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87

Processing Tone Languages

Jackson T. Gandour and Ananthanarayan Krishnan
Department of Speech Language Hearing Sciences, Purdue University, West Lafayette, IN, USA

87.1 INTRODUCTION

Speech perception is important because it provides
multiple windows along the auditory pathway into the
cerebral cortex regarding how continuous, acoustic sig-
nals are transformed into representations on which
computations are based at different levels of the brain.
Pitch is one of the most important information-bearing
components of speech. Tone languages offer advan-
tages for investigating neural mechanisms underlying
pitch at different levels of processing because of their
phonemic status at the word level (Yip, 2002).

With respect to tonal processing in the brain, almost
all experiments performed since 2000 have focused on
speech perception or recognition using techniques of
functional brain imaging (positron emission tomogra-
phy [PET]; functional magnetic resonance imaging
[fMRI]) and neurophysiology (electroencephalography
[EEG]; magnetoencephalography [MEG]). This review
focuses primarily on the articles published within that
time frame that address four topics related to lexical
tone. We evaluate the effects of the phonological status
of pitch information on pitch processing in the brain.
These experiments tease apart sublexical tonal proces-
sing from other cognitive processes involved in speech
perception, especially lexical semantic processing.
Experimental findings reveal patterns of cortical acti-
vation that may vary as a function of acoustic features
associated with types of phonological units (i.e., tone
versus subsyllabic and segmental units, e.g., conso-
nants and vowels). Because pitch is multidimensional,
it is important that we evaluate the effects of pitch fea-
tures in addition to tonal categories. Those experi-
ments using methods with high temporal resolution
reveal the role played by pitch features at early, preat-
tentive stages of processing. There are other supraseg-
mental units besides tone. The question arises whether
common or distinct neural substrates underlie the
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processing of different suprasegmental units (e.g., into-
nation, rhythm). Experimental findings to date support
the view that speech prosody perception involves a
dynamic interplay among widely distributed regions
not only within a single hemisphere but also between
the two hemispheres, and even different levels of the
brain (e.g., midbrain). Moreover, it becomes clear that
the time window is pivotal for revealing how hemi-
spheric laterality patterns may reflect higher-level and
lower-level stages of auditory processing.

This review on tonal processing in the brain extends
previous surveys that have covered dichotic listening
(Gandour, 2007; Wang, Behne, Jongman, & Sereno,
2004; Wang, Jongman, & Sereno, 2001), tonal break-
down in production and perception after brain
damage (Gandour, 1987, 1994, 1998a, 1998b; Wong,
2002), brain mapping of speech prosody (Gandour,
2006a, 2006b; Zatorre & Gandour, 2008), meta-analysis
of lesion literature of linguistic and emotional prosody
perception (Witteman, van Ijzendoorn, van de Velde,
van Heuven, & Schiller, 2011), and communication
disorders in speakers of tone languages (Wong,
Perrachione, Gunasekera, & Chandrasekaran, 2009).

87.2 TONE LANGUAGES OF EAST
AND SOUTHEAST ASIA

This review focuses exclusively on lexical tone lan-
guages, that is, those in which the pitch of a word can
change the meaning of a word. They are distinguished
from pitch accent languages (e.g., Japanese), which have a
smaller number of contrasting tones, narrower word dis-
tribution, and co-occurring syllable structure constraints
(Yip, 2002, pp. 1—4). Mandarin Chinese (Beijing), hereaf-
ter referred to as Mandarin, has four contrastive tones:
ma' “mother,” ma’ “hemp,” ma’ “horse,” and ma* “scold.”
Tones 1 to 4 are high-level (M1), high-rising (M2),

© 2016 Elsevier Inc. All rights reserved.
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low-falling—rising (M3), and high-falling (M4) (Xu, 1997).
Cantonese (Hong Kong) has six contrastive tones: ji’
“cure,” ji’ “chair,” ji’ “opinion,” ji* “son,” ji’ “ear,” and ji®
“two.” Tones 1 to 6 are high-level (C1), high-rising (C2),
mid-level (C3), low-falling (C4), low-rising (C5), and low-
level (C6) (Zee, 1999). Thai (Bangkok) has five contrastive
tones: khaa™ “stuck,” khaa" “galangal,” khaa" “kill,” khaa''
“trade,” and khaa® “leg”. Tones 1 to 5 are mid-level (T1),
low-falling (T2), high-falling (T3), high-rising (T4), and
low-rising (T5) (Tingsabadh & Abramson, 1999). Voice
fundamental frequency (fy) contours provide the domi-
nant cue for tone recognition (Gandour, 1994).

” ” “ ” “

87.3 LEXICAL VERSUS
SUBLEXICAL UNITS

With technological advances in functional brain
imaging and auditory neurophysiology at the turn of
the century, the aim of the research agenda was to
establish that the processing of pitch information in
the brain could vary depending on its functional status
(linguistic versus nonlinguistic). At that time, it was
already well-known that nonlinguistic pitch perception
was mediated by neural mechanisms in the right hemi-
sphere (RH) (Zatorre, Belin, & Penhune, 2002, review).

