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Abstract

Auditory nerve single-unit population studies have demonstrated that phase-locking plays a dominant role in the neural
encoding of both the spectrum and voice pitch of speech sounds. Phase-locked neural activity underlying the scalp-recorded human
frequency-following response (FFR) has also been shown to encode certain spectral features of steady-state and time-variant
speech sounds as well as pitch of several complex sounds that produce time-invariant pitch percepts. By extension, it was
hypothesized that the human FFR may preserve pitch-relevant information for speech sounds that elicit time-variant as well as
steady-state pitch percepts. FFRs were elicited in response to the four lexical tones of Mandarin Chinese as well as to a complex
auditory stimulus which was spectrally different but equivalent in fundamental frequency (fy) contour to one of the Chinese tones.
Autocorrelation-based pitch extraction measures revealed that the FFR does indeed preserve pitch-relevant information for all
stimuli. Phase-locked interpeak intervals closely followed f;. Spectrally different stimuli that were equivalent in F similarly showed
robust interpeak intervals that followed fy. These FFR findings support the viability of early, population-based ‘predominant
interval’ representations of pitch in the auditory brainstem that are based on temporal patterns of phase-locked neural activity.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Voice pitch is a fundamental auditory perceptual at-
tribute that is important for the perception of speech
and music. The evaluation of neural mechanisms under-
lying pitch perception provides an avenue to under-
stand the neural basis of processing auditory informa-
tion. Pitch perception and its physiological bases
remain topics of controversy up to the present. Most
periodic complex sounds (including speech) evoke low
pitches associated with their fundamental frequency,
sometimes termed periodicity pitch (deBoer, 1976;
Evans, 1978; Moore, 1989). Energy may or may not
be present at the fundamental frequency. In contrast,
place or spectral pitch is associated with individual fre-
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quency components (Goldstein, 1973; Terhardt, 1973;
Burns and Viemeister, 1976; Moore and Glasberg,
1986).

Several classes of neural information processing mod-
els have been proposed to account for the pitch of
complex tones. Rate place neural models use spatial
discharge rate patterns along tonotopically organized
neural maps to represent the stimulus spectrum. Pitch
is then extracted by spectrally based pattern recognition
mechanisms that detect patterns of excitation produced
by harmonically related components (Goldstein, 1973;
Terhardt, 1973). Temporal place models utilize local
discharge synchrony information between neighboring
neurons (Young and Sachs, 1979), or interspike inter-
vals within single neurons (Srulovicz and Goldstein,
1983) to form a frequency-based central spectrum rep-
resentation. This frequency domain representation is
then analyzed by the pattern recognition mechanisms
(Whitfield, 1970; Miller and Sachs, 1984).
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Purely temporal models use the population interval
distribution derived by combining interspike intervals
of single auditory neurons over a broad range of char-
acteristic frequencies. It has long been appreciated that
discharge periodicities and interspike intervals related
to the fundamental are present in the responses of audi-
tory nerve fibers (Young and Sachs, 1979; Rose, 1980;
Delgutte, 1980; Voigt et al., 1982; Evans, 1983; Miller
and Sachs, 1984; Greenberg, 1986; Palmer et al., 1986).
The predominant interval hypothesis holds that the per-
ceived pitch corresponds to the most frequent interspike
interval present in the auditory nerve at any given time
(Licklider, 1951; Moore, 1980; Meddis and Hewitt,
1991; Cariani and Delgutte, 1996). Using computer
simulations of the auditory nerve, Meddis and Hewitt
(1991) concretely demonstrated the plausibility of the
hypothesis. In their electrophysiological study, Cariani
and Delgutte (1996) recorded responses of cat auditory
nerve fibers and combined interval distributions from
many fibers to form an estimate of population interval
distribution in the entire auditory nerve. Many deep
correspondences between features of these interval dis-
tributions and to patterns of human pitch judgments
for a variety of complex sounds were found in the
two studies. It thus appears that a central processor
capable of analyzing these intervals can provide a uni-
fied explanation for many different aspects of pitch per-
ception (Meddis and O’Mard, 1997; Cariani, 1998).
Thus, neural phase-locking plays a dominant role in
the neural encoding of low pitch associated with com-
plex sounds. Neural phase-locking in the auditory nerve
and cochlear nucleus neurons has also been implicated
in the temporal encoding of the spectra of steady-state
and time-variant speech sounds (Young and Sachs,
1979; Sachs et al.,, 1983; Miller and Sachs, 1983,
1984; Palmer et al., 1986; Blackburn and Sachs,
1990; Keilson et al., 1997; Rhode, 1998; Recio and
Rhode, 2000).

