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Summary.—Neural plasticity of pitch processing mechanisms at the human
brainstem, as reflected by the scalp-recorded frequency-following response (FFR)
to voice pitch, has been reported for normal-hearing adults. Characteristics and
maturation of such a response during the first year of life have remained unclear.
The purpose of this study was to examine the characteristics of FFR to voice pitch
in normal-hearing infants and to make a direct comparison with adults using the
same stimulus and recording parameters. 9 infants and 9 adults were recruited.
A Chinese monosyllable that mimics the English vowel /i/ with a rising pitch was
used to elicit the FFR to voice pitch. The results demonstrated that infant FFRs
showed slightly larger Pitch Strength but comparable Frequency Error, Slope Error,
and Tracking Accuracy to those obtained from adults. Early maturation of FFRs was
also observed in the infants starting from 1 to 3 mo. of age.

Voice pitch carries important cues for speech perception in human
languages. Objective measures of the brainstem’s processing of voice pitch
are particularly important because auditory comprehension and language
acquisition occur very early in life. For individuals who can provide re-
liable behavioral feedback, such as normal-hearing adults, the listener’s
processing of voice pitch can be examined through behavioral testing.
For individuals who are unable to provide reliable behavioral feedback,
such as infants, examination of a listener’s processing of voice pitch pos-
es a great challenge. Traditionally, infants” processing of certain acoustic
features of speech stimuli has been evaluated through behavioral mea-
surements, such as sucking behavior and eye gaze patterns. To date, there
have been a number of studies suggesting that distinctive patterns of voice
pitch can be detected and produced relatively early in life. Bever, Fodor,
and Weksel (1965) stated that infants effectively master a variety of voice
pitch patterns before they learn any words at all. Kaplan (1970) showed
that normal patterns of falling and rising voice pitch can be discriminated
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by infants at about 8 mo. of age. Crystal (1973) and Kuhl, Williams, Lac-
erda, Stevens, and Lindblom (1992) also demonstrated that the time peri-
od most likely showing emergence of voice pitch perception occurs at ap-
proximately 6 mo. of age. Behavioral measurements, however, are limited
by an infant’s overall maturity and ability to participate actively through-
out the duration of testing. Given the possibility that behavioral measure-
ments underestimate infants’ maturation of voice-pitch perception, it is
hypothesized that infants’ perception of voice pitch is mature at a stage
earlier than 6 mo. of age.

Electrophysiological measurements have an important advantage
over behavioral tests in that electrophysiological techniques can be used
to evaluate the voice-pitch processing mechanisms in infants and do not
require their active participation. Several neurophysiological responses
such as Auditory Brainstem Responses (ABR; Hecox & Galambos, 1974;
Mochizuki, Go, Ohkubo, Tatara, & Motomura, 1982; Salamy, 1984; Stapells
& Mosseri, 1991), Auditory Evoked Middle Latency Responses (AMLR;
Kraus, Reed, Smith, Stein, & Cartee, 1987; Fifer & Sierra-Irizarry, 1988),
Auditory Evoked Late Latency Responses (ALLR; Ohlrich & Barnet, 1972;
Barnet, Ohlrich, Weiss, & Shanks, 1975; Wunderlich, Cone-Wesson, &
Shepherd, 2006), and Auditory Steady-State Responses (ASSR; Aoyagi,
Kiren, Furuse, Fuse, Suzuki, Yokota, et al., 1994; Levi, Folsom, & Dobie,
1995; John, Brown, Muir, & Picton, 2004) have been used and reported in
infant testing. These responses are typically used to examine the brain’s
response to certain features of sound. For example, the first three alone
(ABR, AMLR, and ALLR) have been used to assess the brain’s responses to
the onset and offset of a stimulus token, and ASSR has been used to study
the brain’s responses to the steady-state portion of sound. However, none
of the above-mentioned neurophysiological measures reflects the listen-
er’s following of the voice pitch of speech sounds.

Recording the frequency-following response (FFR) to voice pitch in
normal-hearing adults was not achieved until recently (Krishnan, Xu,
Gandour, & Cariani, 2004; Dajani, Purcell, Wong, Kunov, & Picton, 2005;
Aiken & Picton, 2006; Wong, Skoe, Russo, Dees, & Kraus, 2007; Song,
Skoe, Wong, & Kraus, 2008; Hu & Jeng, 2009). Krishnan and associates
(2004) used a set of four different Mandarin tones with different pitch con-
tours and found that the frequency-following response to voice pitch was
distinguishable at the fundamental frequency and harmonics of the stim-
ulus. Wong and colleagues (2007) found that the frequency-following re-
sponse to voice pitch was recordable in musicians and nonmusicians. All
these studies indicated that, when the fundamental frequency and har-
monics of the stimulus were changed over time, the phase-locked frequen-
cy-following response reflected these low frequency pitch contours. Hu
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and Jeng (2009) further reported the proper sensitivity and specificity of
detecting the presence of a frequency-following response to voice pitch in
normal-hearing adults.