Almost all functional imaging studies of lexical
tones have been performed on Thai and Mandarin.
Subjects were required to make active judgments
(same—different, word recognition) involving later
stages of cognitive processing (working memory, deci-
sion-making). In discrimination judgments of Thai
tones embedded in real words, Thai natives activated
the left inferior frontal gyrus (IFG), but Mandarin-
speaking Chinese and English did not (1: Gandour
et al.,, 2000; Gandour, Wong, & Hutchins, 1998)." This
leftward asymmetry in the Thai group is not restricted
to a phonemic contrast in tone. Vowel length (/bat'"/
“card,” /baat'™/ “monetary unit”) is phonemic in
Thai. When asked to discriminate pitch and timing
patterns in Thai pseudowords and nonlinguistic hums
(4: Gandour et al., 2002), Thai natives, but not Chinese,
similarly activated the left IFG. Chinese natives, how-
ever, activated the left IFG when presented with
Mandarin tones (3: Klein, Zatorre, Milner, & Zhao,
2001); in contrast, homologous regions in the RH were
activated by English (2: Hsieh, Gandour, Wong, &
Hutchins, 2001). To isolate processing of lexical tone,
Chinese and English listeners were presented with
Mandarin tones embedded in actual Mandarin words
and in English pseudowords (5: Wong, Parsons,
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Martinez, & Diehl, 2004). When Chinese listeners were
asked to discriminate Mandarin tones embedded in
Mandarin words, the left anterior insula was the most
active; when embedded in English pseudowords, the
right anterior insula was the most active. English lis-
teners activated the right insula and IFG regardless of
whether the pitch patterns were embedded in
Mandarin or English words. This finding is strength-
ened by an experiment in which English-speaking
adults were trained to use Mandarin tones (M1, M2,
M4) to signal lexical meaning on English pseudosylla-
bles (7: Wong, Perrachione, & Parrish, 2007). Good
English learners of Mandarin tones showed increased
activity in the left posterior superior temporal gyrus
(STG); poor learners showed increased activity in the
right STG and IFG. Thus, pitch processing engages the
left hemisphere (LH) when the pitch patterns signal lex-
ical meaning; otherwise, they are lateralized to the RH.

To isolate sublexical tonal processing, hybrid stimuli
were created by superimposing Thai tones onto
Mandarin syllables (tonal chimeras) and Mandarin tones
onto the same syllables (Mandarin words) (6: Xu,
Gandour, Talavage, et al.,, 2006). The tonal chimeras
were nonwords in both Mandarin and Thai. In a com-
parison of native versus nonnative tones, overlapping
activity between Mandarin and Thai listeners was
identified in the left planum temporale (PT). In this
area, a double dissociation between language experi-
ence and neural representation of pitch occurred such
that stronger activity was elicited in response to native
as compared with non-native tones. This neural activ-
ity arguably reflects sublexical, phonological proces-
sing and is consistent with the view that neural
responses to acoustic stimuli can be modulated by
their linguistic function (Griffiths & Warren, 2002).
Converging evidence that the left PT plays a role in
tonal processing comes from an fMRI study in which
Chinese listened attentively to normal and pitch-
flattened sentences (8: Xu, Zhang, Shu, Wang, & Li,
2013). Pitch-flattened sentences elicited greater
activation in the left PT compared with normal sen-
tences. Moreover, this activation began to increase and
reach its peak earlier than activations in other areas
responsible for lexical semantic processing (right PT acti-
vation for passive listening to pitch-flattened German
sentences; Meyer, Alter, Friederici, Lohmann, & von
Cramon, 2002; Meyer, Steinhauer, Alter, Friederici, &
von Cramon, 2004). The time course of activation sug-
gests that access to lexical meaning in pitch-flattened
sentences is accomplished by the recovery of long-term
tonal representations.

"The number: notation preceding a citation indicates its location in Table 87.1.
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TABLE 87.1 Selected References on the Neurobiology of Tonal Processing (2000—2013)

