
408 Auditory and vestibular systems

Experience-dependent neural representation of dynamic
pitch in the brainstem
Ananthanarayan Krishnan, Jackson T. Gandour, Gavin M. Bidelman
and Jayaganesh Swaminathan

Brainstem frequency-following responses were recorded

from Chinese and English participants in response to an

iterated rippled noise homologue of Mandarin Tone 2 (T2)

and linear and inverted curvilinear variants. Pitch-tracking

accuracy and pitch strength analyses showed advantages

for the Chinese group over the English in response to

T2 only. Pitch strength was larger for the Chinese group

in rapidly changing sections of T2 compared with

corresponding sections of a linear ramp. We conclude that

experience-dependent neural plasticity at subcortical

levels of representation is highly sensitive to specific

features of pitch patterns in one’s native language. Such

experience-dependent effects suggest that subcortical

sensory encoding interacts with cognitive processing in the

cerebral cortex to shape the perceptual system’s response

to pitch patterns. NeuroReport 20:408–413 �c 2009 Wolters

Kluwer Health | Lippincott Williams & Wilkins.
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Introduction
Language processes can be viewed as a set of transforma-

tions between representations at different stages of

processing [1–3]. Early stages of subcortical auditory

processing are influenced by experience and active

training [4–9]. Pitch encoding in the auditory brainstem

is shaped by language experience [10–12], suggesting

that early processing stages may perform transformations

on the acoustic data that are relevant to linguistic as well

as nonlinguistic auditory perception.

The scalp-recorded human ‘frequency following response’

(FFR) reflects sustained phase-locked activity in a

population of neural elements within the rostral brain-

stem [13]. Iterated rippled noise (IRN) generates

auditory stimuli that preserve the perception of pitch,

but do not have waveform periodicity characteristic of

speech stimuli [14,15]. Dynamic curvilinear IRN stimuli

permit us to investigate neural mechanisms underlying

pitch patterns representative of those that occur in

natural speech without a semantic confound [12,16]. To

assess the tolerance limits for priming linguistically

relevant pitch, we first examined FFRs in response to

linear ramps representative of Mandarin rising [Tone 2

(T2)] and falling tones in a speech context [17]. These

linear ramps elicited homogeneous pitch representations

at the level of the brainstem regardless of language

experience.

The primary aim herein is to further examine the

linguistic sensitivity of brainstem neurons in pitch

encoding by employing ‘linear’ and ‘curvilinear’ IRN

variants of Mandarin T2. In cross-language comparisons of

FFRs elicited by trilinear and linear approximations of T2

versus its curvilinear exemplar, we can assess whether

curvilinearity is necessary to prime linguistically relevant

features of the auditory signal for pitch extraction at the

level of the brainstem. By comparing FFRs elicited by an

inverted curvilinear approximation of T2, a pitch pattern

that is not native to the Mandarin tonal space, versus its

curvilinear exemplar, we can assess whether curvilinearity

itself is sufficient to trigger language-dependent effects.

Methods
Participants

Ten adult native speakers of Mandarin Chinese and

American English participated in the experiment. Parti-

cipants’ age ranged from 21 to 31 years. All Chinese

participants were born and raised in mainland China.

English participants had no previous exposure to a tone

language. No participant had more than 2 years of musical

training, and none had any musical training within the

past 5 years. They gave informed consent in compliance

with a protocol approved by the Institutional Review

Board of Purdue University.

Stimuli

A set of four pitch patterns, two curvilinear and two

linear, was chosen to contrast an IRN homologue of a

prototypical T2 (|yi2| ‘aunt’) with three f0 variants that

do not occur in the Mandarin tonal space [18] (Fig. 1).

The curvilinear variant (T2i) represented a polynomial
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flip of T2. Of the two linear variants, one represented a

linear ramp (T2l), preserving the onset and offset of T2;

the other a trilinear approximation of T2 (T2tl),

preserving the major points of inflection besides onset

and offset. All time-varying IRN stimuli were created at a

high iteration step (n = 32) using procedures described

in Ref. [16]. Stimulus duration was 250 ms including a

10-ms cosine squared ramp used to eliminate spectral

splatter and to minimize onset responses.

