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of Pitch-Relevant Information
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Abstract Pitch is a robust perceptual attribute that plays an important role in
speech, language, and music. We present compelling evidence supporting the
notion that long-term language experience enhances the neural representation of
behaviorally relevant attributes of pitch in the brainstem. Pitch relevant neural
activity in the brainstem is crucially dependent on specific dimensions or features of
pitch contours. By focusing on specific properties of the auditory signal, irre-
spective of a speech or nonspeech context, it is argued that the neural representation
of acoustic–phonetic features relevant to speech perception is already emerging in
the brainstem and, importantly, can be shaped by experience. Such effects of lan-
guage experience on sensory processing are compatible with a more integrated
approach to language and the brain. Long-term language experience appears to
shape an adaptive, integrated, distributed pitch-processing network. A theoretical
framework for a neural network is proposed involving coordination between local,
feedforward and feedback components that can account for experience-induced
enhancement of pitch representations at multiple locations of the distributed pitch
processing network. Feedback, feedforward connections provide selective gating of
inputs to both cortical and subcortical structures to enhance neural representation of
behaviorally relevant attributes of the stimulus and instantiate local mechanisms
that exhibit enhanced sensitivity to behaviorally relevant pitch attributes. The focus
on pitch processing in tonal languages notwithstanding, the findings presented here
should be contextualized within the broader framework of language experience
shaping subcortical processing.
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3.1 Introduction

Pitch is an important information-bearing perceptual component in the processing of
speech, language, and music (Oxenham 2012). Functional brain imaging studies
provide strong evidence for hierarchical processing of pitch (Kumar et al. 2007),
starting in subcortical structures (Griffiths et al. 2001) and continuing up through
Heschl’s gyrus on to the planum polare and planum temporale (Gutschalk et al. 2007).
Thus, pitch provides an excellent window for studying experience-dependent effects
on both cortical and brainstem components of a well-coordinated, hierarchical pro-
cessing network.

A complete understanding of the neural organization of language can only be
achieved by viewing these processes as a set of hierarchical computations at dif-
ferent levels of biological abstraction—both cortical and subcortical. These com-
putations are applied to representations that, in turn, are shaped by experience
within a specific domain, such as language. Indeed, recent empirical data show that
these neural representations of pitch, at both the brainstem and cortical level, are
shaped by one’s experience with language and music (Besson et al. 2011; Zatorre
and Baum 2012).

While it is not known how language experience shapes subcortical and cortical
stages of pitch processing, it is likely that the neural processes underlying such
experience-dependent plasticity at each stage along the processing hierarchy are
modulated by a coordinated interplay between ascending, descending, and local
neural pathways that involve both sensory and cognitive components
(Chandrasekaran and Kraus 2010; Kraus and White-Schwoch 2015). That is,
feedback from language-dependent cortical processes shape early sensory-level
processing to generate more precise outputs that facilitate stronger cortical repre-
sentations of sound that, in turn, contribute to linguistic performance.

3.1.1 Neural Bases of Pitch

The neural bases of pitch perception are still a matter of debate. One view is that the
auditory system extracts pitch from complex sounds by deriving a spectral profile
from frequency-specific auditory input, followed by pattern-matching mechanisms
(Cohen et al. 1995). A contrasting view is that the auditory system extracts pitch
from the timing of auditory nerve fiber activity irrespective of frequency organi-
zation. These temporal models are based solely on the timing information available
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in the interspike intervals represented in simulated (Patterson et al. 1995; Meddis
and O’Mard 1997) or actual (Cariani and Delgutte 1996a, b) auditory nerve activity.
They derive a pitch estimate by pooling timing information across auditory nerve
fibers without regard to the frequency-to-place mapping. More recently, a hybrid
pitch encoding mechanism that uses both spectral and temporal information has
been proposed (Cedolin and Delgutte 2005). Thus, neural phase locking related to
voice fundamental frequency (F0) plays a dominant role in the encoding of low
pitch associated with complex sounds. Temporal encoding schemes provide a
unified and parsimonious way of explaining a diverse range of pitch phenomena for
at least pitch processing at or below the level of the inferior colliculus (IC) (Meddis
and O’Mard 1997).

For any neural code of pitch to be useful it should be operational, at least in some
form, at all levels of the processing hierarchy. There is evidence that neurons in
primary auditory cortex exhibit temporal and spectral response properties that could
enable these pitch-encoding schemes (Steinschneider et al. 1998; Lu et al. 2001), but
whether they form a network with pitch-selective neurons to carry out this process is
not known. In subcortical auditory structures, periodicity and pitch are often rep-
resented by regular temporal patterns of action potentials that are phase locked to the
sound waveform. Whereas the most commonly observed code for periodicity and
pitch within cortical neurons is a modulation of spike rates as a function of F0, it is
possible that the wider temporal integration window at the cortical level may render
the auditory cortical neurons too sluggish to provide phase-locked representations of
periodicity within the pitch range (Walker et al. 2011). Thus, it is not yet clear how
cortical neurons transform the autocorrelation-like temporal analysis in the brain-
stem to a spike-rate code to extract pitch-relevant information. One possibility is that
the temporal code is transformed into a response synchrony code whereby tempo-
rally coherent activity from the subcortical stages will produce greater spike rates,
yielding larger response amplitudes at the cortical level. Analyses of the statistical
properties of spike rates for virtual neural units have shown that frequency tuning
and spike rate characteristics of their neural units are similar to those of auditory
cortical neural units (Micheyl et al. 2013). Their findings indicate that sufficient
statistical information is present in the population spike rate to account for small
differences in frequency (pitch) and intensity (loudness).

3.1.2 Hierarchical Nature of Pitch Processing

Considerable progress has been made over the past decade in our understanding of
the complex series of processing stages that are required to translate speech sounds
into meaning at the level of the cerebral cortex. Functional imaging evidence points
to multiple, parallel, hierarchically organized processing pathways that are related
to speech processing in the cerebral cortex (Hickok and Poeppel 2007; Poeppel
et al. 2008). Speech processing in the cortex also emerges from differential demands

3 Shaping Brainstem Representation of Pitch-Relevant … 47



on distributed brain regions shared by both verbal and nonverbal auditory pro-
cessing (Price et al. 2005).