LEXICAL VS. SUBLEXICAL UNITS

Study Year  Stimuli Tasks Methods Conclusions
1: Gandour 2000  THA: word, hum; onset Same—different ~ PET Activity in left IFG (frontal operculum) varies
consonant, tone depending on linguistic status of pitch
2: Hsieh 2001  MAN: word sequences, Same—different ~ PET Leftward asymmetry in inferior frontal cortex for
hum; onset, rime, tone pitch processing depends on its language functions
3: Klein 2001  MAN: word, silence; tone ~ Same—different PET Hemispheric specialization for pitch varies as a
function of its linguistic relevance
4: Gandour 2002  THA: pseudowords, hum;  Same—different = fMRI Thai group shows more activity in left inferior
tone, vowel length frontal cortex than Mandarin for processing tone
and vowel length in nonlexical contexts
5: Wong 2004  ENG: pseudosyllable; Same—different  PET Activity in anterior insula indexes whether stimulus
MAN: tones m1, m2, m4 is a word (LH) or nonword (RH) in the Mandarin
group, but not English group
6: Xu 2006 MAN: word; tonal chimera: Same—different fMRI Double dissociation in the left PT reflects stronger
MAN syllable + Thai tones activity to native (Mandarin or Thai) than nonnative
tones
7: Wong 2007  ENG, MAN: pseudowords = Same—different ~ fMRI Good English learners of Mandarin tones show
with m1, m2, m4 increased activity in the left posterior STG; poor
learners, in the right STG and IFG
8: Xu 2013 ~ MAN: normal, pitch- Active listening ~ fMRI Pitch-flattened sentences elicit greater activity than
flattened sentences normal in the left PT, reflecting its role in automatic
tonal decoding
TONAL VS. SEGMENTAL UNITS
9: Gandour 2003  MAN: word Same—different  fMRI Activity is greater for rimes versus onsets and tones
in left posterior middle frontal gyrus, tones versus
onsets and rimes in posterior IFG bilaterally
10: Li 2003  MAN: word Auditory probe  fMRI Tone extraction relative to the syllable elicits
activity in dorsal frontoparietal areas of the LH
11: Liang 2004 MAN: word Identification Aphasia Differential breakdown of vowels (spared) and
tone, vowel tones (impaired) in spoken word production of
Chinese aphasic supports a dissociation of tonal
and segmental processing
12: Schirmer 2005  CAN: word Passive oddball ~ N400 Tonal and segmental information play comparable
roles for word processing in Cantonese
13: Luo 2006  MAN: word Passive oddball MMN Opposite laterality for onsets (LH) and tones (RH)
indicates acoustic basis for hemispheric dominance
at early stage of processing
14: Liu 2006  MAN: word Naming fMRI Tones elicit more activity than vowels in the right
IFG in spoken word production
15: Li 2010  MAN: word Auditory probe  fMRI RH asymmetry in frontoparietal areas for tones
versus onsets or rimes supports role of RH in
speech prosody processing
16: Zhao 2011  MAN: word Passive oddball ~ N400 Rimes, tones, and syllables equally modulate the
amplitude and time course of N400
17: Malins 2012 MAN: word Match picture N400 Tonal and phonemic (onsets, rimes) information,
not syllabic, constrain spoken word recognition
18: Hu 2012 MAN: word Semantic N400 N400 and LPC support functional dissociation of
congruity vowel and tone processing in spoken word

recognition
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TABLE 87.1 (Continued)

Study Year  Stimuli Tasks Methods Conclusions

TONAL FEATURES

19: Chandrasekaran 2007  MAN: m1/m3, m2/m3 Passive oddball ~MMN Language experience (M > E) influences early,
preattentive cortical processing of pitch

20: Chandrasekaran 2007 MAN:m1/2, m1/3 Passive oddball MMN Language-dependent weighting of specific,
perceptual features of tone may influence its early
cortical processing

21: Chandrasekaran 2007 MAN:m1/2, m1/3, m2/3  Passive oddball ~MMN,  Effects of language experience vary depending on

MDS specific pitch dimensions (height, contour)

22: Kaan 2007  THA: word; t1/t2, t1/t4 Passive oddball ~MMN English and Mandarin listeners, respectively, are
sensitive to pitch height and pitch contour of Thai
tones

23: Tsang 2011 CAN: c6/1,c6/3,c1/2,c6/ Passive oddball MMN, Change in pitch contour (P3a) and height (MMN)

2 P3a indicate that both tonal attributes are important to
tonal processing

TONAL PROCESSING IN THE BRAINSTEM

24: Swaminathan 2008  MAN: nonspeech; m1, Passive listening  FFR Pitch representation in the brainstem is sensitive to

m2, m3, m4 specific features across speech/nonspeech contexts

25: Krishnan 2009  MAN: nonspeech; m2, m2  Passive listening FFR Brainstem pitch encoding is sensitive to time-

inverted, m2 linear, m2 varying perceptually salient features of pitch
trilinear patterns

26: Krishnan 2009 MAN: nonspeech; m1, m2, Passive listening FFR Degree of acceleration is a critical variable that

m3, m4 influences pitch extraction in the brainstem

27: Krishnan 2010  MAN: click trains; m2 Passive listening FFR Mandarin listeners’ pitch encoding advantage
extends to higher acceleration rates beyond the
speech domain

28: Krishnan 2011 MAN: m2, m2i; [ce] Passive listening  FFR Functional ear (a)symmetries in the brainstem vary
depending upon the linguistic status of pitch
contours

CATEGORICAL PERCEPTION OF TONE

29: Xi 2010 MAN: m2, m4 Passive oddball MMN Acoustic and phonological information is processed
in parallel within the MMN time window

30: Zhang 2011 MAN: m2, m4 Passive oddball  fMRI Across-category deviants elicit stronger activity in
the mid portion of the left middle temporal gyrus;
within-category deviants in the right Heshchl’s
gyrus and STG

31: Zheng 2012 MAN,CAN: ml, m2 Active detection  P300 Cantonese (not Mandarin) show strong categorical

and c1, 2 of deviants perception effect in P300 amp that may reflect
differences in tonal inventories between the two
tone languages