Data acquisition

Data acquisition procedures were similar to those

described in Refs [10,12,16]. FFRs were recorded from

each participant in response to monaural stimulation of

the right ear at 82 dB sound pressure level using a

magnetically shielded insert earphone (Etymotic, ER3A;

Elk Grove, Illinois, USA). These evoked responses were

recorded differentially between a common noninverting

(positive) electrode placed on the midline of the

forehead at the hairline and inverting (reference)

electrodes placed on (i) the ipsilateral mastoid, (ii) the

contralateral mastoid, and (iii) the seventh cervical

verterbra. Another electrode placed on the mid-forehead

(Fpz) served as the common ground. FFRs were recorded

simultaneously from the three different electrode con-

figurations, and subsequently averaged for each stimulus

condition to yield an FFR response with a higher signal-

to-noise ratio. The interelectrode impedances were

below 1 kO.

Data analysis

Data analysis procedures were similar to those described

in Refs [10,12].

Temporal and spectral analysis

Short-term autocorrelation functions and running auto-

correlograms (ACGs) were computed from the averaged

FFRs derived from each participant to index variation

in FFR periodicities over the duration of the response

(c.f. [10,16]). The ACG represents the short-term auto-

correlation function of windowed frames of a compound

signal. It is a three-dimentional plot quantifying periodi-

city and pitch strength variations over time. The

horizontal axis represents time; the vertical axis repre-

sents the time lags associated with the peaks of the

autocorrelation function and the intensity of each point in

the image represents the amplitude of the autocorrelation

function associated with a particular lag at a particular

time. Narrow-band spectrograms were obtained from

each FFR waveform to evaluate the spectral composition.

Pitch-tracking accuracy

The ability of the FFR to follow pitch change in the

stimuli was evaluated by extracting the f0 pattern from

the averaged FFRs using a periodicity detection short-

term autocorrelation algorithm [19]. The autocorrelation

function was computed for each 40-ms frame after

successive 10-ms shifts (c.f. [10]). The time lag

corresponding to the maximum autocorrelation value for

each frame was recorded for both the stimulus and FFR.

The time lags associated with autocorrelation peaks in

each frame were concatenated together to give a running

f0 contour. FFR pitch-tracking accuracy represents the

cross-correlation coefficient between the f0 contour

extracted from the FFRs and the stimuli.

Pitch strength

FFR responses were divided into six nonoverlapping

40 ms time frames (5–45; 45–85; 85–125; 125–165; 165–

205; 205–245). The normalized autocorrelation function

of the two language groups was derived from an analysis of

corresponding time frames of the four stimuli and their

FFR responses. Within each 40 ms frame, the response

peak selected was the one that was closest to the location

of the autocorrelation peak in the input stimulus [10,12].

This response peak was taken to be an estimate of pitch

strength per time frame. Pitch strength was measured by

the average magnitude of the normalized autocorrelation

peak per language group in each 40-ms frame.

Results
Temporal and spectral properties

Grand averaged ACGs (left panels) and narrow-band

spectrograms (right panels) are shown in Fig. 2 for the

Chinese and English groups. In the Chinese group, ACGs

show clear white bands of phase-locked activity at f0 and

its multiples in response to a native pitch pattern (T2),

but less distinct and more diffuse bands in response to

others, curvilinear and linear alike. In the English group,

the bands are less distinct and more diffuse across the

Fig. 1
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Iterated rippled noise homologues of time-normalized (250 ms) linear
and curvilinear f0 patterns. T2 (solid) is modelled after Mandarin Tone 2
using a fourth-order polynomial equation [18]; T2i (dash), inverted
polynomial variant of T2; T2l (dot), linear variant of T2; T2tl
(dash–dot–dot), trilinear variant of T2.
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board. Spectrograms reveal energy bands corresponding

to f0 and up to the fifth harmonic in the Chinese group in

response to T2, but only up to the third or fourth in the

English. In response to the other three stimuli, energy

bands were more diffuse and less distinct regardless of

language group.