In the case of pitch, functional imaging reveals hierarchical processing in sub-
cortical regions along the auditory pathway. Encoding of temporal regularities of
pitch begins as early as the cochlear nucleus but is not completed until the auditory
cortex (Griffiths et al. 2001). The IC is reported to be more sensitive to changes in
temporal regularity than the cochlear nucleus. Further evidence of a hierarchy of
pitch processing is found in the cerebral cortex (Patterson et al. 2002). When the
pitch is varied to produce a melody, activation moves beyond primary auditory
cortex with relatively more activity in the right hemisphere.

Electrophysiological recordings are crucial for investigating questions about the
hierarchy of pitch processing not only cortically but subcortically as well (Griffiths
et al. 2004). In addition, the focus on language and pitch in the brainstem reflects the
view that a complete understanding of the processing of linguistically relevant
dimensions of the auditory signal can be achieved only within a framework involving
a series of computations that apply to representations at different stages of processing.
Hickok and Poeppel (2004) argue that early processing stages (e.g., within the
brainstem) may perform transformations on the acoustic data that are relevant to
linguistic as well as nonlinguistic auditory perception. Scott (2003) similarly argues
for hierarchical processing at the cortical level, allowing for the possibility of dif-
ferences in the degree of processing of speech and nonspeech stimuli.

3.1.3 Linguistic Functions of Pitch

Tone languages exploit phonologically contrastive pitch at the word or syllable
level (Gandour 1994; Yip 2002). Such languages are common in the Far East and
Southeast Asia. In Mandarin, for example, four words may comprise a minimal
quadruplet, minimally distinguished by variations in pitch, but otherwise identical
in terms of consonant and vowel segments. Mandarin has four lexical tones (Howie
1976): yi1 “clothing” high level [T1]; yi2 “aunt” high rising [T2]; yi3 “chair” low
falling-rising [T3]; yi4 “easy” high falling [T4] (see Fig. 3.1, panel B). Such lan-
guages are to be distinguished from those in which pitch variations are usually not
contrastive at the syllable or word level (e.g., English). In languages that are not
tonal, however, variations in pitch may be used to signal stress and intonation
patterns at post-lexical levels of representation. The crucial feature that differenti-
ates between these two types of languages is whether or not pitch variations are
contrastive in the lexicon. All languages use pitch variations for intonation, but
fewer possibilities are available in tone languages because of co-occurring demands
for pitch variation at the lexical level. Thus, tone languages not only provide a
physiologic window to evaluate how neural representations of linguistically rele-
vant pitch attributes emerge along the early stages of sensory processing in the
hierarchy, but they may also shed light on the nature of interactions between early
sensory levels and later, higher levels of cognitive processing in the human brain.
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3.1.4 Perceptual Dimensions of Pitch in Tone Languages

Voice F0 is the most important acoustic correlate of tones, although there may be
concomitant changes in duration, intensity, and phonation of tones as well. The
primacy of F0 as a cue to tonal identification of citation forms has been confirmed in
perception tests using both natural and synthetic speech stimuli. In Mandarin, F0
contours (shape of the temporal change in pitch over the duration of the stimulus)
provide the dominant cue for tone recognition (Xu 1997). Both F0 height and
movement provide sufficient information for high intelligibility of tones in Thai
(Abramson 1962), Mandarin (Howie 1976), and Cantonese (Khouw and Ciocca
2007). Rapid F0 movements are required for high intelligibility of contour tones
(Abramson 1978). Identification and discrimination tasks reveal classical patterns of
categorical perception (CP) in Mandarin Chinese listeners for both speech and
nonspeech stimuli varying along a linear rising or falling F0 continuum (Xu et al.
2006a; Peng et al. 2010). CP for pitch direction depends on a listener’s experience
with a tone language, as shown by the lack of similar CP effects in nonnative
listeners (Peng et al. 2010).
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Fig. 3.1 (A) Stimulus spectrum for corresponding F0 contours of the four Mandarin Chinese
synthetic speech stimuli shown in B with invariant spectra across the four tones. (B) F0 contours
for Mandarin Chinese syllables identified in bottom right of each panel. (C) FFR periodicity
strength (top) and FFR pitch tracking accuracy (bottom) of the four Mandarin lexical tones
compared for Chinese and English listeners per lexical tone. Chinese listeners show greater
periodicity strength and tracking accuracy across the four stimuli compared to English listeners.
(Adapted from Krishnan et al. 2005, with permission of Elsevier B.V.)
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As a multidimensional perceptual attribute, pitch relies on several acoustic
dimensions (e.g., height, direction). Psychophysical evidence comes primarily from
cross-language multidimensional scaling (MDS) studies of dissimilarity ratings.
Based on tone languages from the Far East and West Africa, including English as a
control, three dimensions are reported to underlie a common perceptual space:
average F0 height, direction of F0 movement, and magnitude of F0 slope (Gandour
and Harshman 1978; Gandour 1983). Their relative importance varies depending on
a listeners’ familiarity with specific types of pitch patterns that occur in their native
language. For example, the perceptual saliency of the contour dimension is greater
for native speakers of tone languages than for speakers of English, while English
listeners give greater weight to the height dimension than do tone language
speakers. Such differences in perceptual saliency suggest that long-term experience
enhances listeners’ attention to pitch dimensions that are phonetically relevant in a
particular language.

3.1.5 A Physiologic Window into Speech and Language

The scalp-recorded human frequency-following response (FFR) provides a physi-
ologic window into the early stages of subcortical processing of complex sounds.
The FFR reflects sustained, phase-locked activity in a population of neural elements
within the rostral brainstem, presumably the IC (Krishnan 2007). These responses
can be recorded easily between scalp electrodes placed at high forehead and the
seventh cervical vertebra (C7). The shorter latency of the FFR (around 6–9 ms)
correlates well with activity from the IC region and is too early to reflect activity
from cortical generators (Galbraith 2008). Furthermore, the nature of the auditory
system makes it unlikely that the low-pass filtered phase-locked activity reflected in
the FFR is of cortical origin (Akhoun et al. 2008). However, there is compelling
evidence to suggest that this brainstem component is indeed subject to corticofugal
modulation (Suga and Ma 2003; Banai et al. 2007).