TONE VS. OTHER SUPRASEGMENTAL UNITS

32: Gandour 2004  MAN: pseudosentences; Same—different  fMRI Speech prosody perception is mediated primarily

tone, sentence meaning by the RH, but is left-lateralized to task-dependent
(statement, question) regions when language processing is required
beyond the auditory analysis of the complex sound

33: Tong 2005 MAN: sentence focus Same—different  fMRI Speech prosody perception involves a dynamic

(initial, final); intonation
(statement, question)

interplay among widely distributed regions not
only within a single hemisphere but also between
the two hemispheres

Q. PROSODY, TONE, AND MUSIC
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TABLE 87.1 (Continued)
Study Year  Stimuli Tasks Methods Conclusions
34: Gandour 2007  MAN, English: sentence Same—different  fMRI Phonetic discrimination of functionally equivalent

35: Fournier 2010

36: Zhang 2010

focus (initial, final);
intonation (statement,
question)

RD: rd1, rd2; statement, MMNm

question

Active listening

French: CV sequences; Passive oddball  fMRI

intonation, rhythm

prosodic contrasts in Mandarin and English by
unequal Chinese/English bilinguals reveals
essentially a unitary neural system that can adapt to
stimulus-specific and task-specific demands for
processing a lower-proficiency second language

Lateralization of pitch processing is condition-
dependent (tone, LH; intonation, RH) in the
Roermond Dutch tone dialect group only, suggesting
that language experience determines how processes
should be distributed between hemispheres
according to the functions available in the grammar

Both rhythm and intonation activated a common
area in the right mid portion of the STG for
Mandarin listeners, whereas intonation elicited
additional activation in the right anterior STS

Key to Table 87.1
List of abbreviations:

BRAIN

MMN Mismatch negativity, index of automatic auditory change detection

MMNm Magnetic mismatch negativity

N400 ERP component associated with later-going lexical semantic processing

P300 ERP component indexes ease of updating memory of stimulus context in response to changes in stimulus attributes
P3a ERP component associated with automatic switching of attention induced by unexpected change in stimulus event
METHODS

ERP Event-related potentials

FFR Frequency following response generated from the auditory brainstem

fMRI Functional magnetic resonance imaging

MDS Multidimensional scaling

MEG Magnetoencephalography

PET Positron emission tomography

LANGUAGES

CAN Cantonese

ENG English

MAN Mandarin

RD Roermond Dutch

THA Thai

LEXICAL TONES

cl
2
c3
c4
c5
c6

Cantonese Tone 1, high level
Cantonese Tone 2, high rising
Cantonese Tone 3, mid level
Cantonese Tone 4, low falling
Cantonese Tone 5, low rising

Cantonese Tone 6, low level

Q. PROSODY, TONE, AND MUSIC
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TABLE 87.1 (Continued)

87. PROCESSING TONE LANGUAGES

Key to Table 87.1
List of abbreviations:

ml Mandarin Tone 1, high level

m2 Mandarin Tone 2, high rising, curvilinear
m2i Mandarin Tone 2 inverted

m2l Mandarin Tone 2 linear

m2tl Mandarin Tone 2 trilinear

m2up Mandarin Tone 2 transposed up 2 semitones
m3 Mandarin Tone 3, low falling—rising

m4 Mandarin Tone 4, high falling

rd1 Roermond Dutch Accent 1, falling

rd2 Roermond Dutch Accent 2, falling—rising
t1 Thai Tone 1, mid level

t2 Thai Tone 2, low falling

t3 Thai Tone 3, high falling

t4 Thai Tone 4, high rising

t5 Thai Tone 5, low rising

87.4 TONAL VERSUS SEGMENTAL UNITS

Linguistic theory informs us that the onset and rime
of a syllable contain segmental units. They differ in
their duration and the order in which their information
unfolds in time over the duration of a syllable. Rimes
and tones, however, overlap substantially in the order
in which their information unfolds in time. Tones are
suprasegmental; they are mapped onto (morpho)
syllables.

Depending on task demands, tones elicit effects that
differ from those of segments. The time course and
amplitude of N400 (a negative component associated
with lexical semantic processing that peaks approxi-
mately 400 ms after the auditory stimulus) were the
same for consonant, rime, and tone violations in
Cantonese (12: Schirmer, Tang, Penney, Gunter, &
Chen, 2005). Their findings were replicated in
Mandarin, but syllable violations elicited an earlier
and stronger N400 than tone (17: Malins & Joanisse,
2012; cf. 16: Zhao, Guo, Zhou, & Shu, 2011). This sepa-
ration of tone from its carrier syllable was also
reported in an auditory verbal recognition paradigm in
which subjects selectively attended to either the sylla-
ble or the tone (10: Li et al., 2003). In a spoken word
recognition paradigm, tones elicited larger late positive
event-related potential (ERP) component than vowels
(19: Hu, Gao, Ma, & Yao, 2012). In a left brain-
damaged Chinese aphasic, vowels were spared and

tones were severely impaired (11: Liang & van
Heuven, 2004). These findings together support a func-
tional dissociation of tonal and segmental information.

