorder. The subjects
gave informed consent to undergo PET scanning,
which was performed according to institution-reviewed

medico-ethical guidelines. t
Stimuli

Chinese (Mandarin) has four lexical tones (Chao,
1968), traditionally labeled Tones 1, 2, 3, and 4: for
example, /ma1/‘mother’;/ma2/‘hemp’;/ma3/‘horse’;/ma4/
‘scold’. Tones 1–4 can be described phonetically as
high-level, high-rising, low-dipping, and high-falling,
respectively. There is also a neutral tone whose pitch
pattern is contextually conditioned. The primary
acoustic correlate of Chinese tones is voice-fundamen-
tal frequency (Howie, 1976).

Two word lists were constructed, consisting of 50
pairs of monosyllabic Mandarin words, half of which
had the same tone (e.g., /t’ou2/) and half of which were
different in tone (e.g., /fei2/ /fei1/). The word lists were
matched on the various consonant and vowel sounds
available in Mandarin Chinese. Nouns, verbs, and
modifiers were chosen, but no pronouns or articles
were included. Because Chinese words are usually not
spoken alone, but in the context of at least one other
word, all the words chosen were distinctive in meaning,
so that the subject was able to disambiguate the word.
Across the four tone categories, there was an approxi-
mately equal distribution of exemplars for both the
“same” and “different” stimulus sets. In developing the
“different” stimulus set, an attempt was made to en-
sure that all possible pairings of tones occurred at least
twice. All the word pairs in the “different” stimulus set
are minimal pairs for tone (see Fig. 1 for a representa-
tive spectrogram of a stimulus pair that differed in
their intonation patterns). The tones were recorded by
a female native speaker of Mandarin in a sound-proof
audiovisual room.

Procedure

The baseline condition was silence; subjects were
instructed to relax with eyes closed and no overt re-
sponse was required. In the tone condition, subjects
were required to make discrimination judgements of
two Mandarin words. They were asked to judge
whether or not the two syllables in each pair were
identical and then to respond as quickly and accurately
as possible, by pressing one of two buttons on a mouse.
The experiment included a practice session followed by
the experimental session. The order of scans was coun-
terbalanced, as was the key-press response on the
mouse. All stimuli were presented binaurally in pairs
on each trial via foam insert-earphones (EARTONE
3A) at a level of ;78 dBA and were delivered at a rate
f one trial every 4.2 s. Subjects kept their eyes closed
or the duration of the scan.

ET Scanning

This experiment formed part of a larger study that is
eported elsewhere (Klein et al., 1999). For this part of

he study, a total of four scans were performed for each
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subject (two conditions each scanned twice). The scan-
ning session was counterbalanced, such that scans
were either presented in a block at the beginning or at
the end of the session. Instructions were given before
each scan, and 10 practice trials were given prior to
bolus injection. PET scans were obtained with a Sie-
mens Exact HR1 tomograph operating in three-dimen-
ional acquisition mode. The distribution of CBF was
easured during each 60-s scan using the H2O

15 water
bolus method (Raichle et al., 1983). T1-weighted struc-
tural MRI scans (160 1-mm-thick slices) were also ob-
tained for each subject with a 1.5T Phillips ACS system
to provide anatomical detail. CBF images were recon-
structed using a 14-mm Hanning filter, normalized for
differences in global CBF, and coregistered with the
individual MRI data (Evans et al., 1992). Each
matched MRI/PET data set was then linearly resa-
mpled into the standardized stereotaxic coordinate sys-
tem of Talairach and Tournoux (1988) via an auto-
mated feature-matching algorithm (Collins et al.,
994).

tatistical Analyses

PET images were averaged across subjects for each
ondition, and the mean-change image-volume was ob-
ained for each comparison; this volume was converted
o a t statistic map, and the significance of focal CBF

changes was assessed by a method based on three-
dimensional Gaussian random-field theory (Worsley et