The FFR is characterized by a waveform that follows the periodicities contained
in both the envelope and the temporal fine structure of complex sounds (Fig. 3.2).
The temporal and spectral characteristics of complex sounds that are preserved in
the FFR can be extracted by frequency domain (spectral) and time domain auto-
correlation analysis (Fig. 3.3), a measure of correlation between the original signal
and temporally delayed versions of the response, yielding high correlations for
periodicities harmonically related to the fundamental frequency (Krishnan et al.
2004, 2005). FFRs preserve spectrotemporal information relevant to the spectrum
and pitch of steady-state (Krishnan and Plack 2011), dynamic speech (Krishnan
et al. 2004, 2005), and nonspeech stimuli (Krishnan et al. 2009a, b). Importantly,
the pitch-relevant information preserved in the FFR is strongly correlated with
perceptual measures of pitch salience—a measure of the strength of the perceived
pitch (Krishnan et al. 2010a; Bidelman and Krishnan 2011). These findings suggest
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acoustic features relevant to pitch are preserved in the temporal pattern of
phase-locked neural activity in the brainstem.

Gockel et al. (2011) observed that FFRs recorded using frequency-shifted
complex tones presented monaurally did preserve pitch-relevant information, but
that this information was similar to that measured in an auditory nerve model. Also,
they failed to observe any pitch-relevant information in the FFRs to three-tone
harmonic stimuli presented dichotically. They concluded that there was no addi-
tional pitch-relevant processing at the level of the brainstem. Several arguments
may be presented to counter this inference. First, if the temporal code for pitch
available at the brainstem level also utilizes autocorrelation-like analysis to deter-
mine the global distribution of interspike intervals from the temporal pattern of
neural activity across a population of neurons, it would necessarily share certain
fundamental attributes of the same temporal code operating at the level of the
auditory nerve. Second, it is not clear that their dichotic stimuli produced the same
pitch as when all harmonics are presented to the same ear. Notwithstanding, the
salience of their stimuli would be quite weak. It is possible that FFR-related neural
activity is not sufficiently robust to preserve the less salient pitch for their stimuli.
Finally, the inferences of Gockel et al. (2011) cannot account adequately for the
experience-dependent effects reflected in the FFR that are sensitive to specific
attributes of dynamic pitch contours.

Within the past decade there has been increasing interest in the role of the auditory
brainstem in speech processing. In terms of speech intelligibility, FFRs show
increased amplitude in response to forward speech as compared to reversed speech,
indicating that familiar phonetic and prosodic properties of forward speech selectively
activate brainstem neurons (Galbraith et al. 2004). Using the /da/ syllable to elicit the
brainstem response, Kraus and colleagues demonstrated how FFRs separately encode
source and filter characteristics of the speech signal (Kraus and Nicol 2005;

FFR

Stimulus

   Complex Tone (F0 = 100Hz)

ENV SPEC

Fig. 3.2 Frequency-following responses (FFR, top trace) elicited by a complex sound (bottom
trace). The response is characterized by neural phase-locking to the envelope (ENV, red for four
cycles) periodicity and the temporal fine structure (SPEC, double black arrow). Stimulus onset is
shifted to the right to achieve temporal match between the stimulus and the response. ENV,
envelope; SPEC, spectral. (Reprinted from Krishnan and Gandour 2014, with permission from the
Acoustical Society of Australia)
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Fig. 3.3 FFR analyses: Top two FFR waveforms (black) are responses to condensation (C) and
rarefaction (R) onset stimulus polarity. Addition of these waveforms results in the FFR-ENV
waveform (blue). It is characterized by a prominent phase-locking to the envelope periodicity of
the complex tone. Subtraction of the C and R responses (C−R) results in a FFR phase locked to the
temporal fine structure (spectrum) of the complex tone (FFR-SPEC, red). Frequency domain
analysis (SPECTRA, middle panel) shows that the envelope phase locking has a larger peak at F0
(blue) as expected; whereas the temporal fine-structure phase locking shows multiple robust peaks
at the harmonics of the complex tone. Using autocorrelation, the temporal analyses (ACF, bottom
panel) show that there is a major peak at the fundamental periodicity of the complex tone for both
responses. (Reprinted from Krishnan and Gandour 2014, with permission from the Acoustical
Society of Australia)
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Chandrasekaran and Kraus 2010) and how brainstem timing predicts cerebral
asymmetry for speech (Abrams et al. 2006).

In terms of segmental features of speech, FFRs preserve spectral peaks corre-
sponding to the first two formants (Fig. 3.4) of both steady-state vowels (Krishnan
1999, 2002) and time-variant consonants (Krishnan and Parkinson 2000; Plyler and
Ananthanarayan 2001). Though FFRs are known to preserve pitch-relevant infor-
mation about complex sounds that produce time-invariant pitch (Greenberg et al.
1987), the question arises as to how the brainstem handles suprasegmental features
of speech that are characterized by time-variant pitch.

Fig. 3.4 Grand averaged FFR waveforms (left) and spectra (right) are plotted as a function of
stimulus level (55–85 dB normal hearing level) for the English vowel /u/. The stimulus waveform
(left bottom) and its spectrum, with F1 (h2, h3) and F2 (h7, h8) harmonics identified on the figure
(right bottom). The amplified inset in the FFR spectral data clearly shows the F2 harmonic peaks
h7 and h8. Note the different amplitude scale for the stimulus spectrum. (Reprinted from Krishnan
2002, with permission of Elsevier B.V.)
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Tone languages are especially advantageous for isolating the effects of encoding
voice pitch at the level of the auditory brainstem (see Sect. 3.1.3). In Mandarin, for
example, all four tones exhibit voice F0 trajectories and harmonics that lie within
the range of easily recordable FFRs (below 2 kHz). The relatively long duration of
citation forms of lexical tones (200–350 ms) necessitates use of slower stimulus
repetition rates. This, in turn, enables recording of robust FFRs with little or no
neural adaptation.