Although the FFR to voice pitch has been recorded from normal-hear-
ing adults, it remains unclear whether it is possible to measure such a re-
sponse from infants. If such a response is also recordable in infants, this
technique would provide an objective and noninvasive method to study
pitch processing mechanisms in infants as well as to examine how the re-
sponse changes with age. This technique, then, could also be used to char-
acterize the infant FFRs as well as make direct comparisons with adults
to gain insight on the point of maturity for voice pitch processing in in-
fants. There has been only one paper published reporting the feasibility of
measuring the FFR in infants. Gardi, Salamy, and Mendelson (1979) docu-
mented that infants” FFRs evoked by 20-msec. tone bursts exhibited lon-
ger latencies at 250 and 500 Hz than those recorded in adults. The data re-
ported by Gardi and colleagues supported the concept that it is feasible to
measure FFR in infants from the pitch of a tone burst. Based on literature
of the FFR to voice pitch in adults and the FFR to tone bursts in neonates,
it was also hypothesized that the FFR technique can be a valid method to
evaluate and index the maturation of the brainstem’s processing of voice
pitch during the first year of life.

METHOD
Experimental protocols used in this study were approved by the Ohio
University Institutional Review Board. All infants” guardians and adult
participants signed informed consent prior to data collection. All record-
ings were obtained in an acoustically-attenuated and electrically-shielded
sound booth in the Auditory Electrophysiology Laboratory in the School
of Hearing, Speech and Language Sciences at Ohio University.

Participants

Nine infants (2 boys, M age=5.7 mo., SD=3.4) and nine adults (2 men,
M age=25.1yr., SD=2.8) were recruited. All infants were from native Eng-
lish-speaking households, and all adults were native speakers of English.
Parents of all infants reported that their child passed a newborn hear-
ing screening at birth (which was either an ABR or otoacoustic emission)
and had no neurological or syndromic disorders. All infants also passed
a distortion-product otoacoustic emissions screening (i.e., 6 dB or greater
above the noise floor between the frequencies of 2000\ 8000 Hz) and had
a type A tympanogram prior to completion of the following experiments.
One of the nine infants (Infant 001) attended five testing sessions at 1, 3,
5, 7, and 10 mo. of age. The other eight infants attended one testing ses-
sion. All adult participants had hearing sensitivity <20 dB HL at octave
frequencies between 125 and 8000 Hz.
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Stimulus Presentation

A Chinese monosyllable which mimics an English vowel /i/ with a ris-
ing pitch (117 to 166 Hz) was utilized to evoke the FFR. The speech stimu-
lus was recorded by a male speaker and the token had a duration of 250
msec. with 10 msec. rise and fall times of the stimulus envelope. Stimu-
lus presentation and trigger synchronization were controlled by custom-
made software written in LabVIEW 8.0 (National Instruments, Austin,
TX). Each acoustic stimulus was followed by a silent interval of 50 msec.
before the onset of the next stimulus. This yielded a repetition rate of 3.33/
sec., similar to the 3.13/sec. used by Krishnan, et al. (2004) and Krishnan,
Xu, Gandour, and Cariani (2005). All stimulus tokens were routed through
a 16-bit digital-to-analog converter (National Instruments PCI 6221 input-
output control card, 40,000 samples/sec.) and low-pass filtered through a
Wavetek Filter model 442 (cutoff frequency: 20 kHz, slope 24 dB/octave).
The stimulus tokens were presented monaurally through an electromag-
netically shielded insert earphone (Etymotics, ER-3A) at 60 dB SPL for
adult participants.

To compensate for smaller ear canal volumes commonly observed in
infants, the published age-appropriate RECD (real ear to coupler differ-
ence) values were used to account for the sound-pressure differences be-
tween infants and adults. Specifically, the 1-mo.-old RECD value at 250
Hz is about 5 dB larger (Feigin, Kopun, Stelmachowicz, & Gorga, 1989;
Keefe, Bulen, Arehart, & Burns, 1993; Scollie, Seewald, Cornelisse, & Jen-
stad, 1998; Dillon, 2001) than that measured in adults. To control for these
differences in stimulus intensities inside the ear canal, the stimulus token
was presented at 55 dB SPL for the nine infants who participated in this
study. The RECD value at 250 Hz was used because a value near 125 Hz
(closer to the voice pitch of the stimulus token used in this study) was not
available.