The scalp-recorded human frequency-following re-
sponse (FFR) reflects sustained phase-locked activity
in a population of neural elements within the rostral
brainstem (Worden and Marsh, 1968; Marsh et al.,
1974; Smith et al., 1975; Glaser et al., 1976). Because
the FFR encompasses responses of multiple neural sub-
populations with different best frequencies and response
latencies, more stimulus-related temporal information
may be available in single units and local neuronal en-
sembles than in the population response as a whole.
Stimulus-related temporal structure observed in the
FFR therefore forms the lower limit of the neural tim-
ing information potentially available for neuronal infor-
mation processing at the rostral brainstem level.

We recently demonstrated that the phase-locked ac-
tivity underlying the FFR does indeed preserve spectral
peaks corresponding to the first two formants of both

steady-state speech-like sounds (Krishnan, 1999, 2002)
and time-variant speech-like sounds (Krishnan and Par-
kinson, 2000; Plyler and Ananthanarayan, 2001). The
human FFR preserves pitch-relevant information about
complex sounds that produce time-invariant pitch
(Greenberg et al., 1987), leading them to conclude
that pitch-relevant neural activity is based on the tem-
poral pattern of neural activity in the brainstem.

In light of these earlier findings, it is postulated that
the phase-locked activity underlying the FFR genera-
tion is also sufficiently dynamic to encode time-varying
pitch of speech sounds. The specific aims of this study
are to determine whether the phase-locked activity
underlying FFR generation (1) is sufficiently dynamic
to represent the pitch of stimuli that produce a more
complex range of pitch percepts, including changes in
trajectory and direction of pitch change; (2) is more
robust for rising versus falling pitch trajectories; (3)
preserves certain spectral features of the complex stim-
uli; and (4) supports the predominant interval hypoth-
esis by showing phase-locked interval bands for stimuli
that are equivalent in pitch but differ in their spectra.

To address aims 1-3, FFRs were elicited from the
four (Mandarin) Chinese tones [similar to, e.g., Tone
1, ma"gh1evel ‘mother’; Tone 2, maeh 1sing ‘hemp’; Tone
3’ malow falling—rising ‘hOI‘SG’; and Tone 4’ mahigh falling
‘scold” (Howie, 1976)]. This tonal space provides an
optimal window for investigating FFRs in response to
time-varying fy contours associated with monosyllabic
speech sounds. To address aim 4, FFRs in response to
Chinese Tone 3, which exhibits a bidirectional f, con-
tour, are compared to FFRs elicited in response to a
complex auditory stimulus that exhibits the same fy
contour but whose spectral composition is different.

2. Methods
2.1. Subjects

Thirteen adult native speakers of Mandarin, ranging
in age from 21 to 27 years, participated in the study.
Hearing sensitivity in all subjects was better than 15 dB
HL for octave frequencies from 500 to 8000 Hz.

2.2. Stimuli

FFRs were elicited using a set of monosyllabic Chi-
nese syllables that were chosen to contrast the four
lexical tones (pinyin Roman phonemic transcription):
yi! ‘clothing’, yi> ‘aunt’, yi® ‘chair’, yi* ‘easy’. This par-
ticular stimulus set allows us to address issues related to
encoding of spectra and voice pitch. First, all four lex-
ical tones have average pitch trajectories and harmonics
that lie within the range of easily recordable FFRs.
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Second, the tonal inventory includes fj trajectories that
exhibit complex contour and directional changes in
pitch (unidirectional rising = Tone 2; unidirectional fall-
ing=Tone 4; bidirectional falling-rising=Tone 3).
Third, these four monosyllables permit us to evaluate
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Fig. 1. Acoustic spectra (left panels) and Fy contours of the stimuli (right panels). The four formants are identified. Note that yi’ and hum?

are spectrally different but have identical F contours.
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from an adult male speaker (Xu, 1997). Vowel formant
frequencies were steady-state and held constant across
the four syllables: F; =300 Hz; F, =2500 Hz; F5=3500
Hz; and F4=4530 Hz (Howie, 1976). Tonal duration
was normalized to 250 ms including the 5 ms linear rise
and fall times. These stimuli make it possible to eval-
uate FFRs elicited by different f; contours in a fixed
spectral context. The acoustic spectra and f; contours
of these four stimuli are shown in Fig. 1.