FIG. 1. Narrow-band spectrograms showing an example of the
phonemes /pa/ but the left panel (a) corresponds to the Mandarin wo
o the word “afraid” with a falling tone /pa4/. The x-axis shows time
al., 1992). Values equal to, or exceeding, a criterion of
t 5 3.5. were deemed statistically significant (P ,
.002; two-tailed, uncorrected). Correcting for multiple
omparisons, a t value of 3.53 yields a false-positive
ate of 0.58 in 182 resolution elements (dimensions of
4 3 14 3 14 mm), corresponding approximately to the
olume of gray matter scanned. Where activity had
een observed on the basis of the initial analyses
gainst the baseline scan, the threshold was lowered in
able 2 to t 5 3.0 to show peaks that approached
ignificance.

RESULTS

ehavioral Data

Behavioral data for both accuracy and latency were
nalyzed with two-tailed t tests. Reaction times did not
iffer significantly across the two language groups
mean latency: Mandarin 5 1880.6 ms; English 5
948.0 ms.) (t 5 1.1 (22), P 5 0.3). The English-speak-

ers were significantly less accurate (mean accuracy 5
93%) at making judgements than the native speakers
of Mandarin (mean accuracy 5 98%) (t 5 3.4 (22), P 5
0.003), but performance for both groups was good.

PET Scanning: CBF Changes

Tables 1 and 2 present the stereotaxic coordinates of
all significant CBF changes observed from the subtrac-
tions. Figure 2 shows some of the more pertinent CBF

uli that differed in their intonation patterns. Both have the same
climb” with the rising tone /pa2/ and the right panel (b) corresponds
ngth of word 0.5 s); the y-axis shows frequency (0–2500 Hz).
stim
rd “
changes associated with performance of these tasks.
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Tone discrimination relative to silent baseline. A
comparison of the tone discrimination to the resting
baseline yielded several CBF increases that were com-
mon across the English and Mandarin groups. Bilat-
eral CBF increases were observed along the superior
temporal gyrus (Foci 3, 14, 16), in the lateral cerebel-
lum (Foci 7, 18) and in the thalamus (Foci 8, 20). In
addition, CBF increases were observed in the right
inferior parietal lobule (Focus 17) and in the left medial
frontal (Focus 1) and postcentral gyri (Focus 5) in sim-
ilar locations in both groups.

Several CBF increases were observed only for the
Mandarin group. In the left hemisphere; these were in
the superior temporal gyrus (Focus 4); and the superior
parietal lobule (Focus 6); a CBF change was also ob-
served in the midline cerebellum (Focus 19).

In contrast, several CBF increases were observed
only for the English group. In the right hemisphere,

FIG. 2. Averaged PET images obtained from direct comparison of
minus English). The left panel shows the significant CBF increase
vertical lines through the sagittal section indicate the point of inters
Table 2 are visible in the figure. Left panel [Images a–d: Chinese . E
) and postcentral gyrus (Peak 4); (c) lateral occipitotemporal (Peak 1
1). In contrast, the right panel shows the CBF decreases [Images e–
rbitofrontal gyrus (Peak 13); (f) cingulate region (Peak 15); and (g)
he PET data is coded by the color scale shown at the upper right of
these were in the superior temporal gyrus (Focus 15);
and in the frontal cortex, where peaks were seen in the
anterior orbitofrontal (Foci 10,11); middle frontal (Fo-
cus 12); and inferior frontal (Focus 13) regions, respec-
tively. In the left hemisphere, a peak in the insula was
observed (Focus 2).

Direct comparison of the two language groups. To
determine the presence of statistically significant dif-
ferences between the groups, an analysis of variance
was performed comparing the two subtractions directly
to one another [(i.e., Tone discrimination minus Silent
baseline for the Mandarin Chinese group) - (Tone dis-
crimination minus Silent baseline for the English lan-
guage group)]. Table 2 and Fig. 2 display the CBF
changes that were specific to each group.