3.1.6 Language-Dependent Processing in the Brainstem

Historically, the brainstem has not been considered to be a part of the brain worthy
of interest when it comes to its contribution to speech/language processing. The
conventional wisdom is that “processing operations conducted in the relay nuclei of
the brainstem and thalamus are general to all sounds, and speech-specific operations
probably do not begin until the signal reaches the cerebral cortex” (p. 100 in Scott
and Johnsrude 2003). Though it is agreed that operations specific to speech per-
ception are likely circumscribed to the cortex, experience-dependent modulation of
pitch-relevant neural activity in the brainstem suggests that early sensory processing
involves more than a simple transmission of pitch information from the ear to the
cerebral cortex.

3.2 Language Experience Shapes Pitch-Relevant
Information in the Brainstem

Long-term language experience enhances the neural representation of linguistically
relevant pitch in the human brainstem, which is well before evoked neural activity
relevant to pitch is detected in the auditory cortex. Indeed, neural representation of
pitch-relevant attributes, as reflected in the FFR, may emerge as early as 6–10 ms
after stimulus onset (Krishnan and Gandour 2009). In contrast, the pitch-related
neural activity in the auditory cortex emerges at about 140–170 ms after stimulus
onset (Krumbholz et al. 2003; Griffiths and Hall 2012).

3.2.1 Experience-Dependent Enhancement of Neural
Representation of Pitch-Relevant Information

In the cerebral cortex, the neural substrates of pitch perception in the processing of
lexical tones are shaped by language experience (Zatorre and Gandour 2008;
Gandour and Krishnan 2014). Based on evidence from positron emission

54 A. Krishnan and J.T. Gandour



tomography (PET) and functional magnetic resonance imaging (fMRI) studies of
pitch processing in Mandarin and Thai, it appears that pitch processing engages the
left hemisphere only when the pitch patterns are of linguistic relevance (Wong
2002; Wong et al. 2004). These experiments all employed discrimination tasks, and
thus likely reflect temporally aggregated neural events at relatively late
attention-modulated stages of auditory processing. As reflected by the mismatch
negativity (MMN: an early cortical event-related response associated with auditory
discrimination), language experience similarly influences the early cortical auto-
matic processing of linguistically relevant pitch contours (Chandrasekaran et al.
2007a, b); moreover, lexical tones are lateralized to the right hemisphere in contrast
to the left lateralized consonants (Luo et al. 2008). The Luo et al. data suggest that
hemispheric laterality effects are a result of specialized neural computations that
apply to representations at different stages of auditory processing. The leftward
asymmetry observed in a discrimination task likely reflects neural computations that
occur downstream from preattentive auditory processing.

In animals, it is already well-established that experience-dependent neural
plasticity is not limited to the cerebral cortex. Response properties and frequency
maps in the IC of bats undergo change after auditory conditioning or focal electrical
stimulation of the auditory cortex (Suga 1990, 1994). Auditory experience of
altered interaural cues for localization in young owls leads to frequency-dependent
changes in interaural time difference (ITD) tuning and frequency tuning of IC
neurons (Gold and Knudsen 2000).

Other recent data also support experience-dependent neural plasticity at the level
of the IC in humans. The latency of wave V in hearing-impaired listeners who use
amplification is shorter than in those who do not (Philibert et al. 2005). Using the
FFR, neural phase-locked activity improves after auditory training in children with
learning impairments (Russo et al. 2005); pitch tracking accuracy of Mandarin
tones is more accurate in nonnative musicians than nonmusicians (Wong et al.
2007); experience with sounds composed of acoustic elements relevant to speech
leads to developmental changes in brainstem responses (Johnson et al. 2008); and
pitch tracking accuracy improves in native English-speaking adults after undergo-
ing short-term training on using Mandarin tones in word identification (Song et al.
2008b). Also relevant is the consequence of a disruption in the normal interaction
between local processes and the corticofugal modulation of subcortical function,
which contributes to plasticity. The deficits in brainstem encoding in children with a
variety of language-based learning problems could very well reflect such a dis-
ruption in the ability of the corticofugal system to fine tune subcortical processes
(Russo et al. 2008; Song et al. 2008a).

Preattentive stages of pitch processing in the brainstem can be influenced by
language experience. A cross-language study was conducted to determine whether
native speakers’ long-term exposure and experience using pitch patterns in a tonal
language has an influence on FFR response properties (Krishnan et al. 2005). FFRs
were elicited by prototypical, curvilinear F0 contours modeled after the four
Mandarin lexical tones in a speech context (Fig. 3.1, panels A, B). They were
presented to native speakers of Mandarin and nontone language speakers of
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English. If driven by acoustic properties regardless of language experience, FFRs
would be expected to be homogeneous across listeners. Results showed that both
pitch strength (Fig. 3.1, panel C top) and pitch tracking accuracy (Fig. 3.1, panel C
bottom), as measured by rank-transformed cross-correlation between stimulus and
response pitch tracks, were greater for the Chinese group than for the English across
all four Mandarin tones (Fig. 3.1, panel C bottom). Based on these findings, it
appears that experience-driven adaptive neural mechanisms are involved subcorti-
cally that sharpen response properties of neurons tuned for processing linguistic
pitch contours of a particular language. That is, language-dependent plasticity
enhances or primes temporal intervals that carry linguistically relevant features of
pitch contours.

From the perspective of auditory neuroethology, this adjustment in processing
pitch contours of Mandarin tones is comparable to neural mechanisms that are
developed for processing behaviorally relevant sounds in other nonprimate and
nonhuman primate animals (Suga et al. 2003). Auditory processing is not limited
to a simple representation of acoustic features of speech stimuli. Indeed,
language-dependent operations may begin before the signal reaches the cerebral
cortex.