It is well-known that hemispheric specialization
may be driven by differences in acoustic features asso-
ciated with segments. The question is whether hemi-
spheric specialization for tone can be dissociated from
segments. Tones induce greater activation in the right
posterior middle frontal gyrus (MFG) for English
speakers when compared with consonants or rimes (9:
Gandour et al., 2003). This area has been implicated in
pitch perception (Zatorre et al., 2002). Their increased
activation is presumably due to their lack of experi-
ence with Chinese tones. Using a tone identification
task, the right IFG was found to be activated in
English learners of Mandarin tone only after training
(Wang, Sereno, Jongman, & Hirsch, 2003). This finding
demonstrates early cortical effects of learning a second
language that involve recruitment of cortical regions
implicated in tonal processing. Focusing on hemi-
spheric specialization for tone production (14: Liu
et al.,, 2006), Mandarin tones elicited more activity in
the right IFG than vowels. This rightward preference
for tonal processing converges more broadly with the
role of the RH in mediating speech prosody (Friederici
& Alter, 2004; Glasser & Rilling, 2008; Wildgruber,
Ackermann, Kreifelts, & Ethofer, 2006).

As measured by the mismatch negativity (MMN), a
fronto-centrally distributed cortical ERP that indexes a

Q. PROSODY, TONE, AND MUSIC
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change in auditory detection, it is well-known that
language experience may influence the automatic,
involuntary processing of consonants and vowels
(Naatanen, 2001, review). Therefore, one would expect
language experience to modulate the automatic cortical
processing of lexical tones. Tones evoked stronger
MMN in the RH relative to the LH, whereas consonants
produced the opposite pattern (13: Luo et al., 2006). An
fMRI study showed that Mandarin tones, relative to
consonants or rimes, elicited increased activation in
right frontoparietal areas (15: Li et al, 2010). Taken
together, these data suggest the balance of hemispheric
specialization may be modulated by distinct acou-
stic features associated with tonal as compared with
segmental units.

87.5 TONAL FEATURES

The notion that a phonetic segment can be decom-
posed into a set of features is universally accepted
among linguists. Tone, a suprasegmental unit, has also
been characterized as being made up of features
(Wang, 1967; Yip, 2002, pp. 39—64). Their ontological
status in tone perception is well-established (Gandour,
1983; Gandour & Harshman, 1978) and confirmed in
more recent studies of tone perception (Huang &
Johnson, 2011; Khouw & Ciocca, 2007) and tone learn-
ing (Chandrasekaran, Sampath, & Wong, 2010; Francis,
Ciocca, Ma, & Fenn, 2008). The brain, however, is a
neurophysiological apparatus. Features, however, are
not to be confused with neural mechanisms.

How they are implemented in the brain depends on
the anatomical level to which they are being applied
and their functional status in a particular language.
Using nonspeech homologues of Mandarin tones (19:
Chandrasekaran, Krishnan, & Gandour, 2007a), native
Chinese exhibited larger MMN responses than English
in response to a deviant representing a natural curvilin-
ear rising pitch contour representative of M2, but not
in response to a linear rising ramp that is a crude
approximation of M2 that does not occur in natural
speech. This finding demonstrates that experience-
dependent plasticity is sensitive to the shape of pitch
contours. To further probe the stimulus attributes
that trigger these language-dependent effects
(20: Chandrasekaran, Krishnan, & Gandour, 2007Db),
two passive oddball conditions were presented to
Mandarin and English listeners. One contained two
tones that are acoustically dissimilar to one another
(M1/M3); the other contained two tones that are
acoustically similar (M2/M3). MMN responses of
Chinese listeners were larger than those of English for
the high dissimilarity condition only (M1/M3). An
explanation based on tonal categories does not tell us

1101

why MMN amplitude is reduced for one condition but
not the other. All three stimuli exhibited pitch contours
exemplary of their tonal category. Language group dif-
ferences may be attributed to the relative saliency of
perceptual features. To test the hypothesis of separate
neural processing of pitch dimensions, another oddball
condition (M1/M2) was added. A multidimensional
scaling analysis of pairwise dissimilarities of MMN
responses to Mandarin tones revealed that Chinese lis-
teners, relative to English, are more sensitive to pitch
contour than pitch height (21: Chandrasekaran,
Gandour, & Krishnan, 2007). Thus, MMN may serve
as a neural index of the relative saliency of underlying
features of pitch that are differentially weighted by
language experience.