CBF changes observed only for the Mandarin Chi-
nese group were all in the left hemisphere: in the
ventromedial orbital frontal cortex (Focus 1); frontopo-

e discrimination across the two language groups (Chinese Mandarin
r the Mandarin Chinese group relative to the English group. The
ion for each of the corresponding coronal sections. Several peaks in
lish]: (a) precentral gyrus (Peak 3); (b) inferior parietal lobule (Peak
(d) superior parietal lobule (Peak 9) and middle occipital gyrus (Peak
nglish . Chinese]: (e) right inferior frontal gyrus (Peak 12); anterior
right superior temporal gyrus (Peak 16). The range of t values for

ch panel. The subject’s left is on the left side in all coronal sections.
ton
s fo
ect
ng

0);
g: E
the
lar cortex (Focus 2); pre- and postcentral gyri (Foci 3,4);



650 KLEIN ET AL.
in the inferior and superior parietal cortex (Foci 5–9);
and in the lateral occipitotemporal and middle occipital
gyri (Foci 10, 11).

By contrast, for the English group, the only CBF
changes observed relative to the Mandarin Chinese
group were in the right hemisphere: in the right ven-
trolateral frontal cortex (Focus 12); anterior orbitofron-
tal gyrus (Focus 13); lateral orbital gyrus (Focus 14); in
the cingulate region (Focus 15); and in the superior
temporal gyrus (Focus 16).

DISCUSSION

Comparison of the tone task to a resting baseline
revealed several sites of activation that were common
to the two groups. The most prominent activity was
located bilaterally along the superior temporal gyrus
and is most probably related to the initial cortical
stages for processing complex auditory stimuli, irre-

TAB

Tone Discrimination Minus Silent Ba

Blood flow changes

Mandar

x y

Left hemisphere
Frontal

1. medial frontal gyrus 27 1
2. insula

Temporal
3. superior temporal gyrus 259 226
4. superior temporal gyrus 252 24

Parietal
5. postcentral gyrus 242 230
6. superior parietal lobule 235 252

Cerebellum
7. lateral 229 259

Thalamus
8. thalamus 23 219
9. thalamus

Right hemisphere
Frontal

10. anterior orbitofrontal gyrus
11. anterior orbitofrontal gyrus
12. middle frontal gyrus
13. inferior frontal gyrus

Temporal
14. superior temporal gyrus 59 223
15. superior temporal gyrus
16. superior temporal gyrus 54 6

Parietal
17. inferior parietal lobule 47 247

Cerebellum
18. cerebellum (lateral) 21 259
19. cerebellum (vermis) 5 262

Thalamus
20. thalamus 8 226
spective of whether the stimuli are perceived as speech
or nonspeech. Other common regions activated were
the cerebellum and thalamus, implicating these re-
gions in cognitive and motor components shared by
both groups. Similar findings have been reported by
Gandour et al. (1998) and by others (Zatorre et al.,
1992, 1994, 1996) in studies involving complex audi-
tory tasks that also required a motor response.

However, the most notable findings from this com-
parison of tone relative to the baseline are the hemi-
spheric differences between CBF activations for the
two groups, with left-hemisphere sites being activated
for the Mandarin group, and right-hemisphere sites for
the English speakers, despite the two subject groups
having to process acoustically equivalent stimuli. This
differential outcome of the CBF increases for the Chi-
nese and English groups was most clearly revealed by
the direct comparison of subtractions across groups.
Only the Mandarin speakers showed additional activa-
tion in certain left-hemisphere sites, in line with the