While this chapter focuses primarily on the experience-dependent shaping of
pitch-relevant information as it relates to tonal languages, it is important to view the
information presented here in the broader context of how language experience
shapes subcortical processing in general. For example, compelling evidence sug-
gests that bilingual experience enhances subcortical representation of pitch-relevant
information presented in speech sounds (Krizman et al. 2012) and/or neural
response consistency (Krizman et al. 2014). Furthermore, these authors show a
strong correlation between these improvements in subcortical representations and
both attentional control and language proficiency, suggesting that these outcomes
are related to experience-dependent strengthening of attentional control.

3.2.2 Feature Specificity of Experience-Dependent Effects
in the Brainstem

If brainstem pitch processing is shaped by long-term language experience, what
specific F0 properties or features of the pitch stimuli, static or dynamic, are relevant?
To what extent can a stimulus deviate from natural speech exemplars before
exceeding the upper or the lower limit of linguistic sensitivity of brainstem neurons?
For instance, linear ramps do not occur in natural speech because of physiological
constraints of the speech production apparatus. Linear F0 ramps (90–140 Hz, rising;
140–90 Hz, falling) were generated, similar to Mandarin T2 (rising) and T4 (falling)
in direction but dissimilar in trajectories observed in natural speech (Fig. 3.5, panels
A and B). By examining FFRs elicited by linear approximations of Mandarin T2 and
T4 (Xu et al. 2006b), it was possible to assess the tolerance limits for priming
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linguistically relevant features of the auditory signal involved in pitch extraction at
the level of the brainstem. Results show no differences in FFR pitch strength or pitch
tracking accuracy (Fig. 3.5, panel C top and bottom, respectively) between language
groups (Chinese, English) or pitch direction (rising, falling).

It appears that no language-dependent effects are observed in response to linear
rising or falling F0 ramps because they are not part of native Chinese listeners’
experience. Even though the F0 ramps are dynamic, linear approximations of T2
and T4, they are constant in acceleration and deceleration, respectively. The fact
that Mandarin and English FFRs are homogeneous in response to linear trajectories
suggests that representations of pitch-relevant information in the brainstem are
acutely sensitive to dynamic, curvilinear changes in trajectory throughout the
duration of a pitch contour. In the auditory brainstem, neural mechanisms respond
to specific dimensions of pitch contours to which native speakers have been
exposed. Language dependent neuroplasticity occurs only when salient dimensions
of pitch relevant to speech perception are present in the auditory signal.

Further support for feature specificity comes from FFRs recorded from Chinese
and English participants in response to iterated rippled noise (IRN) homologs of
pitch contours. The IRN stimuli preserve the perception of pitch, but do not have
waveform periodicity or highly modulated stimulus envelopes that are characteristic
of speech stimuli. An IRN stimulus is generated using a broadband noise, which is
delayed and added to itself repeatedly and, therefore, does not have a prominent
modulated envelope (Patterson et al. 1996; Yost 1996). The perceived pitch cor-
responds to the reciprocal of the delay, and the pitch salience increases with the
number of iterations of the delay-and-add process. Increases in temporal regularity
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of steady-state IRN stimuli lead to better temporally locked neural activity in
auditory structures from the cochlear nucleus to cortex (Griffiths et al. 1998;
Shofner 1999). Importantly, a novel generalization of the IRN algorithm makes it
possible to generate time-variant, dynamic curvilinear pitch contours representative
of those that occur in natural speech (Swaminathan et al. 2008). The stimulus
waveform (Fig. 3.6A), spectrogram (Fig. 3.6B), pitch contour (Fig. 3.6C), and the
autocorrelation function (Fig. 3.6D) are illustrated for an IRN stimulus with a T2
pitch contour. Note the increase in temporal regularity with increase in the number
of iteration steps.

The IRN homologs of a prototypical T2 were presented in contrast to three F0
variants (two linear, one curvilinear) that do not occur in the Mandarin tonal space
(Krishnan et al. 2009a). Of the two linear variants, one represented a linear
ascending ramp and the other represented a tri-linear approximation of T2, pre-
serving the major points of inflection in addition to onset and offset. The curvilinear
variant was an inverted version of T2. No group differences in pitch strength were
observed for any of these variants. The absence of language group effects in
response to curvilinear and linear variants of T2 emphasizes that language-
dependent neuroplasticity at the level of the brainstem extends only to those pitch
patterns that actually occur in the Mandarin tonal space.

Fig. 3.6 (A) Iterated ripple noise (IRN) stimulus waveforms, (B) spectrograms, (C) F0 contour
and autocorrelation functions (D) plotted as a function of iteration steps (2, 8, 32). Note the
increase in temporal regularity, clearer spectral bands, and increase in the peak magnitude of the
autocorrelation function with increase in iteration steps. (Adapted from Krishnan et al. 2010a, with
permission from Elsevier, B.V.)
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3.2.3 Domain Specificity of the Experience-Dependent
Effects in the Brainstem

3.2.3.1 Speech Versus Nonspeech

To address the question of domain specificity of experience-dependent effects on
pitch processing in the brainstem, FFRs were recorded from native speakers of
Mandarin and English speakers using IRN (nonspeech) homologs of the four
Mandarin tones (Krishnan et al. 2009b). The Chinese group exhibited smoother
pitch tracking than the English group in three (T2–4) out of the four tones (Fig. 3.7,
left column). FFR pitch strength of 40-ms segments revealed that the Chinese group
exhibited more robust pitch representation of those segments containing rapidly
changing pitch movements across all four tones (Fig. 3.7, right column). These
findings suggest that neural mechanisms underlying pitch representation are shaped
by particular dimensions of the auditory stream rather than speech per se.