Recording Parameters

Three gold-plated recording electrodes were applied to the midline
of the forehead at the hairline (noninverting), right mastoid (inverting),
and left mastoid (ground) when the stimulus was presented to the right
ear. For those participants whose left ear was stimulated, the inverting
and ground recording electrodes were switched. All electrode impedanc-
es were kept under 3,000 Ohm and balanced within 1,500 Ohm at 10 Hz.
Recordings were amplified (Neuroscan SymAmps™, 24-bit resolution,
gain=2,010, least significant bit: 0.15 nV), filtered (0.05-3500 Hz, 6 dB/oc-
tave), and digitized at a rate of 20,000 samples/sec. A transistor-transistor
logic cable was used for trigger connection between the National Instru-
ment PCI 6221 input/output control card and the Neuroscan system box.
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All recordings were started at least 3 sec. before the first trigger signal and
ended at least 3 sec. after the last trigger. Continuous data were obtained
using Neuroscan Acquire Version 4.4 software and stored on a computer
for offline analysis.

Experimental Protocol

For all infant participants, testing was conducted during regular nap
time. Each infant was either held by a parent or placed in his own carri-
er seat. Once the infant appeared to be in a restful state, the prerecorded
speech stimulus was presented via an insert headphone to the right ear or
the left ear, depending on which ear was exposed after the restful state was
achieved. The stimulus was initially presented at an inaudible level and
slowly increased to testing level. If the infant became restless, the experi-
menter would wait until the infant was calm before proceeding. When the
stimulus reached testing level and the infant still appeared to be in a rest-
ful state, recordings were initiated. Guardians of the infants were asked
to stay in the sound booth and care for the infant as needed. Adult par-
ticipants rested in a comfortable recliner with their eyes closed and were
encouraged to relax during the testing procedure. Although right- ver-
sus left-ear stimulation produced similar brainstem responses (Akhoun,
Gallégo, Moulin, Ménard, Veuillet, Berger-Vachon, et al., 2008), right-ear
advantages have been reported when recording FFRs to speech sounds
(Hornickel, Skoe, Nicol, Zecker, & Kraus, 2009). In this study, acoustic
stimuli were delivered monaurally to the right ear for adult participants.
For infant participants, ear selection was dependent on the ear that was
exposed when the infant fell into a restful state.

A control condition to evaluate the possibility of electrical interfer-
ence between the stimulation equipment and recording electrodes was
conducted at the final portion of each testing session for all infants and
adults who participated. During the control condition, the sound tube was
occluded and moved away from the participant’s ear to prevent audibility
of the stimulus sound.

Data Analysis

All data were analyzed using MATLAB 2008a (MathWorks, Natick,
MA). To isolate better the spectral energies at the f, contour, continuous re-
cordings were digitally bandpass-filtered using a brick-wall, linear-phase
finite-impulse-response filter (100\ 1500 Hz, 500th order). The filtered con-
tinuous data were then segmented into sweeps of 300 msec. in length. An
individual sweep was rejected if it contained voltages greater than +25 pV.
A total of 2,400 sweeps (300 msec. x 2,400 sweeps=12 min.) was collected
for each participant. During each recording condition, usually less than
200 sweeps were rejected per trial. The remaining sweeps were averaged.
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Cross-correlation of the stimulus and recorded waveforms was performed
to identify the time shift (equivalent to the onset of a response) that pro-
duced the maximum cross-correlation value between the 3 to 10 msec. re-
sponse window. Galbraith, Bagasan, and Sulahian (2001) reported that the
FFR recorded via a vertical montage had a mean response latency of 4.38
msec. (ranging from 4.08 to 4.79 msec.). Russo, Nicol, Zecker, Hayes, and
Kraus (2005) measured the FFR latency by finding the highest cross-corre-
lation values within a response time shift of 6 to 9 msec. To encompass all
possible response latencies, a conservative range of 3 to 10 msec. in the re-
sponse window was used to identify the maximum cross-correlation val-
ue. A 250-msec. segment of the recorded waveform was extracted from the
originally recorded waveform starting from the maximum cross-correla-
tion value. The same analytical procedures were applied to all recordings
obtained in the experimental and control conditions.

A narrow-band spectrogram was used to extract the pitch informa-
tion of a sampled signal. All stimulus tokens and recordings were first
segmented using a 50-msec. sliding Hanning window with a step size of
1 msec., which resulted in a total of 201 windowed segments to be ana-
lyzed. To increase the frequency resolution from 20 Hz to 1 Hz, each 50-
msec. segment was zero-padded to 1 sec. before performing fast Fourier
transform (Skoe & Kraus, 2010). In the spectrograms and pitch-tracking
plots, the time shown on the abscissa was used to represent the midpoint
of each 50-msec. windowed segment. For each windowed segment, this
algorithm searched for the frequency corresponding to the maximal peak
of the spectral amplitudes within a predefined frequency range. The fre-
quency that corresponded to the maximal peak of the spectral amplitudes
was determined as the f, estimate for that windowed segment. This proce-
dure was repeated for all windowed segments. All f, estimates were con-
catenated to constitute the f, contour of a recording. A predefined frequen-
cy range (107\176 Hz) was used to fit with the specific pitch contour of the
stimulus and allow a buffer of 10 Hz for error measurements. A buffer of
10 Hz (i.e., an extension above and below the frequency range of the stim-
ulus f) was used to capture possible frequency deviations of the brain-
stem’s responses to voice pitch. The same technique was applied to the
stimulus token and recorded waveforms.