1

line: Mandarin Chinese and English

Group

English

t value x y z t value

4 5.5 25 22 57 5.10
236 18 3 3.77

2 9.91 256 219 8 10.08
2 8.10

4 9.84 242 223 59 7.20
2 4.78

2 5.73 228 259 223 4.28

3 3.65 28 219 8 4.79
27 219 5 4.5

31 46 212 4.97
35 49 28 4.97
36 32 20 3.92
35 20 11 4.41

6 9.93 59 230 11 11.96
58 29 2 10.04

6 5.81 48 10 28 7.69

0 4.23 43 249 54 4.00

1 6.27 20 252 221 5.94
4 5.14

2 3.76 4 213 6 4.35
LE

se

in

z

5

1

5
6

22

2

2

5

22
21

2

prediction that pitch processing in a linguistic context
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will preferentially activate specialized regions of the
left hemisphere. In this study, natural speech stimuli
constituted real words for the Mandarin listeners, but
nonwords for the English listeners, and the PET find-
ings reflect this difference. This left lateralization most
probably results from phonological, lexical, and seman-
tic processing implicitly activated by the word stimuli
(Price et al., 1996). This is consistent with studies
showing impaired lexical tone judgements in left-hemi-
sphere damaged patients who speak a tone language
(Eng et al., 1996; Gandour and Dardarananda, 1983;

aeser and Chan, 1980; Yiu and Fok, 1995). Neverthe-
ess, because of the absence of a nonlinguistic control
ondition in this study, we cannot exclude the possibil-
ty that the differences observed between groups may
ave been due to a general difference in strategy for
he processing of pitch change following language ex-
erience.
Although we observed recruitment of several regions

n the left hemisphere (including precentral areas)
hen Mandarin-speaking subjects were making tone

udgements, it is worth noting that we did not observe
ctivity in the left frontal cortex, as was previously
een in Thai subjects when they made judgements of
hai lexical tones (Gandour et al., 1998). Gandour et al.

postulated that phonological processing is required for

TABLE 2

Tone Discrimination: Chinese Minus English

x y z t value

Blood flow changes CBF: Chinese . English

Left hemisphere
Frontal

1. ventromedial frontal cortex 21 39 221 4.44
2. fronto-polar cortex 29 61 26 3.50
3. precentral gyrus 251 1 6 3.14

Parietal
4. postcentral gyrus 240 231 51 3.68
5. inferior parietal lobule 247 230 24 3.02
6. inferior parietal lobule 254 223 38 3.15
7. superior parietal lobule 210 257 56 3.52
8. superior parietal lobule 243 240 60 3.39
9. superior parietal lobule 217 274 54 3.36

Occipitoparietal junction
10. lateral occipitotemporal gyrus 240 256 218 3.00
11. middle occipital gyrus 244 266 24 3.24

Blood flow changes CBF: English . Chinese

Right hemisphere
Frontal

12. ventrolateral frontal cortex 43 27 25 4.27
13. anterior orbitofrontal cortex 35 42 214 3.63
14. lateral orbital gyrus 46 42 217 3.12
15. cingulate region 3 34 20 4.07

Temporal
16. superior temporal gyrus 43 228 5 3.04
the tone task by virtue of the fact that pitch patterns
are associated with lexical tones in Thai. In an exten-
sion of this study (Gandour et al., 2000), these authors
compared the CBF patterns of Thai, Chinese and En-
glish speakers on a task requiring discrimination
judgements of Thai words; they found that, when com-
paring tone to pitch, only the Thai group, for whom the
tones were lexically distinctive, showed activation in
the left frontal cortex (near Brodmann’s area 44/6).

It is unclear how to interpret the seemingly diver-
gent findings between our study and those of Gandour
et al. (1998, 2000). In a different context, Zatorre et al.
(1996) have argued that those studies that have found
left frontal premotor activation have, for the most part,
required the subjects to dissect the speech sound into
its constituent elements. On this view, it is possible
that articulatory recoding, as indexed by the activation
in the left frontal cortex (area 44/6), would only be
necessary if phonetic identification formed part of the
task. Support for this idea comes from a recent fMRI
study by Burton et al. (2000). These authors suggest
that the involvement of left frontal areas in phonolog-
ical processes arises when the subject must perform a
task that requires overt segmentation of the phonetic
units of the stimulus (e.g., dip-ten), but not when the
phonetic judgement does not require overt segmenta-
tion (e.g., dip-tip). Overt phonetic segmentation might
still occur in tone discrimination, but in the present
study where the tone items comprised minimal pairs
for tone, it seems not to have been obligatory.