In addition, FFRs were elicited from a ‘hum’ version
of yi? ‘chair’, hereafter referred to as hum?. This stim-
ulus was created by extracting the f; contour of yi’
using the Praat speech synthesis and signal analysis
software (Praat, Institute of Phonetic Sciences). Dura-
tion, fy, and intensity characteristics of the speech stim-
ulus were preserved in its hummed counterpart. For-
mant frequencies were steady-state, albeit different:
Fi =610 Hz; F,=1425 Hz; F;=2380 Hz; and
Fy=3414 Hz. It was designed to test the predominant
interval hypothesis, which asserts that pitch is primarily
determined by a purely temporal encoding scheme,
thereby achieving pitch equivalence for stimuli that dif-
fer in spectra. The acoustic spectrum and fy contour of
hum? is also shown in Fig. 1. All stimuli were con-
trolled by a signal generation and data acquisition sys-
tem (Tucker-Davis Technologies, System II). The syn-
thesized stimulus files were routed through a digital to
analog module, and presented monaurally to the right
ear through magnetically shielded insert earphones (Bi-
ologic, TIP-300).

2.3. Recording system

Subjects reclined comfortably in an acoustically and
electrically shielded booth. Evoked responses were re-
corded differentially between scalp electrodes placed on
the midline of the forehead at the hairline and the 7th
cervical vertebra (C7 location). Another electrode
placed on the mid-forehead (‘Fpz’) served as the com-
mon ground. The inter-electrode impedances were
maintained below 3000 Q. The EEG inputs were am-
plified by 200000 and band-pass filtered from 100 to
3000 Hz (6 dB/octave roll-off, RC response character-
istics). Each response waveform represents an average
of 2000 stimulus presentations over a 260 ms analysis
window using a sampling rate of 20 kHz.

2.4. Experimental protocol

FFRs were recorded for each subject for right ear
stimulation in all five test conditions — yi', yi?, yi?,
yi*, and hum?. All stimuli were presented monaurally
at 60 dB nHL at a repetition rate of 3.13/s. The order of
test conditions was randomized both within and across

subjects. All subjects gave informed consent in compli-

ance with a protocol approved by the Institutional Re-
view Board of Purdue University.

2.5. Response evaluation

(1) Narrow-band spectrograms (using a Gaussian
window) were obtained for each of the grand averaged
FFRs to determine the spectral composition and mag-
nitude of the phase-locked neural activity (see Fig. 5).
Grand averaged FFR for each stimulus was derived by
averaging the FFRs obtained from each of the 13 sub-
jects. (2) The ability of the FFR to follow the pitch
change in the stimuli was evaluated by extracting the
pitch contour from the grand averaged FFRs using a
periodicity detection short-term autocorrelation algo-
rithm (Boersma, 1993). Essentially, this algorithm per-
forms a short-term autocorrelation analysis on a num-
ber of small segments (frames) taken from the signal
(stimuli and FFR). This analysis yielded estimates of
both pitch period (the time lag associated with the au-
tocorrelation maximum) and pitch strength (the magni-
tude of the normalized autocorrelation peak expressed
as harmonic-to-noise ratio ranging from 0 to 1). Pitch
contours were computed for the stimuli (Fig. 1) and
from the grand averaged FFRs (Fig. 2). Pitch strength
measures obtained from the FFRs recorded from indi-
vidual subjects for each stimulus (over the duration of
the response) were used to construct the average auto-
correlation magnitude shown in Fig. 4. We use the term
pitch strength to convey the degree of periodicity in the
neural activity underlying the FFR and it is used here
as a qualitative index of pitch salience. A similar mea-
sure of pitch salience has demonstrated good corre-
spondence between the normalized magnitude of the
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Fig. 2. FFR voice pitch contours (solid lines) superimposed on stim-
ulus Fy contours (broken lines) for the four Chinese speech sounds
(yi': flat; yi?: rising; yi’: bidirectional; and yi*: falling). Pitch was
extracted using a short-term autocorrelation algorithm (Boersma,
1993) on multiple frames of the signal utilizing a Hanning window
of effective length equal to 0.04 s.
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autocorrelation peak and perceived pitch salience for a
number of low pitch complex sounds (Cariani and Del-
gutte, 1996). (3) Short-term autocorrelation functions
and running autocorrelograms were computed for the
stimuli and the grand averaged FFRs to show the var-
iation of FFR periodicities over the duration of the
response (Fig. 3). The autocorrelogram is an expansion
of the signal that plots post-stimulus onset time vs. time
lag, i.e., ACG(t,7) = X(t) X X(t—1) for each time ¢ and
time lag 7. Thus the autocorrelogram represents the
running distribution of all-order intervals present in
the population response. Virtually the same algorithm
was used by Cariani and Delgutte (1996) to obtain their
autocorrelograms to visualize time-varying changes in
all-order interspike interval distributions associated
with changing fundamentals. A repeated measures anal-
ysis of variance (ANOVA) was conducted to determine
whether pitch strength varied as a function of the f
contours associated with the four Chinese tones.