In Cantonese (23: Tsang, Jia, Huang, & Chen, 2011),
MMN and P3a (an automatic attention shift induced
by the detection of deviant features in the passive odd-
ball paradigm) were elicited from two Cantonese tonal
pairs: one differing in pitch height (height-large, C6/
C1; height-small, C6/C3) and the other differing in
pitch contour (contour-early, C1/C2; contour late, C6/
C2). The size and latency of MMN were sensitive to
the size of pitch level change, whereas the latency of
P3a captured the presence of pitch contour change.
Their findings confirm that pitch contour and pitch
height are important tonal features in early lexical tone
processing. Most importantly, MMN and P3a are
revealed to be independent neural components that
are differentially sensitive to pitch height and contour,
respectively. In another study (22: Kaan, Wayland,
Bao, & Barkley, 2007), two oddball conditions were
presented to Mandarin and English listeners to assess
the effects of perceptual training of Thai tones as a
function of language background. One condition con-
tained two tones that are acoustically dissimilar (T1/
T4), mid versus high-rising; the other contained two
tones that are acoustically similar (T1/T2), mid versus
low-falling. After training, the high-rising deviant (T4)
elicited a larger MMN amplitude for English listeners
in contrast to a later MMN latency for Mandarin listen-
ers. Their findings suggest that English listeners are
more sensitive to early differences in pitch height,
whereas Mandarin Chinese are more sensitive to later
rapid changes in pitch contour.

87.6 TONAL PROCESSING AT THE
LEVEL OF THE AUDITORY BRAINSTEM

Pitch processing may also be subject to experience-
dependent effects at the level of the brainstem before
the auditory signal reaches the cerebral cortex.
Electrophysiological responses to tonal features may
emerge no later than 5 to 8 ms from the time the
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auditory signal enters the ear (Krishnan & Gandour,
2009, review). The frequency following response (FFR)
reflects sustained phase-locked activity in a population of
neural units within the brainstem and is characterized by
a periodic waveform that follows the individual cycles of
the stimulus waveform (Chandrasekaran & Kraus, 2010;
Krishnan, 2007, tutorials). Experience-dependent pitch
encoding mechanisms in the brainstem are especially sen-
sitive to the curvilinear shape of pitch contours that occur
in speech and nonspeech contexts (24: Swaminathan,
Krishnan, & Gandour, 2008). Linear approximations of
Mandarin tones (M2, M4) fail to elicit a language-
dependent effect (25: Krishnan, Gandour, Bidelman, &
Swaminathan, 2009; Xu, Krishnan, & Gandour, 2006).

Neural mechanisms in the brainstem show
enhanced language-dependent pitch encoding in
response to particular time-varying acoustic properties
within tonal subsections. Using nonspeech homologues
of Mandarin tones (26: Krishnan, Swaminathan, &
Gandour, 2009), pitch strength (magnitude of the nor-
malized autocorrelation peak) of 40-ms subsections
revealed that Chinese listeners, relative to English,
exhibit more robust pitch representation of those sub-
sections containing rapid changes in pitch. This height-
ened sensitivity to rapid changes in pitch by Chinese
listeners was maintained even in severely degraded
stimuli (Krishnan, Gandour, & Bidelman, 2010a). This
experience-dependent enhancement of pitch encoding
may transfer to other tone languages. Pitch strength
of tonal subsections containing moderate rises in
pitch were most important in distinguishing tonal
(Mandarin, Thai) from nontonal language (English)
groups (Krishnan, Gandour, & Bidelman, 2010b).
Neuroplasticity for pitch processing in the brainstem is
not necessarily limited to the domain in which the
pitch contours are perceptually relevant. Mandarin lis-
teners had an advantage over English not only in
response to a click-train homologue of M2 but also in
response to scaled variants with increasingly higher
acceleration rates that fall proximal to or outside the
boundary of natural speech (27: Krishnan, Gandour,
Smalt, & Bidelman, 2010). Moreover, changes to the
acoustic periodicity of a stimulus directly influence
brainstem encoding and its corresponding perceptual
responses to pitch (Krishnan, Bidelman, & Gandour,
2010). Neural pitch strength in the brainstem and per-
ceptual pitch salience, as reflected by f, difference
limen estimates, improved systematically with increas-
ing temporal regularity of the M2 stimulus. This strong
correlation between neural and behavioral measures
supports the view that pitch encoding at a subcortical
sensory level of processing plays an important role in
shaping tone perception.

Hemispheric asymmetries in the cerebral cortex are
predictable based on low-level, spectrotemporal

87. PROCESSING TONE LANGUAGES

features of stimuli, but they can also be modulated
by their linguistic function (Meyer, 2008; Poeppel,
Idsardi, & van Wassenhove, 2008; Wildgruber et al.,
2006; Zatorre & Gandour, 2008, reviews). It is also
well-known that there are fixed, structural asymme-
tries in the auditory pathway. Whether ear asymmetries
at the level of the brainstem can be modulated by func-
tional changes in pitch is an open question. Using two
synthetic speech stimuli (native M2; nonnative flipped
variant of M2), magnitude of the fy component in the
FFR (amplitude of the spectral component at f;) was
obtained from a perceptually salient portion of M2 that
exhibits rapidly changing pitch (28: Krishnan,
Gandour, Ananthakrishnan, Bidelman, & Smalt, 2011).
The native tone (M2) evoked a comparatively larger
degree of rightward ear asymmetry in pitch encoding
than the non-native pitch pattern. In response to left-
ear and right-ear stimulation, the FFR evoked by M2
was larger than its flipped variant with right ear stim-
ulation only. On an absolute scale, asymmetry favoring
left ear stimulation was evoked by the non-native pitch
contour. These differences in ear asymmetry may
reflect an emerging functional separation of periodicity
and spectral representations at the midbrain level.