Visualization of FFR to Voice Pitch in Individual Infants

The FFR to voice pitch was visualized by plotting the spectral ener-
gies of the recordings as a function of time. Fig. 1 shows the spectrograms
of the stimulus (left column) and typical spectrograms recorded from an
infant (Infant 003) and an adult (Adult 003; middle column) as well as
the spectrograms of the recordings obtained during the control condition
(right column). Spectrograms of the stimulus showed clear energy at the
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Stimulus Recording Control

Infant 003
Frequency (Hz)

50 100 150 200 50 100 150 200

Adult 003
Frequency (Hz)

50 100 150 200 50 100 150 200 50 100 150 200
Time (msec.) Time (msec.) Time (msec.)

Fic. 1. Spectrograms of the stimulus (left column) and typical recordings of the fre-
quency-following response (middle column) as well as the corresponding recordings ob-
tained during the control condition (right column). The Control condition was conducted
with the sound tube occluded and removed from the listener’s ear. A gray scale on the right
of the spectrograms indicates the spectral amplitude in nV for the recordings and controls
obtained from the infant and adult participants. The spectrograms of the stimulus are plot-
ted on a normalized scale ranging from 0 to 1. Spectrograms were obtained using a Hanning
window of 50 msec. in length; overlap =47.5 msec. in length; and a frequency step=1 Hz.

fundamental frequency and its harmonics. Spectrograms of the record-
ings taken from the infant and adult participants showed clear FFR en-
ergy that followed the fundamental frequency of the stimulus. The FFR
energy following the harmonics was not as clear. For recordings taken
from individual participants, disruptions of the FFR along the fundamen-
tal frequency contour were often observed. Spectrograms of the record-
ings obtained in the control condition showed no FFR at the fundamental
frequency or its harmonics.

Objective Measures

Four objective measures (Frequency Error, Slope Error, Tracking Ac-
curacy, and Pitch Strength) were used to quantify the pitch-Tracking Accu-
racy and phase-locking magnitude of the responses. Each objective mea-
sure was meant to represent a different aspect of pitch processing in the
brainstem. The four objective measures are described as follows.

Frequency Error represented the accuracy of pitch-encoding during the
course of stimulus presentation. This index was computed by finding the
absolute Euclidian distance between the f, contours of the stimuli and re-
cordings and averaging the errors across the 201 windowed segments.
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Slope Error indicated the degree to which the shapes of the pitch con-
tours were preserved in the brainstem. This index was derived by first es-
timating the slope of the regression line of a stimulus f, contour on an f;
-versus-time plot and then subtracting the slope estimate of the stimulus
f, contour from that of a recording. Although Mandarin pitch contours are
curvilinear, a linear regression was conducted on the entire f, contour to
represent the degree to which the overall shape of the f, contour was pre-
served in the recording. Slope estimate of the stimulus token used in this
study was 272 Hz/sec.

Tracking Accuracy (i.e., the regression r value) denoted the overall
faithfulness of pitch tracking between the stimulus and response f, con-
tours. To obtain an estimate of Tracking Accuracy, linear regression was
first conducted on a recording-versus-stimulus f, contours plot. Regres-
sion r value was then denoted as the Tracking Accuracy of the recording.

Pitch Strength measured the magnitude of neural phase-locking to the
f, contour of the stimulus waveform. This index was derived from an au-
tocorrelation function that allowed the measurement of overall period-
icity of a sampled signal. Specifically, each recording (i.e., the entire 250
msec. of a recording) was multiplied by a copy of itself with increasing
time shifts. For each time shift, an autocorrelation value was calculated
and expressed between -1 and 1. f, was calculated using the output of the
autocorrelation function by finding the time shift that yielded the maxi-
mum autocorrelation value and taking the inverse of that time shift (i.e.,
frequency =1/periodicity; e.g., 200 Hz=1/5 msec.). Because the f, contour
of the stimulus token used in this study fell within the frequency range of
100\200 Hz, the time shifts were limited to 5 to 10 msec. when searching
for the location of the maximum peak in the autocorrelation output. Pitch
Strength was calculated using the autocorrelation function by finding
the peak-to-trough amplitude starting from the maximum positive peak
(within the 5- to 10-msec. time shifts) to the following negative trough in
the normalized autocorrelation output.