3. Results
3.1. Representation of voice pitch

Pitch contours extracted from the FFR (solid lines)
to each of the four speech stimuli are superimposed on
their corresponding stimulus f; contours (broken lines)
in Fig. 2. It is clear from this figure that the phase-
locked FFR activity carrying pitch-relevant information
faithfully follows the pitch changes presented in each
stimulus.

The short-term autocorrelation functions and the
running autocorrelograms for all five stimuli and their
corresponding grand average FFRs are plotted in Fig.
3. The stimulus autocorrelation functions reveal major
maxima at the fundamental period 1/fp and its multi-
ples. Minor maxima reflect the formant period 1/F; and
its multiples. For example, stimulus yi! (top left panel)
shows a major peak at about 7.69 ms (which is equal to
1/fy and the pitch heard). A second major peak at about
15.38 ms (right edge of the plot) represents interval
spanning two fundamental periods. These interval mul-
tiples (e.g., 1/fy, 2/fp) reflect stimulus periodicities and
the autocorrelation-like properties of interval represen-
tation. The first minor peak (long arrow) at about 3.33
ms is associated with the formant period 1/F; and the
second minor peak at about 13.32 ms corresponds to
4/F,. Consistent with its autocorrelation function, the
autocorrelogram for this stimulus shows dark bands
corresponding to these intervals with the densest band
associated with the fundamental period. The stimulus
autocorrelation functions for yi* and hum? are different
with hum?® showing a greater number of f; and F; in-
tervals. This difference is more clearly indicated in the

autocorrelograms and reflects the spectral difference be-
tween these two stimuli.

While there is a close correspondence between the
stimulus and FFR autocorrelation functions for yi!,
yi’ (albeit the minor peaks are very small) and yi?,
the FFR autocorrelation functions for yi* and hum?
show a single broad maximum. Consistent with the
stimulus autocorrelation functions, the FFR autocorre-
lograms for yi', yi* and yi’> (to a lesser extent) show
three interval bands that reflect phase-locked activity
at 1/fy, 1/F; (indicated by the arrowhead), and 4/F),
with the densest band for all three stimuli associated
with the fundamental period. Similarly, the autocorrelo-
grams for yi’ and hum?® exhibit a single interval band
that is closely related to the time-varying fundamental
period 1/fy. The interval band corresponding to 1/Fj,
while present, is not easily discernible in the FFR au-
tocorrelograms for yi® and the time-varying portion of
yi*. In general there appears to be a suppression of non-
fo intervals. The relatively more diffused interval
(broader band) at 1/f for the FFR to yi® may simply
represent inadequate resolution of three intervals — the
fundamental period, one interval above, and one inter-
val below the fundamental period. Also, it is notewor-
thy that the FFR autocorrelograms for yi* and hum?
were virtually identical given that these stimuli showed
differences in spectra, autocorrelation functions, and
autocorrelograms.

The average FFR pitch strength for each of the four
speech stimuli is plotted in Fig. 4. A repeated measures
ANOVA showed a significant effect of stimulus type on
pitch strength [F(4,44) =7.30, P=0.0009]. A test for the
linear contrast, (yi’+yi®)—(yi'+yi%), indicated that the
pitch strengths for yi? and yi’, both of which contain
rising fo segments, were significantly greater than those
for yi' and yi* [F(1,41)=20.97, P <0.0001]. Also, there
was no significant difference in pitch strength between
yi* and hum’.