87.7 CATEGORICAL PERCEPTION
OF TONE

Categorical perception is believed to reflect funda-
mental aspects of the processing of speech sounds
(Harnad, 1987, review). It refers to the phenomenon
whereby a specific step along a continuous sensory
dimension may signal the boundary between separate
categories. The bulk of research has focused on conso-
nants and vowels (tones; Francis, Ciocca, & Ng, 2003;
Peng et al.,, 2010; Xu, Gandour, & Francis, 2006). An
ERP study of the categorical perception of Mandarin
tones provides a window to the interplay between
phonetic and phonological processing (29: Xi, Zhang,
Shu, Zhang, & Li, 2010). Xi et al. created an 11-step f
continuum with M2 (high-rising) and M4 (high-falling)
as the endpoint stimuli in both speech and nonspeech
conditions. Using a passive oddball paradigm, both
within-category and across-category deviants elicited
larger MMNs in the RH sites; however, at the same
time, larger MMNs were elicited by across-category
than by within-category deviants in the LH. Given
their low spatial resolution and methodological
constraints that limit unambiguous interpretation of
hemispheric dominance of ERPs based on scalp topo-
graphical maps, it was necessary to use a method with
high spatial resolution to clearly identify cortical acti-
vation in different brain regions. In a companion fMRI
study (30: Zhang et al., 2011), brain areas activated by
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acoustic variation within tonal categories were located
in the dorsal and posterior-lateral STG bilaterally,
especially the right middle STG. In contrast, brain
areas activated by phonological variation across tonal
categories, as compared with within-category acoustic
variation, were located in the left middle temporal
gyrus (MTG). These findings are consistent with the
view that the dorsal STG and lateral mSTS/MTG are
responsible for acoustic analysis and phonological pro-
cessing, respectively. Superior regions of the temporal
lobe are known to be responsible for initial stages of
auditory analysis, whereas the superior temporal
sulcus (STS) and MTG have been implicated in higher-
level phonological processing (Hickok & Poeppel,
2004, 2007; Liebenthal, Binder, Spitzer, Possing, &
Medler, 2005; Liebenthal et al., 2010). A cross-language
ERP study focused on the influence of language expe-
rience (Mandarin, Cantonese) on categorical perception
of a three-step f, continuum consisting of rising pitch
contours common to both tone languages (31: Zheng,
Minett, Peng, & Wang, 2012). Deviant responses
were measured by the P300 amplitude, a voluntary
attention-switching response elicited by an active odd-
ball paradigm (Polich, 2007). As reflected by P300
amplitude, Cantonese listeners discriminated the tonal
stimuli better than Mandarin. Zheng et al. speculate
that Cantonese listeners make finer distinctions in f
height and slope because the Cantonese tonal space
(six contrasts) is more dense that that of Mandarin
(four contrasts).

87.8 TONE VERSUS OTHER
SUPRASEGMENTAL UNITS

There are other suprasegmental units of speech
besides tone (Lehiste, 1996). In comparison with tone, we
are especially interested in those units that may also be
signaled by variations in pitch (e.g., stress, intonation,
sentence focus). In tone languages, pitch variations can
be used to signal differences in the meaning of sentences
as well as words. In an fMRI study of Mandarin tone
and intonation (32: Gandour et al., 2004), Chinese listen-
ers exhibited greater activity than English in the left ven-
tral aspects of the inferior parietal lobule regardless of
the level of prosodic representation. Both language
groups, however, showed activity within the right STS
and MFG (Ren, Yang, & Li, 2009). This right-sided pref-
erence may reflect shared mechanisms underlying early
processing of complex pitch patterns irrespective of lan-
guage experience (Zatorre, Mondor, & Evans, 1999). The
LH activity in the inferior parietal lobule is likely to
reflect higher-level, language-dependent phonological
processing (Jacquemot, Pallier, LeBihan, Dehaene, &
Dupoux, 2003).
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In tone languages, pitch variations can be used to
signal differences in the meaning of sentences as well
as words. The MEG study of tone and intonation in
Roermond Dutch provides an account of a tonal
dialect that unambiguously encodes both contrasts
phonologically (35: Fournier, Gussenhoven, Jensen, &
Hagoort, 2010). That is, Roermond has two lexical
tones that are phonetically distinct in statements and
questions. When asked to listen atfentively to oddball
sequences, native Roermond listeners showed a stron-
ger MMNm (150—250 ms) over the left temporal cortex
for tone and a predominantly RH response for intona-
tion. Non-native listeners showed a stronger response
over the left temporal cortex irrespective of prosodic
unit. Using a passive oddball paradigm, the MMN
(120—240 ms) yielded RH dominance in Mandarin for
both word-level (tone) and sentence-level (intonation)
prosodic functions (Ren et al., 2009). These conflicting
findings between Roermond Dutch and Mandarin are
likely due to task demands (attentive versus preatten-
tive) rather than the lack of a prosodic function in their
phonological system.