A discriminant analysis was used to determine the extent to which individual
subjects can be classified into their respective language groups based on a weighted
linear combination of their pitch strength of three 40-ms temporal intervals that
were maximally differentiated in terms of slope (flat, rising, falling). About 83% of
the subjects were correctly classified into their respective language groups. The
average discriminant z scores of the Chinese group were larger than those of the
English. Univariate tests of pitch strength confirmed that more dynamic changes in
pitch (rising, falling) had a greater influence on the FFR responses of the Chinese
group compared to the English, whereas less dynamic changes in pitch (flat) did not
yield a language group effect. Pitch strength of the rising F0 trajectory was the most
important variable in discriminating listeners by language affiliation. Both psy-
choacoustic (Collins and Cullen 1978; Schouten 1985) and physiologic studies
(Shore et al. 1987; Krishnan and Parkinson 2000) indicate better sensitivity for
rising versus falling tones. Multidimensional scaling analyses showed that the
perceptual dimension related to direction of pitch change is spatially distributed
primarily in terms of rising versus non-rising F0 movements (Gandour and
Harshman 1978; Gandour 1983). This response asymmetry in FFRs presumably
reflects greater neural synchrony (Shore and Nuttall 1985) and more coherent
temporal response patterns to rising than to falling tones (Shore et al. 1987).

Such experimental findings support the view that at early stages of brain pro-
cessing, particular features or dimensions of pitch patterns—regardless of the
stimulus context in which they are embedded—shape neural mechanisms under-
lying speech perception. The role of the brainstem may be to facilitate cortical level
processing of pitch-relevant information by optimally capturing those dimensions
of the auditory signal that are of linguistic relevance. By focusing on tonal sections
instead of the whole tone, it is possible to assess whether language-dependent
effects are better conceptualized as applying to sections that exhibit certain acoustic
features irrespective of tonal category.
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The question arises whether neural representation of pitch-relevant information
in the brainstem is equally robust for speech and nonspeech stimuli. FFRs were
recorded from Chinese and English listeners in response to four Mandarin tones
presented in speech and nonspeech contexts (Swaminathan et al. 2008).
Dynamic IRN stimuli preserve fine-grained measures of pitch representation at the
level of the brainstem. However, given the relatively less robust temporal
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periodicity in the IRN waveform, pitch strength was observed to be greater for
speech than nonspeech stimuli across language groups. Regardless of context, pitch
strength of the Chinese group was greater than that of the English. Interestingly,
group differences in pitch strength were not uniform throughout the duration of FFR
responses. The Chinese group exhibited relatively more robust pitch representation
of rapidly changing pitch segments. These findings support the view that at the level
of the brainstem, neural mechanisms underlying pitch representation are shaped by
particular features of the auditory stream rather than speech per se.

3.2.3.2 Speech Versus Music

Neural encoding of pitch in the auditory brainstem is shaped by long-term expe-
rience with language or music, implying that early sensory processing is subject to
experience-dependent neural plasticity. The comparisons between the language and
music domains reveal overall enhancement in brainstem FFRs elicited by either
musical or linguistic pitch patterns in musicians and tone language speakers alike
(Bidelman et al. 2011b, c). Thus, long-term pitch experience seems to improve the
brain’s ability to represent pitch-relevant information regardless of the domain of
expertise. However, subtle differences in these sensory representations suggest a
domain-specific sensitivity to acoustic features that are part of the experience in
each domain. Musicians, for example, show enhanced responses when pitch pat-
terns intersect discrete notes along the musical scale; tone language speakers, on the
other hand, during rapidly changing portions of tonal contours (Bidelman et al.
2011a, c). Such cue weighting is consistent with the relative importance of these
perceptual dimensions in their respective domains. These findings collectively
suggest that both language and musical experience provide some mutual benefit to
the neural representation of pitch-relevant information, but also they suggest that
specific features of the acoustic signal are highlighted in subcortical responses
depending on their perceptual salience and function within a listener’s domain of
expertise.

b Fig. 3.7 Pitch tracking accuracy of Iterated ripple noise (IRN) homologs of Mandarin tones (left)
and pitch strength of tonal sections (right) derived from the grand averaged FFR waveforms of
Chinese and English subjects. The four Mandarin tonal categories are represented as T1, T2, T3,
and T4. Left panels show that the FFR-derived F0 contours of the Chinese group (dashed line)
more closely approximate those of the original IRN stimuli (solid line) when compared to the
English group (dotted line). Right panels show that the pitch strength of the Chinese group (value
above the solid line) is greater than that of the English group (value below the solid line). Vertical
dotted lines demarcate six 40-ms sections within each F0 contour: 5–45, 45–85, 85–125, 125–165,
165–205, and 205–245. Sections that yielded significantly larger pitch strength for the Chinese
group relative to English are unshaded; those that did not are shaded in gray. (Reprinted from
Krishnan et al. 2009b, with permission of MIT Press)
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3.2.4 Experience-Dependent Effects are More Resilient
to Signal Degradation

Most human communication occurs against a background of noise. It is important
that the auditory system has a mechanism(s) in place to encode behaviorally rele-
vant acoustic features of pitch that may be degraded in the presence of noise. By
using IRN homologs of pitch contours associated with lexical tones, it is possible to
systematically vary their degree of temporal regularity and, as a consequence, their
pitch salience. The question then arises whether pitch representation in the brain-
stem is less vulnerable to systematic degradation in the temporal regularity of an
IRN stimulus that represents a native pitch contour (Krishnan et al. 2010b). In
response to IRN homologs of Mandarin T2 varying in pitch salience along a
six-step continuum ranging from low to high, FFR pitch tracking accuracy is higher
in the Chinese group relative to the English except for the three lowest steps along
the continuum (Fig. 3.8, left panel). Also, FFR pitch strength is greater in the
Chinese group, even in severely degraded stimuli, for sections of the response that
exhibit rapid changes in pitch. Exponential time constants reveal that pitch strength
growth emerges 2–3 times faster in Chinese than in English listeners as a function
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of increasing temporal regularity of the stimulus (Fig. 3.8, right panels). These
findings altogether suggest that experience-dependent brainstem mechanisms for
pitch are especially sensitive to those dimensions of tonal contours that provide
cues of high perceptual saliency in degraded as well as normal listening conditions.