3.2. Representation of spectral components

Stimulus spectrograms and grand averaged FFR
spectrograms are plotted in Fig. 5. The spectrograms
of all five stimuli (left panels) reveal energy bands at
several multiples of f; with the expected stronger energy
bands at Fj-related harmonics (h,, h; for stimulus
yi' —yi* and hg, h7 for stimulus hum?). Like the stimulus
spectrograms, the FFR spectrograms (right panels) for
each stimulus show energy bands at several harmonics
and appreciably stronger bands at Fj-related harmon-
ics. However, unlike the stimulus spectrograms, the re-
sponse spectrograms also show strong phase-locked
neural activity at f; and harmonics proximal to 2Fj.
Finally, the FFR tracking of the formant-related har-
monics is stronger and continuous over the stimulus
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duration for yi’> compared to the relatively weaker
tracking, particularly for the falling segment in the har-
monic, observed for yi*.

4. Discussion
4.1. Representation of voice pitch

The results of this study clearly demonstrated that for
several stimuli with time-varying fo contours, the prom-
inent interval band in the phase-locked FFR neural
activity followed closely the fundamental period (1/fp).
These findings suggest that a robust neural temporal
representation for pitch is preserved in the phase-locked
neural activity of an ensemble of neural elements in the
rostral brainstem. These findings are consistent with
Greenberg et al. (1987), who reported that the FFR
encoded pitch-relevant information to complex stimuli
with time-invariant fundamental frequency. They con-
cluded that this pitch-relevant activity reflected in the
FFR is based on the temporal discharge patterns of
neurons in the rostral brainstem pathways instead of
neural activity synchronized to the envelope of the sig-
nal waveform (Hall, 1979). Specifically, the FFR ampli-
tude for a three-tone complex was not appreciably al-
tered by changes in the envelope modulation depth.

Our findings are also consistent with reports of tem-

poral discharges of auditory nerve fibers in response to
complex harmonic stimuli, which used interspike inter-
val distributions (Evans, 1983; Greenberg, 1986; Voigt
et al., 1982) or period histograms (Delgutte, 1980; Mill-
er and Sachs, 1984; Palmer et al., 1986; Young and
Sachs, 1979). These data indicate that interspike inter-
vals and/or discharge periodicities related to the funda-
mental are present in the responses of many single audi-
tory nerve fibers. Cariani and Delgutte (1996) were the
first to combine interval distributions from many fibers
to form an estimate of population interval distribution
and its correspondence to human pitch judgments.
They demonstrated that for a variety of complex stimuli
with fundamental frequencies ranging from 80 to 500
Hz, the most frequent interspike interval in the auditory
nerve corresponds closely to the perceived low pitch.
Thus, neural phase-locking plays a dominant role in
the neural encoding of low pitch associated with com-
plex sounds. The relationship between the FFR and
temporal discharge patterns of single units is neither
overly simple nor complex. Both population response
synchronies and interspike interval patterns are direct
products of stimulus-locked neuronal activity, and are
therefore intimately related. Based on what is known
about neuronal responses in the cochlear nuclei to peri-
odic stimuli, it is very likely that any periodicities ob-
served in the FFR would also be present in single units
and local ensembles. In the present study, the consistent
observation of close correspondence between the best
pitch estimates (following closely the fj) and the prom-
inent band of FFR neural interval in the autocorrelo-
grams of all stimuli strongly supports the predominant
interval hypothesis for voice pitch at the brainstem lev-
el. Moreover, robust encoding of the Chinese speech
stimuli that change not only in pitch trajectory but
also in direction suggests that this temporal pitch en-
coding mechanism is dynamic.