Pitch-tracking accuracy

An omnibus analysis of variance (ANOVA) on pitch

tracking for curvilinear stimuli (T2, T2i) yielded a signi-

ficant group� stimuli interaction effect [F(1,18)=7.44,

P=0.0138]. In the case of T2 (Table 1), simple main

effects revealed that pitch tracking was more accurate in

the Chinese than in the English group [F(1,18)=9.41,

P=0.0066], whereas group effects failed to reach

significance in the case of T2i [F(1,18)=0.69,

P=0.4161]. An omnibus ANOVA on pitch tracking for

linear stimuli (T2 l, T2tl) yielded no significant main or

interaction effect.

Fig. 2
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Grand averaged correlograms (columns 1 and 2) and spectrograms (columns 3 and 4) derived from grand averaged frequency following response
(FFR) waveforms of Chinese and English groups in response to the four iterated rippled noise homologues of Mandarin Tone 2 and its variants (T2,
row 1; T2tl, trilinear variant of T2, row 2; T2l, linear variant of T2, row 3; T2i, inverted polynomial variant of T2, row 4). In response to T2, correlograms
of the Chinese group (column 1) show clearer bands (white) of temporal regularity in the phase-locked activity in the FFR at the fundamental period
(1/f0) and its multiples as compared with that of the English group (column 2). Similarly, the spectrograms of the Chinese group (column 3) show a
markedly improved (white) spectral band at the f0 and its harmonics as compared with the English group (column 4). No discernible differences are
observed in response to T2tl, T2l or T2i between language groups.

Table 1 Cross-correlation coefficient values of pitch tracking
accuracy per language group and iterated rippled noise
homologues of Mandarin Tone 2 and its variants

Group

Tone Chinese English

T2a 0.91 (0.03) 0.59 (0.06)
T2tl 0.44 (0.10) 0.45 (0.09)
T2l 0.62 (0.12) 0.44 (0.11)
T2i 0.31 (0.08) 0.40 (0.11)

Values are expressed as mean and standard error (in parentheses).
T2, Mandarin Tone 2; T2i, inverted polynomial variant of T2; T2l, linear variant of
T2; T2tl, trilinear variant of T2.
aStatistically significant difference between language groups in pitch-tracking
accuracy.
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Within each group, a direct comparison between

T2 (curvilinear) and T2tl (trilinear) showed that pitch

tracking of T2 was more accurate than T2tl in the

Chinese group only [F(1,18)=19.66, P=0.0003;

c.f. English, F(1,18)=1.62, P=0.2188].

Pitch strength

FFR pitch strength is shown for six sections within each

of the four IRN pitch patterns (Fig. 3). For curvilinear

stimuli, an omnibus ANOVA on pitch strength in T2

yielded significant main effects of group [F(1,18)=19.79,

P=0.0003] and section [F(5,90)=4.87, P=0.0005], but

no group � section interaction. In T2, the Chinese group

exhibited greater pitch strength than the English across

sections. In T2i, an omnibus ANOVA yielded no

significant main or interaction effects.

For linear stimuli, an omnibus ANOVA on pitch strength

in T2l yielded a significant main effect of section

[F(5,90)=3.23, P=0.0100]. Post-hoc Tukey–Kramer

adjusted multiple comparisons (a=0.05) showed that

pitch strength of section 2 was greater than that of 4–5

across groups. Pitch strength in T2tl yielded a significant

main effect of section [F(5,90)=3.99, P=0.0026]. Post-

hoc multiple comparisons showed that pitch strength of

sections 3 and 5 was greater than that of 6 across groups.

Within each group, a direct comparison of pitch strength

of corresponding sections between T2 (curvilinear) and

T2l (linear), the latter characterized by a fixed slope

throughout its duration, yielded a significant section

effect in the Chinese group only [F(11,107)=3.33,

P=0.0006; c.f. English, F(11,107)=0.99, P=0.4577]. A

priori contrasts (a=0.05) indicated that pitch strength

was greater in sections 3–5 of T2 as compared with

corresponding sections of T2l.