Statistical Analysis

The null hypothesis, that the FFR to voice pitch is immature during in-
fancy, was tested using two-sample ¢ tests for Frequency Error, Slope Error,
Tracking Accuracy, and Pitch Strength for responses obtained from both in-
fants and adults. The two-sample ¢ test was conducted under the assump-
tion of unequal population variance, after applying a Bonferroni correction
factor (alpha level=0.05/4=0.0125). To determine which of the Infant 001
sessions would be used for infant versus adult statistical comparisons, the
mean age of the other eight infants (5.3 mo. old) was taken into consider-
ation. Thus, Session 3 (5 mo.) was used in combination with other partici-
pants’ data for all statistical comparisons throughout this article.
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Resurts

Spectrograms of the recordings obtained in the nine infants (Infant
001 to Infant 009) are displayed in Fig. 2. Spectrograms are arranged ac-
cording to the age of each infant. Numbers in parentheses indicate each
infant’s age in months. Infant 001 had five visits when she was 1, 3, 5, 7,
and 10 mo. old, respectively. Data recorded from this infant are displayed
in a separate line on the bottom of this figure. Clear FFRs in response to
the voice pitch of the stimulus were observed in all recordings, evidenced
by distinguishable spectral energies which followed the f, contour of the
stimulus. The FFR was also observed on the spectrograms up to the con-
tours of the second, third, or fourth harmonic in some recordings (e.g., In-
fant 001 at 3 and 5 mo. old, Infant 002, Infant 006, and Infant 008). As ex-
pected, the FFR recorded from individual listeners was not as robust as
the grand-mean averages. Specifically, recordings obtained from individ-
ual listeners showed a relatively lower signal-to-noise ratio in the spectro-
gram, which resulted in occasional disruptions of the FFR in response to
the f, contour of the stimulus (e.g., Infant 004 and Infant 001 at 1 mo. old).

Despite the intermittent disruption of the FFR in individual record-
ings, consistent results were obtained from the nine infants; that is, the
FFR to voice pitch was identifiable in all nine infants starting from as
young as 1 mo. old. Although Infant 001 showed a relatively weak re-
sponse at 1 mo. of age, in a longitudinal follow-up of this infant the FFR
to voice pitch became stronger as the infant advanced in age. This finding
indicated a possible maturation trend of how the brain responds to voice
pitch at the brainstem in early stages of life.

Early Maturation of Pitch Encoding in Human Brainstem

Fig. 3 presents Frequency Error (a), Slope Error (b), Tracking Accuracy
(c), and Pitch Strength (d) as a function of age. Data obtained from infants
(left column) were plotted in months of age and data obtained from adults
(middle column) were plotted in years of age. A dashed line in each panel
indicates the mean of the control recordings (for Infant 001, only Session 3,
at 5 mo. old, was included in calculating the mean values). These dashed
lines were treated as the noise floor of the FFR measurements in infants
and adults. For clarity, data obtained from the five visits of Infant 001 were
plotted using a different symbol and connected with solid lines. To illus-
trate better the differences between the FFR to voice pitch in infants and
adults, data from the left and middle columns were replotted in the right
column. Additionally, the descriptive statistics and t test results of the Fre-
quency Error, Slope Error, Tracking Accuracy, and Pitch Strength are sum-
marized in Table 1 for clarity.

A Student t test showed no significant difference in Frequency Er-
ror between recordings obtained from the infant and adult participants
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F1G. 3. Scatter plots of Frequency Error (a), Slope Error (b), Tracking Accuracy (c), and
Pitch Strength (d) recorded from nine infants (left column) and nine adults (middle column).
Longitudinal data obtained from an infant (Infant 001) are presented by dots with crosshairs
and connected with solid lines. Dashed lines in the left and middle columns indicate the
mean of the control recordings, i.e., the noise floor of the FFR measurements in infants and
adults, respectively. Note different abscissa units of age are used for infants and adults. To
illustrate the differences better between the two groups of participants, data presented in the
left and middle columns were replotted using box plots in the right column. The upper and
lower boundaries of each box indicate the 25th and 75th percentiles, respectively. The solid
line within the box marks the median and the dotted line represents the mean. Whiskers
above and below the box indicate the 5th and 95th percentiles, respectively. For Infant 001,
only Session 3 (5 mo. old) was included in the box plots and statistical analysis. p values,
for group comparisons between the infants’ and adults” data, are indicated in the top right
corner of each panel in the right column.
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TABLE 1

DescripTIVE StATISTICS AND f TEST RESULTS FOR THE FFR TO VOICE
PrrcH OBTAINED FROM NORMAL-HEARING INFANTS AND ADULTS

Objective Measure ~ M sD Range t p ES 95%CI
Frequency Error (Hz)
Infants 633 4.29 2.08-16.81 -1.93 0.07 0.87 -8.30,0.40
Adults 10.29 391 4.19-16.45
Slope Error (Hz/sec.)
Infants -7121 99.03 -324.17-1416 176  0.10 0.72 -16.34,167.32
Adults -146.71 70.28 -283.97--43.54
Tracking Accuracy (r)
Infants 076  0.28 0.05-0.98 160 013 077 -0.07,0.52
Adults 053 0.29 0.08-0.94
Pitch Strength
Infants 052 0.24 0.14-1.04 1.84 009 075 -0.03,041
Adults 032 0.17 0.10-0.67

Note.—ES: Cohen'’s d effect size; CI: confidence interval.