Another way to degrade pitch-relevant information in the stimulus is to sys-
tematically increase the rate of pitch change in the dynamic portions of the stimulus.
The question then arises whether language-related expertise in pitch encoding of
linguistically relevant stimuli can transfer to pitch encoding of stimuli that are
characterized by acceleration rates that do not occur in natural speech. Four
click-train homologs of Mandarin T2 (Fig. 3.9, left panels) with maximum rates of
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Fig. 3.9 Click train stimuli that are differentiated by varying degrees of rising acceleration. The F0
contours of all four stimuli are displayed on a logarithmic scale spanning two octaves: 100.8 Hz,
the minimum stimulus frequency, to 400 Hz (left panel, top). These stimuli represent a continuum
of rates of acceleration from Mandarin Tone 2 (A1) rate in natural speech to an F0 rate that falls
well beyond the normal voice range (A4). The vertical dotted line at 177 ms defines the center of
the analysis window for each stimulus (left panel, bottom). The location of this line is calculated
from the maximum pitch acceleration. Group comparisons of pitch strength are shown within the
region of maximum acceleration of the stimulus derived from FFR responses to click-train stimuli
as a function of pitch acceleration (right panel). FFR pitch strength of the Chinese group—as
measured by the magnitude of the normalized autocorrelation peak—is greater than that of the
English in response to Mandarin Tone 2 (A1, 0.3 Hz/ms) as well as to a pitch pattern that does not
occur in natural speech (A4, 2.7 Hz/ms). In the English group, pitch strength shows a steady, steep
decline across the continuum, approaching zero at its opposite end (i.e., the absence of a
phase-locked response). In the Chinese group, on the other hand, pitch strength exhibits a more
gradual decline, but never approaches zero. Instead, pitch strength begins to level off once a pitch
pattern moves clearly beyond the normal voice range (A3, 1.3 Hz/ms). (Adapted from Krishnan
et al. 2010c, with permission of Elsevier B.V.)
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pitch acceleration ranging from low (0.3 Hz/ms; Mandarin Tone 2) to high
(2.7 Hz/ms; 2 octaves) were presented to Chinese and English listeners (Krishnan
et al. 2010c). Regardless of language group, neural periodicity strength is greater in
response to acceleration rates within or proximal to natural speech relative to those
beyond its range (Fig. 3.9, right panel). Though both groups show decreasing pitch
strength with increasing acceleration rates, pitch representations of the Chinese
group are more resistant to degradation. These findings indicate that perceptually
salient pitch cues associated with lexical tone influence brainstem pitch extraction
not only in the speech domain but also in auditory signals that clearly fall outside
the range of dynamic pitch to which a native listener is exposed.

While the focus of this review is on the influence of long-term language
experience on the neural representation of pitch-relevant information in the auditory
brainstem, there is growing empirical evidence suggesting that it also shapes pitch
mechanisms at early sensory levels of processing in the auditory cortex, and that the
hemispheric preference for processing pitch information may vary depending on the
relative linguistic importance of specific temporal attributes of dynamic pitch
(Krishnan et al. 2014a, b). As in the brainstem, cortical responses sharpen prop-
erties of neural elements to enable optimal representation of temporal attributes of
native pitch contours.

3.3 Hierarchical Processing Underlies
Experience-Dependent Pitch Processing

Human functional magnetic resonance imaging and lesion studies have suggested
that an area in the vicinity of lateral Heschl’s gyrus (HG) is specialized for pitch
representation (Griffiths and Hall 2012). This region also appears to be important
for computations relevant to the extraction of pitch in complex sounds (Zatorre and
Belin 2001; Schönwiesner et al. 2005). However, growing evidence shows
pitch-related neural activity in both primary auditory cortex as well as in the
adjacent more lateral non-primary areas of HG. These studies suggest that
pitch-relevant information is available in multiple areas of the auditory cortex:
functional magnetic resonance imaging (Griffiths et al. 2010; Puschmann et al.
2010), direct cortical recordings (Patterson et al. 2002; Penagos et al. 2004), and
magnetoencephalography (Krumbholz et al. 2003; Gutschalk et al. 2004).

How do these areas interact in a coordinated manner during pitch processing? To
address this question, a predictive coding model of perception has been applied to
depth-electrode recordings of pitch-relevant neural activity along HG (Rao and
Ballard 1999; Kumar and Schönwiesner 2012). Essentially, the model of predictive
coding of pitch posits that cortical areas contributing to pitch are organized hierar-
chically. The effective connection strengths between andwithin levels are continually
adjusted in a recursive manner to optimize pitch representation at the higher level.
Operationally, higher-level areas in the hierarchy contributing to pitch (lateral HG)
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use stored information of pitch to make a pitch prediction. This prediction is passed to
the lower areas in the processing hierarchy (medial and middle HG) via top down
connection(s) (Fig. 3.10, blue arrows, #1). The lower areas of the hierarchy then
compute a prediction error (difference between the higher level prediction and the
lower level representation), which is passed to the higher level via bottom-up con-
nections (Fig. 3.10, red arrows, #2). The strength of these connections is continually
adjusted in a recursive manner in order to minimize predictive error and to optimize
representation at the higher level. The lateral connections (same level in the hierarchy)
between middle and medial HG (Fig. 3.10, green bidirectional arrows, #3) are also
subject to modulation and presumably play a role in reducing redundancy andmaking
representations more efficient.
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Fig. 3.10 Block diagram of the proposed predictive coding model for hierarchical processing of
pitch at both subcortical and cortical levels. Operationally, higher-level areas in the hierarchy
contributing to pitch (lateral HG) use stored representations of pitch to make a pitch prediction. This
prediction is passed to the lower areas in the processing hierarchy (medial and middle HG) via
top-down connection(s) (blue arrows, #1). The lower areas then compute a prediction error
(difference between the higher level prediction and the lower level representation), which is passed
to the higher level via bottom-up connections (red arrows, #2). The lateral connections (same level
in the hierarchy) between middle and medial HG (green bidirectional arrows, #3) are also subject to
modulation and presumably play a role in reducing redundancy and making representations more
efficient. Inputs from subcortical (bottom-up) structures (#5) that are themselves subject to
experience-dependent plasticity are presumably mediated by top-down connections (#6, #7). It is
likely that these top-down connections in the hierarchy provide feedback to adjust the effective time
scales of processing at each stage to optimally control the temporal dynamics of pitch processing.
Language dependent changes at the early sensory level of processing in the auditory cortex may
reflect interplay between sensory and cognitive processing (black bidirectional arrows, #4)
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Dynamic causal modeling essentially tries to determine how the activity of one
brain area changes the dynamics and/or responses of other areas. Using Bayesian
model comparisons to determine the configuration(s) that best explain the data,
Kumar and Schönwiesner (2012) showed that the lateral part of HG is at a higher
level in the hierarchy compared to middle and medial HG, with the latter two at the
same level. This is in agreement with evidence from depth-electrode recordings
along HG. It confirms that middle and medial electrode contacts are indeed in the
primary auditory cortex, whereas the lateral contacts are in non-primary auditory
cortex (Brugge et al. 2009). Consistent with the predictions of the model, they also
show that strength of connectivity varies with pitch salience such that the strength
of the top-down connection from lateral HG to medial and middle HG increases
with pitch salience, whereas the strength of the bottom-up connection from middle
HG to lateral HG decreases. This distributed view of pitch processing, however, is
not necessarily at odds with a single specialized pitch center. It is likely that lateral
HG has more pitch-specific mechanisms and, therefore, plays a relatively greater
role in pitch perception.