Discussion
The major finding of this cross-language study is that

experience-dependent neural mechanisms for pitch

representation at the brainstem level are sensitive to

specific time-varying features of dynamic curvilinear

pitch patterns that native speakers of a tone language

are exposed to. The absence of language group effects in

response to curvilinear (T2i) as well as linear (T2 l, T2tl)

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. In a direct comparison between

corresponding sections of T2 and T2l, pitch strength of

the Chinese group, but not the English, differs especially

in those sections exhibiting higher degrees of acceleration

(c.f. Fig. 1: sections 3–5 vs. 1–2, 6). These findings extend

our previous cross-language comparisons of FFRs elicited

by curvilinear pitch patterns presented in a speech and

Fig. 3
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Pitch strength of iterated rippled noise homologues of Mandarin Tone 2
and its variants within each of their six sections derived from the
averaged frequency following response waveforms of Chinese and
English participants (T2, row 1; T2tl, trilinear variant of T2, row 2; T2l,
linear variant of T2, row 3; T2i, inverted polynomial variant of T2, row 4).
Pitch strength of the Chinese group (value above solid line) is greater
than that of the English group (value below solid line) for T2. Sections
that yield significantly larger pitch strength for the Chinese group
relative to the English group are unshaded; those that do not are
shaded in grey. Vertical dotted lines demarcate six 40 ms sections:
5–45, 45–85, 85–125, 125–165, 165–205 and 205–245.
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nonspeech contexts [10–12], and by linear pitch patterns

presented in a speech context [17].

Language experience effects are not observed regardless

of how close a ‘linear’ pitch pattern (T2tl) approximates a

native curvilinear lexical tone (T2). Even ‘curvilinear’

pitch patterns (T2i) per se are insufficient to elicit

language group effects. Language experience-dependent

neuroplasticity occurs only when salient dimensions of

pitch present in the auditory signal are part of the

listener’s experience and relevant to speech perception.

The degree of acceleration (and deceleration, c.f. [10])

of pitch trajectories seems to be a critical variable that

influences pitch extraction in the rostral brainstem. We

hypothesize that cross-language differences in the

sustained phase-locked activity of the brainstem reflect

an enhancement of selectivity to pitch-relevant periodi-

cities that correspond to rapidly changing dynamic

portions of the pitch contour. The role of the brainstem

is to facilitate cortical level processing of pitch-relevant

information by optimally capturing those features of the

auditory signal that are of linguistic relevance.

To explain the brainstem mechanism underlying FFR

pitch extraction and how language experience may alter

this mechanism, we adopt the temporal correlation

analysis model described by Langner [20,21]. Co-

incidence detection neurons in the inferior colliculus per-

form a correlation analysis on the delayed and undelayed

temporal information from the cochlear nucleus to extract

pitch-relevant periodicities that are spatially mapped

onto a periodicity pitch axis. This encoding scheme is

accomplished by neurons with different best modulation

frequencies arranged in an orderly fashion orthogonal to

the tonotopic frequency map. Its sensitivity can be

enhanced by long-term experience, as reflected by

smoother tracking of pitch contours and greater pitch

strength, thereby sharpening the tuning characteristics of

the best modulation frequency neurons along the pitch

axis with particular sensitivity to linguistically relevant

features.

Novel signal-processing algorithms have been proposed to

enhance efficacy of cochlear implants (CI) for use with

tone languages [22–24]. The FFR can faithfully preserve

dynamic time-varying features critical for tonal languages,

and can serve as a noninvasive neural index to evaluate

different tonal CI signal processing strategies. A sectional

analysis of the FFR suggests that CI algorithms be able to

encode information at specific time-varying portions of

auditory input, which are critical to neurophysiological

representations of pitch. The relatively poor performance

of current CI algorithms with respect to encoding of

music and lexical tones may reflect a failure to optimally

encode these dynamic pitch changes.

Conclusion
Experience-dependent enhancement of pitch representa-

tion at the brainstem level is specific to pitch patterns

that occur within the native listeners’ experience. The

absence of a language experience effect in response to

the linear (T2l, T2tl) as well as nonnative curvilinear

(T2i) pitch patterns is consistent with the notion that

neural mechanisms underlying experience-dependent

selectivity are local to the generators of the FFR in the

human brainstem. Dynamic IRN stimuli permit us to

investigate the degree of linguistic specificity of sub-

cortical neural processing of pitch patterns minus a

semantic confound.
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