Mandarin and English differ structurally in their
use of prosody at the word level. However, both lan-
guages exploit prosody at the sentence level to distin-
guish focus and discourse meaning. A cross-language
fMRI study of the perception of Mandarin sentence
focus and intonation demonstrated that Mandarin
listeners exhibited greater activity in the left supra-
marginal gyrus and posterior MTG than English across
conditions (33: Tong et al., 2005). This leftward special-
ization is consistent with the notion of a dorsal
processing stream that emanates from auditory cortex,
projects to the inferior parietal lobule, and ultimately
projects to frontal lobe regions, and with a ventral pro-
cessing stream that projects to the posterior MTG
(Hickok & Poeppel, 2007). Rightward preferences were
observed in the middle portion of the MFG for both
language groups, implicating more general attention
and working memory processes associated with pitch
perception. Because both sentence-level phenomena
occur in Mandarin and English, it is also possible
to compare the processing of the same prosodic
contrasts in late-onset Chinese/English bilinguals” first
(Mandarin) and second languages (English). Any dif-
ferences in neural activity associated with auditory
processing of the same prosodic contrast in the bilin-
guals’ native language and second language may serve
as an index of whether the neural substrates are shared
or segregated for the two languages. Chinese/English
bilinguals displayed overlapping activation between
Mandarin and English stimuli in frontal, parietal, and
temporal areas regardless of language (34: Gandour
et al., 2007). The sentence focus task, however, elicited
greater activation for English stimuli than Mandarin in

Q. PROSODY, TONE, AND MUSIC



1104

the bilateral anterior insula and MFG. This is presum-
ably attributable to differences in the way sentence
focus is signaled phonetically in the two languages
(Xu, 2006). Increased computational demands for the
lower-proficiency language lead to greater activation
in frontal areas implicated in attention (Shaywitz et al.,
2001) and working memory (Smith & Jonides, 1999).

Another suprasegmental feature of speech is rhythm
(pattern of timing variations over phrases). Both
rhythm and intonation (pattern of pitch variations over
phrases) span a number of segments over a relatively
long time interval and, therefore, are expected to be
preferentially processed in the RH (Poeppel, 2003). The
question is whether overlapping or distinct regions of
the RH are involved in the processing of rhythm and
intonation. Using a passive listening task, a common
area in the right middle portion of the STG was
activated by Mandarin listeners for both rhythm and
intonation conditions (36: Zhang, Shu, Zhou, Wang, &
Li, 2010). Compared with rhythm, intonation elicited
additional activation in the right anterior STS. This iso-
lation of a particular brain region in the processing of
intonation suggests that it is responsive to specific
acoustic features associated with dynamic variations in
pitch (Humphries, Love, Swinney, & Hickok, 2005;
Lattner, Meyer, & Friederici, 2005).

87.9 CONCLUSION

Language experience shapes processing of pitch
information at both cortical and subcortical levels.
Tones play a role comparable with that of segments in
word processing. Whereas both engage the LH in
attention-modulated, task-dependent processing, tones
show a distinctive rightward asymmetry relative to
segments, especially at early stages of processing. Pitch
is a multidimensional perceptual attribute that affords
us an opportunity to investigate pitch features. Tonal
processing reveals experience-dependent sensitivity to
specific features that are linguistically relevant at the
level of the cerebral cortex and the brainstem. Specific
cortical regions may index whether variation in pitch
contour falls within or between tonal category bound-
aries. Neural representations of pitch information are
already extracted by early preattentive sensory level
processing in both the brainstem and auditory cortex.
Neural substrates of tone and other units of speech
prosody that are manifested by variations in pitch
share widely distributed cortical regions in common.
However, when compared directly with a unit of
speech prosody based primarily on timing variations
(e.g., rhythm), segregated brain regions appear that are
responsive to acoustic features associated with
dynamic variations in pitch.

87. PROCESSING TONE LANGUAGES

The importance of pitch features in gaining a fuller
understanding of tonal processing in the brain cannot
be overemphasized. We argue that it is necessary to
develop a neural response specific to pitch features and,
moreover, one that is capable of indexing dynamic varia-
tions in pitch that are ecologically representative of those
that occur in natural speech (Krishnan, Bidelman, Smalt,
Ananthakrishnan, & Gandour, 2012; Krishnan, Gandour,
Ananthakrishnan, & Vijayaraghavan, 2014). With respect
to speech perception, each pitch feature is defined by an
auditory pattern that triggers its detection (Poeppel
et al., 2008, pp. 1082—1082, review). Their precise defini-
tion, however, varies depending on the level of brain
structure, time window, and functional representation in
speech perception.

We hasten to acknowledge that the fundamental ele-
ments of linguistic theory are not easily reduced to or
matched up with the fundamental biological units iden-
tified by neuroscience (Poeppel & Embick, 2006). The
challenge is to formulate hypotheses about linguistic
computations that underlie real-time tonal processing at
different levels of biological structure in the brain.
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