In this case, the predictive coding of the pitch model provides a framework to
explain the language-dependent (cognitive) and language-universal (sensory)
effects on pitch-related neural activity in the brainstem and auditory cortex.
Changes at different stages of processing attributable wholly to acoustic properties
of the stimulus implicate the recursive process (initial pitch prediction, error gen-
eration, error correction) in the representation of pitch. At this fundamental level of
pitch processing, the hierarchical flow of processing and the connectivity strengths
along the HG are essentially the same regardless of one’s language background. For
changes that are dependent on language experience, the initial pitch prediction at
the level of the lateral HG is more precise for Chinese because of their access to
stored information about lexical tones with a smaller error term. Consequently, the
top-down connections from lateral HG to medial and middle HG and to the
brainstem are stronger than the bottom-up connections from the medial and middle
HG to the lateral HG and from the brainstem. The opposite would be true for
English because of their less precise initial prediction. In addition, the recursive
process itself would be expected to take a longer time for English relative to
Chinese in determining pitch. Language experience, therefore, alters the nature of
the interaction between functional components of the distributed network by
modulating connection strengths.

It is clear that pitch processing in the auditory cortex is influenced by inputs from
subcortical structures (Fig. 3.10, #5) that are themselves subject to
experience-dependent plasticity, presumably mediated by top-down connections
(Fig. 3.10, #6, #7). It is likely that these top-down connections in the hierarchy
provide feedback to adjust the effective time scales of processing at each stage to
optimally control the temporal dynamics of pitch processing (Balaguer-Ballester
et al. 2009). Language-dependent changes at the sensory level of processing in the
auditory cortex may reflect interplay between sensory and cognitive processing
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(Fig. 3.10, black bidirectional arrows, #4). This model represents a unified, phys-
iologically plausible, theoretical framework that includes both cortical and sub-
cortical components in the hierarchical processing of pitch.

3.4 Summary and Directions for Future Research

The evidence presented herein suggests that neural activity relevant to pitch in the
brainstem is crucially dependent on specific dimensions or features of pitch con-
tours. By focusing on specific properties of the auditory signal, irrespective of a
speech or nonspeech context, it is argued that the neural representation of
acoustic-phonetic features relevant to speech perception is already emerging in the
brainstem (≈8–10 ms after stimulus onset) and, importantly, can be shaped by
experience. These sensory level auditory processes are tuned differentially to those
features depending upon their linguistic relevance. Such effects of language
experience on lower level sensory processing are compatible with a more integrated
approach to language and the brain (Hickok and Poeppel 2004; Zatorre and
Gandour 2008). The focus on pitch processing in tonal languages notwithstanding,
these findings should be contextualized within the broader framework of language
experience shaping subcortical processing.

While language experience shapes pitch processing at both subcortical and cor-
tical levels, neural representations are transformed and fundamentally different at
each biological level of abstraction. The representation of pitch-relevant information
in the brainstem is more fine-grained spectrotemporally as it reflects sustained neural
phase locking to pitch-relevant periodicities contained in the dynamic stimulus. In
contrast, the cortical representation is coarser. That is, the cortical pitch-relevant
neural activity reflects primarily a series of distinct transient temporal neural events
marking only certain temporal attributes of the pitch contour. These differences
notwithstanding, long-term language experience appears to shape adaptive, hierar-
chical pitch processing. Top-down connections provide selective gating of inputs to
both cortical and subcortical structures to enhance neural representation of behav-
iorally relevant attributes of the stimulus and instantiate local mechanisms that
exhibit enhanced representation of behaviorally relevant pitch attributes. The ability
to record brainstem and cortical pitch-relevant responses concurrently may also
provide a new window to evaluate the online interplay between feedforward and
feedback components in the processing of pitch-relevant information at the level of
the brainstem and the auditory cortex. While it is not known how language experi-
ence shapes subcortical and cortical stages of pitch processing, it is likely that the
neural processes underlying such experience-dependent plasticity at each stage along
the processing hierarchy are modulated by a coordinated interplay between
ascending, descending, and local neural pathways that involve both sensory and
cognitive components. The challenge is to develop experiments that systematically
manipulate pitch attributes in order to optimally evaluate the relationship between
representation of pitch-relevant information at the brainstem and cortical levels.
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The results of these experiments are essential to further our understanding of the
nature of interplay between cortical and subcortical functional components and the
interactions between sensory and cognitive processes influencing pitch representa-
tion in what appears to be an integrated distributed processing network.
Complementary studies using magnetoencephalography will be crucial to determine
the anatomical sources of these components in an effort to shed more light on specific
cortical generators contributing to pitch processing and how experience may shape
these processes.
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