In this study, the FFR autocorrelograms, depicting
the prominent phase-locked interval band at 1/f;, were
essentially similar for stimuli that were spectrally differ-
ent but produced equivalent pitch percepts (yi’ vs.
hum?). Auditory nerve single-unit population responses
elicited by a variety of spectrally different sounds sim-
ilarly produce the same pitch (Cariani and Delgutte,
1996). Specifically, the predominant interval for all
stimuli corresponded to their common pitch (1/f).
These findings taken together strongly support a tem-
poral code for voice pitch based on temporal distribu-

«—

Fig. 3. Short-term autocorrelation functions and running autocorrelograms for all stimuli (left pair) and for grand averaged FFR (right pair).
The autocorrelation functions exhibit major maxima (short arrows) at the fundamental period (1/fy) and shorter delay minor maxima (long ar-
rows) at the formant-related harmonic (1/F;). Other peaks (more apparent for the stimulus) in the autocorrelation function represent subhar-
monics and harmonics of fy and F;. The dark interval bands in the autocorrelograms represent distribution of stimulus and FFR periodicities.
The densest band (more apparent for the FFR) corresponds to the fundamental period (1/fy). The arrow heads point to interval bands corre-
sponding to 1/F;. Note the general correspondence between the autocorrelation peaks and the location of the prominent interval bands.
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tion of phase-locked neural activity in a population of
neural elements.

Another interesting finding on voice pitch is that the
FFR pitch strengths for yi’ and yi® are greater than for
yi' and yi*. It has previously been demonstrated that
the FFR amplitude for falling tonal sweeps is smaller
than that for corresponding rising tonal sweeps
(Krishnan and Parkinson, 2000). Similar selectivity to
rising tonal sweeps has been observed for cochlear mi-
crophonics (Shore and Cullen, 1984), eighth nerve com-
pound action potentials (Shore and Nuttall, 1985), and
responses of the ventral cochlear nucleus units (Shore et
al., 1987). Specifically, relative phase measurements of
microphonic potentials suggest that displacements of
the cochlear partition towards either scala occur closely
together in time for rising tones, but are dispersed in
time for falling tones (Shore and Cullen, 1984). Conse-
quently, rising tones produce relatively greater syn-
chrony in the eighth nerve activity than falling tones.
In fact, the eighth nerve compound action potential
(CAP) evoked by a rising tone is larger in amplitude
(reflecting more synchronous activity) than the CAP to
falling tones (Shore and Nuttall, 1985). This response
asymmetry is further indicated by differential temporal
response patterns to rising and falling tones for single
units in the ventral cochlear nucleus (Shore et al., 1987).
It is plausible that differences in FFR pitch strength
between Chinese tones with rising and falling f; con-
tours may reflect a differential temporal response pat-
tern for rising and falling tones among the neural ele-
ments generating the FFR. Consistent with this notion
is our observation of relatively more robust FFR rep-
resentation of harmonics in the dominant region for
pitch for the stimuli with rising contour compared to
the stimulus with falling contour. This observation ap-
pears to suggest that the greater pitch salience for the
rising stimulus may be due to its more effective activa-
tion of frequencies in the dominant pitch region (Fla-
nagan and Guttman, 1960a,b; Ritsma, 1967; Plomp,
1967).

Finally, the autocorrelograms, particularly for the
time-varying segments of yi* (falling contour) and, to
a lesser extent, yi’ (rising contour), showed suppression
of components surrounding fy. While the basis of this
suppression is unclear, at least it does not appear to be
simply an artifact introduced by the analysis algorithm
(given that the autocorrelograms for all stimuli clearly
show multiple bands corresponding to intervals other
than f;). Consistent with the spectral data (Fig. 5) it

is possible that the absence of phase-locked bands (or
the presence of lighter weaker bands) at intervals other
than f, (particularly for the changing contour in yi*) in
the autocorrelogram may simply reflect degraded phase-
locking at these non-f; frequencies resulting from dis-
ruption of neural synchrony. The systematic character-
istic frequency-dependent latency shifts due to cochlear
delays in the low frequency region could produce this
disruption. That is, the 1/f; interval dominates because
other intervals are more widely distributed and there-
fore are smeared out. However, it is not clear why a
falling contour would be more susceptible to such a
disruption. While the underlying mechanisms are not
clear these findings collectively suggest that the auditory
system is more sensitive to upward sweeping tones.