Other factors such as task difficulty may also con-
tribute to differences in outcome between our study
and that of Gandour et al. (1998, 2000). In their tone
discrimination studies, the performance scores were
low, even for the Thai subjects, who were using their
native language. The fact that the task was difficult
even for native speakers of Thai may be related to the
speeded-response timing of Gandour et al.’s task (2-s
response interval), whereas in our study, the response
rate required was slower (4-s response interval). More-
over, in our study, all subjects, both Mandarin Chinese
and English, were able to execute the task with high
accuracy and speed, even though the nontone speakers
were less accurate than the tone-language speakers.

In notable contrast to the Mandarin group, several
significant CBF increases in the right hemisphere were
observed in the English group: specifically in the right
frontal region, in the cingulate, and in the superior
temporal region. The tendency for greater right-sided
activation in frontal and temporal regions in the non-
native speakers is concordant with previous findings
for pitch processing (Zatorre et al., 1992, 1994), sup-
porting the idea of functional specialization within the
right cerebral hemisphere for tone perception. The pat-
terns of CBF changes observed in the nontone lan-
guage speakers provide support for the hypothesis that
perceptual analysis and judgement of tonal pitch infor-

mation preferentially involve neural systems within
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the right frontal cortex. However, it also appears that
the operations involved in these tasks make demands
upon a widely distributed system. The right prefrontal
cortex may contribute to many distinct functions
(Pardo et al., 1991), but in this experiment its activa-
tion was specific to the pitch condition. This adds sup-
port for the idea that this region may form part of a
distributed network involved in maintenance of pitch
information in auditory working memory (Marin and
Perry, 1999), an idea supported by anatomical data
(Chavis and Pandya, 1976) and by the finding that
focal lesions to either the right superior temporal gyrus
or the right frontal lobe result in deficits in retention of
pitch (Colombo et al., 1990; Zatorre and Samson, 1991).

In conclusion, the cross-linguistic contrast between
the tone and nontonal speaker groups gave rise to two
important and complementary findings. In the Manda-
rin Chinese group, activity was confined to the left
hemisphere. It is unclear whether these left-sided ac-
tivations are specifically related to the processing of
tone, or more generally to the linguistic system, be-
cause radiation limitations in this experiment pre-
cluded the inclusion of additional conditions (such as a
nonspeech condition); but in the Mandarin Chinese
group, we did not observe right frontal activity, sug-
gesting that different regions were called into play
when these subjects were making judgements based on
tone. In contrast, for the English group, the activation
foci were in the right prefrontal cortex, supporting the
prediction that pitch processing in the absence of ac-
cess to linguistic information would involve right-
hemispheric mechanisms. The lateralization effect is
apparently language-specific because the tones are
meaningful only to the Mandarin speakers.

It is this differential outcome for the two groups that
provides support for the view that linguistically rele-
vant properties of complex auditory stimuli are critical
in determining which neural mechanisms are engaged
in the perception of speech prosody (see Gandour et al.,
1998, 2000). Our findings also support the view (e.g.,
Gandour et al., 2000) that auditory parameters of the
speech signal are not solely encoded in higher cortical
areas as a function of their complex acoustic proper-
ties. Instead, their representation, and thus further
access to domain-specific regions, are driven by top-
down processes according to their linguistic function in
a particular language (Gandour et al., 2000). Thus,
speech perception may be viewed as emerging from an
interaction between stimulus-driven perceptual pro-
cesses and experience-dependent top-down mechanisms.
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