(t=-1.87, p=0.96, d=0.87). This finding indicated an early maturation of
FFR to voice pitch, likely at the age of about 1 mo. old. A longitudinal fol-
low-up of Infant 001, who showed a weak response before 1 mo. old, dem-
onstrated a decrement trend for Frequency Error as she advanced in age.
This improvement (i.e., less Frequency Error) suggested a possible mat-
uration for infants who did not show robust responses when they were
young (e.g., 1 mo.), in “catching-up” in the early stages of life (e.g., 3 mo.).
Slope Error, Tracking Accuracy, and Pitch Strength showed trends similar
to Frequency Error.

To compare better the spectral and temporal representations of the
FER to voice pitch in infants and adults, Fig. 4 plots the grand-averaged
spectrograms (a) and time waveforms (b) recorded from the two groups
of participants. In the spectrograms, both the infant and adult participants
showed clear response energies at the f,. Spectral energies at the 2nd, 3rd,
and 4th harmonics, although disrupted, were also visually identifiable in
the two groups of participants. Response amplitudes in nV along the f,
2nd, 3rd, and 4th harmonics of the stimulus for recordings obtained from
infant participants showed comparable results to those obtained from
adults. In the time waveforms, FFRs were not clear in the prestimulus pe-
riod, but became evident after the onset of the stimulus. For Infant 001,
only Session 3 data, at 5 mo. of age, were included.

Discussion
The feasibility of measuring the FFR to voice pitch in infants is indi-
cated in the characteristics of the infant FFR and direct comparisons be-
tween the infants” and adults” FFRs using the same stimulus and record-
ing parameters. Comparable results between these two groups allow the
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Fic. 4. Grand-averaged spectrograms (a) and time waveforms (b) for recordings ob-
tained from normal-hearing infants and adults. A gray scale on the right of the spectrograms
indicates the spectral amplitude in nV. Underlined numeric values on the right of each
spectrogram represent the means and standard deviations (in parentheses) of the spectral
amplitudes in nV at the fundamental frequency, 2nd, 3rd, and 4th harmonics of the grand-
averaged spectrograms. Spectral amplitudes of the harmonics were determined by finding
the spectral peaks closest to those of the stimulus. Spectrograms were obtained using a Han-
ning window of 50 msec. in length, overlap=47.5 msec. in length, and a frequency step=1
Hz. The response time waveforms include a 50-msec. recording prior to the stimulus onset.
The ordinate scale unit of the response waveform is indicated by a vertical bar on the right.

inference that maturation of FFR to voice pitch is early. It is worthwhile to
note that in a longitudinal follow-up of an infant (Infant 001) who did not
show robust FFR at 1 mo. old, an improvement in pitch encoding at age 3
mo. was evident. Such findings agree with the hypothesis that pitch pro-
cessing and neural encoding mechanisms mature in the human brainstem
at a relatively early stage of life.

Visualization of the FFR in Individual Infants

One goal in studying the electrophysiological responses of the brain
has been to develop a technique for use in evaluating the pitch-processing
mechanisms of individual listeners who cannot provide reliable behav-
ioral feedback. Recordings obtained from each individual, however, have
less favorable signal-to-noise ratios than those derived from the grand-av-
eraged waveforms. One challenge in detecting the presence of an FFR is
the relatively low signal-to-noise ratio of the recordings taken from each
individual. The FFR reflects a small-amplitude response, usually on the
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order of several hundreds of nV (Gardji, et al., 1979), whereas the envi-
ronmental and physiological background noises are substantially greater
than the FFR amplitude. To enhance the detectability and visibility of the
FFR, a few procedural steps and precautions were exercised in this study.
First, all waveforms were recorded in an acoustically attenuated and elec-
trically shielded sound booth to reduce environmental noises. Second,
the insert earphone and the stimulation cable were electromagnetically
shielded to minimize electromagnetic leakage from the stimulation equip-
ment to the recording cables. Finally, to visualize better the FFR on the
spectrogram, a high-order bandpass filter was used to “extract” the spec-
tral energy within the frequency region of interest (e.g., 100 to 1500 Hz).
In this study, a 500-pole finite-impulse-response filter with a passband of
100 to 1500 Hz was used to reduce the spectral energy at the low (i.e., <100
Hz) and high (i.e., >1500 Hz) frequency regions, thereby to contrast better
(i.e., enhance) the spectral energy at the frequency region of interest. One
drawback of applying a high-order filter is that it introduces a noticeable
filter delay in the output. To accommodate the 250 data-point filter delay
(i.e., 12.5-msec. delay with a recording sampling rate of 20,000 samples/
sec.) created by the 500-pole digital filter on the continuous data, all re-
cordings were started at least 3 sec. before the first stimulus token was
delivered to the listener’s ear. The filter delay was corrected in the latency
analysis of all recordings. The fact that discernible FFR was observed in
each of the nine infants supports with the potential of measuring such a
response in individual infants. This finding confirmed that the FFR in re-
sponse to voice pitch is measurable in individual infants and is also con-
sistent with Gardji, et al.’s results (1979), who recorded the FFR in response
to tone bursts in neonates.