Human psychophysical experiments do, in fact, sup-
port this view. The just-noticeable difference (JND) for
change in frequency of sweep tone stimuli is smaller for
rising tones than for falling tones (Shore et al., 1987),
and detection thresholds for rising tones are lower than
those for falling tones (Collins and Cullen, 1978; Cullen
and Collins, 1979; Nabelek, 1978). Discrimination of
falling sweeps requires longer durations and/or higher
sweep rates than rising sweeps (Schouten, 1985). Turn-
ing to naturally spoken Dutch stimuli, JNDs indicate
that changes in the size of pitch rises are easier to dis-
criminate than changes in the size of otherwise identical
pitch falls ('t Hart, 1974). Using synthetic speech stim-
uli, Klatt (1973) demonstrated that the JNDs for detec-
tion of changes in slope of linear F, ramps show great-
est sensitivity when one ramp is rising and the other is
falling. Based on multidimensional scaling analyses of
synthetic speech stimuli, the underlying perceptual di-
mension related to direction of pitch change in the stim-
ulus space separates primarily rising vs. non-rising fo
movements (Gandour and Harshman, 1978; Gandour,
1983).

4.2. Representation of spectral components

For all stimuli in this study, the FFR spectrograms
show clearly discernible peaks at the fundamental fre-
quency and its harmonics. These data suggest that the
sustained neural activity in a population of auditory
brainstem neurons is phase-locked to the individual
harmonics of the complex Mandarin Chinese stimuli.
It is well established that the FFR is a sustained re-
sponse reflecting phase-locking in a population of neu-
ral elements within the rostral brainstem (Worden and

«—

Fig. 5. Narrow-band spectrograms of stimuli (left panels) and grand averaged FFRs (right panels). Spectrograms were obtained utilizing a
Gaussian window of 29 ms length; frequency step =20 Hz; and a dynamic range =50 dB. First formant (F;) frequency and fj-related harmon-

ics (h1—h7) are identified.
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Marsh, 1968; Marsh et al., 1974; Smith et al., 1975;
Glaser et al., 1976). Phase-locking, as reflected in the
FFR, has been demonstrated for pure tones (Moushe-
gian et al., 1973; Gardi et al., 1979; Ananthanarayan
and Durrant, 1992), complex steady-state stimuli (Hall,
1979; Greenberg et al., 1987; Krishnan, 1999, 2002),
and time-variant stimuli (Krishnan and Parkinson,
2000; Plyler and Ananthanarayan, 2001). The human
FFR spectrum, in response to several steady-state syn-
thetic vowels, indeed shows clear and distinct peaks
corresponding to the two formant frequencies
(Krishnan, 2002).

Auditory nerve single-unit population studies have
clearly established that neural phase-locking is a pri-
mary basis for encoding synthetic speech-like sounds
(Reale and Geisler, 1980; Young and Sachs, 1979;
Voigt et al., 1982; Sachs et al., 1983; Miller and Sachs,
1983, 1984). Phase-locked activity to the formant har-
monics dominates the temporal response patterns.
Moreover, a good estimate of the stimulus spectrum
can be derived from these response patterns. Separate
populations of auditory nerve neurons are involved in
encoding the first and the second formant of the speech-
like sounds. Place-specific FFRs have been reported in
response to a moderate intensity 500 Hz tone burst
(Ananthanarayan and Durrant, 1992) and complex
tones (Greenberg, 1980; Greenberg et al., 1987); the
presence of distinct peaks not only at F; and F, but
also at a frequency corresponding to the 2f;—f> distor-
tion product in the FFR to two-tone vowels (Krishnan,
1999, 2002). A similar conclusion has been drawn about
tonotopic specificity of the FFR to complex tones based
on latency measures for different carrier frequencies
(Greenberg, 1980; Greenberg et al., 1987). The ability
of the FFR to systematically follow the frequency
change presented in an upward and a downward swept
tone burst (Krishnan and Parkinson, 2000) argues
strongly for separate populations of neurons contribut-
ing to the multiple peaks present in the FFR to com-
plex stimuli. That is, each harmonic forming the com-
plex stimuli used in this study would produce place-
specific activity in the cochlea, which then would acti-
vate an ensemble of neurons in the brainstem with dif-
ferent characteristic frequencies. Bledsoe and Moushe-
gian (1980) interpreted the presence of multiple peaks in
their 500 Hz FFR to suggest that multiple brainstem
sites contributed to its generation. Thus, the spectral
peaks in the FFR at several different harmonics for
all stimuli may very well reflect phase-locked activity
from distinct populations of neurons. However, it is
also possible that the broadly tuned single units in the
lower brainstem with similar characteristic frequencies
(Rhode, 1994) could contribute to the encoding of fre-
quency change presented in the sweeping stimuli used in
our study.