Early Maturation of FFR to Voice Pitch in Infants

Accurate encoding of voice pitch and its change over time is critical
for listeners to perceive different lexical meanings and prosodic cues em-
bedded in a speech signal. When infants are just born, they are capable
of detecting differences between sounds, including the sounds they have
never heard (Eimas, Siqueland, Jusczyk, & Vigorito, 1971). Also, infants
exhibit a similar pattern of sound perception regardless of the language
environment in which they are born (Eimas, et al., 1971; Kuhl, et al., 1992;
Carral, Huotilainen, Ruusuvirta, Fellman, Naatanen, & Escera, 2005).
These evidences indicate that the perception of human speech is strongly
influenced by “innate factors.” On the other hand, the “specific language
environment” that infants are exposed to has a profound effect on the per-
ception of speech sounds. Data show that exposure to a specific language
environment during the early stages of life results in a reduction in the
ability to perceive differences between speech sounds of other languages.
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Kuhl and colleagues (1992) analyzed 6-mo.-old American and Swedish in-
fants’ perception of both native- and foreign-language vowel sounds and
reported that the ability to hear differences among many of the sounds
that are not used in the infant’s language is lost by 6 mo. of age. In addi-
tion, as infants approach 12 mo. of age, after gaining experience listening
to speech, they begin to comprehend the meaning of some words well be-
fore they begin to produce them (Fenson, Dale, Reznick, Bates, Thal, &
Pethick, 1994). There are also a number of studies suggesting that distinc-
tive intonation patterns can be detected and produced relatively early in
life. Bever and associates (1965) stated that infants effectively master the
intonation pattern of a language before they learn any words at all. Kaplan
(1970) showed that normal patterns of falling and rising voice pitch can be
discriminated by infants at about 8 mo. of age. Crystal (1973) concluded
that 6 mo. of age is the most likely period for the emergence of voice pitch
perception. Kuhl and colleagues (1992) also demonstrated that by 6 mo.
of age, well before the acquisition of language production, exposure to a
specific language environment alters infants” perception of phonemic lexi-
cons. Thus, it is important to examine the neural mechanisms underpin-
ning the early maturation of the FFR to voice pitch in infants with normal
hearing.

Development and evaluation of an objective method are particular-
ly important when clinicians and researchers are trying to apply such a
technique to populations who cannot provide reliable feedback such as
infants, children, and difficult-to-test patients. For example, it has been
reported that the FFR to speech sounds provided an objective method
for understanding pitch processing mechanisms for typically develop-
ing children and children with deficient auditory function (Russo, Nicol,
Musacchia, & Kraus, 2004). In addition to its possible effect on the listen-
er’s auditory comprehension and language development, the brainstem’s
processing of voice pitch is also related with the listener’s reading and so-
cial skills. Some children with autism spectrum disorders have shown less
pitch-tracking accuracy than typically developing children (Russo, Skoe,
Trommer, Nicol, Zecker, Bradlow, ef al., 2008). It is also reported that with
short-term training on specific linguistic pitch contours, listeners not only
improve their behavioral response correctness but also express enhanced
pitch-tracking accuracy reflected through scalp-recorded FFRs (Song, et
al., 2008). Johnson, Nicol, Zecker, and Kraus (2008) also reported that pre-
school age children (e.g., 3 to 4 years old) exhibited less synchronized fre-
quency-following responses to a speech token when compared with those
obtained from 5- to 12-year-old school-age children. Hornickel and col-
leagues (2009) recently reported that the FFR in response to speech sounds
was related with reading and speech-in-noise perception for 8- to 13-year-
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old school-age children. The human brainstem’s accurate response to the
changes of voice pitch, as reflected by scalp-recorded FFRs, has been re-
ported in adults with normal hearing who spoke tonal (Gandour, Wong,
& Hutchins, 1998; Krishnan, et al., 2005; Swaminathan, Krishnan, & Gan-
dour, 2008) and nontonal languages (Galbraith, Amaya, de Rivera, Donan,
Duong, Hsu, et al., 2004). The brainstem’s accurate encoding of voice pitch
and delivery of such information to the neocortex is also important for lis-
teners to process and appreciate music. Recent studies (Musacchia, Sams,
Skoe, & Kraus, 2007; Wong, et al., 2007) have shown that musical training
enhanced the acuity of pitch tracking in the human brainstem as reflected
by scalp-recorded FFRs to voice pitch in musicians versus nonmusicians.
These findings support the notion that FFR to voice pitch can be a viable,
objective, and noninvasive neurophysiological index of the brainstem’s
processing of voice pitch. Most importantly, these findings also have po-
tential clinical applications for diagnostic and remediation strategies for
normal and pathological populations.