Another observation in the results of this study was
that the FFR spectrum for the five different stimuli was
dominated by the response peaks at F; harmonics with
the higher harmonics showing appreciably smaller re-
sponse magnitudes. Similar response behavior has been
observed for both the auditory nerve fiber response to
tonal approximations of vowels (Reale and Geisler,
1980) and synthetic speech sounds (Young and Sachs,
1979); and for the human scalp-recorded FFR re-
sponses to two-tone vowel approximations (Krishnan,
1999) and steady-state synthetic speech sounds
(Krishnan, 2002). Young and Sachs (1979), using syn-
thetic steady-state vowels, observed that the auditory
nerve single-unit temporal response to the first formant
was the largest, particularly for the higher intensity lev-
els. These authors explain that at low intensities, the
temporal response to each stimulus component is max-
imal among units with characteristic frequencies near
the frequency of the component — i.e., the response is
place-specific. But, as sound level is increased, the re-
sponse to the formants, particularly the first formant,
not only increases near their place but also spreads
primarily toward a place characterized by units with
higher characteristic frequency (synchrony spread).
Thus, it is possible that the additional contribution to
the first formant by these higher characteristic fre-
quency neurons could account for the dominance of
the response at the first formant harmonics, not only
in the single-unit population data but also in the FFR
data presented in this paper. However, it is also plau-
sible that the smaller amplitude for the higher harmon-
ics in our FFR data may, at least in part, reflect the
decreasing phase-locking ability with increasing fre-
quency observed for both FFR (Gardi et al., 1979)
and single-unit responses (Palmer et al., 1986).

The FFR data also showed a dominance of the har-
monics closest to the first formant frequency and its
multiples (compared to the non-formant harmonics).
Similar results were observed for FFR to steady-state
synthetic vowels (Krishnan, 2002). This observation
may be suggestive of the formant capture phenomenon
described for the single-unit population data (Delgutte
and Kiang, 1984; Ghitza, 1988; Greenberg, 1988, 1994,
1996; Young and Sachs, 1979). That is, the responses of
fibers with best frequencies near a formant frequency
are captured by the largest harmonic near the formant.
Both the synchrony spread and the capture phenome-
non reflect non-linear signal processing in the cochlea
and are believed to contribute to the robust nature of
the temporal encoding process.

5. Implications

Our knowledge about processing of speech sounds in
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the mammalian nervous system is largely derived from
animal single-unit population studies at the level of the
auditory nerve and cochlear nucleus. These studies have
demonstrated that the temporal place code is indeed
preserved at these auditory loci. However, it is not
known if the temporal place scheme is preserved at
more rostral levels in the brainstem where neural
phase-locking is limited to frequencies below about
2000 Hz. For any scheme of neural representation to
be effective in information transfer it has to be pre-
served in some manner all along the auditory neuraxis
up to the decoding site. To the extent that the FFR
reflects sustained phase-locked neural activity restricted
to the rostral brainstem, the encoding of both spectral
components and voice pitch-relevant information of
Chinese monosyllables in the FFR suggests that neural
encoding based on phase-locking is indeed preserved at
higher levels (presumably, at the level of the lateral
lemniscus and/or inferior colliculus) in the human
brainstem.

Thus, the scalp-recorded FFR provides a non-
invasive window to view neural processing of voice
pitch in human speech sounds at the level of the
auditory brainstem. Directions for future research in-
clude cross-linguistic studies which compare the pitch
strength of Chinese tones when presented to native
Chinese speakers, speakers of non-tone languages
(e.g., English), and speakers of other tone languages
(e.g., Thai). If based strictly on acoustic properties of
the stimulus, FFRs in response to time-varying f; con-
tours at the level of the brainstem are expected to be
homogeneous across listeners regardless of language ex-
perience. If, on the other hand, FFRs vary to some
extent depending on long-term language learning, they
may be somewhat heterogeneous depending on how f
cues are used to signal pitch contrasts in the listener’s
native language. Another interesting question is
whether language-specific ear asymmetries for cortical
voice pitch representation, as seen in dichotic listening
studies of lexical tones (Van Lancker and Fromkin,
1973; Wang et al., 2001), are already evident at the
brainstem level.

Finally, autocorrelation-based analysis methods ap-
pear to be not only more robust than simple FFT meth-
ods for extracting pitch-relevant information, but also
are readily applicable to FFR data.
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