Despite the fact that the four objective measures (Frequency Error,
Slope Error, Tracking Accuracy, and Pitch Strength) used in this study
were indicative of different aspects of pitch processing in the human brain-
stem, similar maturational trends were observed across the four measure-
ments. Specifically, pitch-tracking acuity and phase-locking magnitude in
infants were comparable to those in adults. One may then infer an early
maturation of pitch encoding in the human brainstem which likely occurs
at 1 mo. of age or earlier. A longitudinal follow-up of an infant (Infant 001)
who did not show robust FFRs at 1 mo. old, but clearly had caught up at
3 mo. of age, was another exciting finding. This infant, who did not show
clear FFRs at 1 mo. of age, demonstrated a clear “catch-up.” This improve-
ment corroborates the idea that pitch-processing mechanisms mature dur-
ing early stages of life, likely about 1 to 3 mo. of age. Although this study
provides preliminary results, a larger scale of normative data with a longi-
tudinal design will be needed to further understand the mechanisms un-
derpinning the early maturation of the FER to voice pitch.

With an attempt to avoid waking the infant participants from their
restfulness during testing while recording distinguishable responses, in
this study a moderate stimulus level of 55 dB SPL was used. Gardji, et al.
(1979) measured FFR in response to tone bursts in neonates and showed a
larger response amplitude in the 250-Hz tone burst FER for stimulus lev-
els at 55 dB nHL or higher. The present moderate stimulus level seems
to have been sufficient to elicit clear FFRs in all infant participants. It has
been reported that sleep or wakefulness has little or no effect on the brain-
stem responses such as ABR (Jewett & Williston, 1971) and 80-Hz ASSR
(Cohen, Richards, & Clark, 1991; Picton, John, Purcell, & Plourde, 2003).
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Given the brainstem origin of the FFR to voice pitch (Moushegian, Rupert,
& Stillman, 1973), it is anticipated that differences in the wakefulness state
between infants and adults have minimal effects on the data presented in
this study.

The four objective measures used in this study show similar, but
slightly different response characteristics and distribution patterns. For
example, Infant 005, who had a small FFR shown in Fig. 2, also had Fre-
quency Error, Slope Error, and Tracking Accuracy that fell beyond the re-
spective control line of the noise measurement (Fig. 3). The Pitch Strength
value obtained from this infant, however, does not fall below the noise
floor. Similarly, two adults had Tracking Accuracy and Pitch Strength that
fell outside of the control lines. Their Frequency Error estimates, however,
were within a “response” range and only one of the two adults” Slope Er-
ror fell below the noise floor. This finding indicates the potential useful-
ness of the four objective indices in evaluating the pitch processing mech-
anisms in the human brainstem. It is possible that a combination of two
or more indices may yield a better separation of the distribution patterns
between infants and adults. For example, one particular index (e.g., Pitch
Strength >0.10 for infants) could be used as an initial screening criteri-
on, followed by an additional one or two indexes (e.g., Frequency Error
<13.94 Hz and Tracking Accuracy >0.38 for infants) as the final decision-
making criteria to decide whether a certain participant’s data shall be in-
cluded in the group comparisons.

Clinical Implications

In this study, data are presented to document characteristics of the
FFR to voice pitch from infants and adults with normal hearing. The cur-
rent techniques can be used in difficult-to-test patients and may be useful
as an assessment and diagnostic method in both clinical and basic research
activities. Specifically, this technique can help assess the pitch-processing
mechanisms at the brainstem, and help diagnose abnormal signal process-
ing of voice pitch in patients who cannot provide reliable behavioral feed-
back. Data about the FFR to voice pitch in infants with normal hearing
are provided in this study. These data can serve as a starting point to help
patients with communication disorders, such as patients with central au-
ditory processing disorders and hearing loss. Moreover, children with a
certain period of hearing deprivation can be assessed by this response to
evaluate the effect of hearing deprivation on pitch encoding at the brain-
stem. This response may also be used to monitor the change and progres-
sion of hearing (re)habilitation after appropriate amplification has been
applied.
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