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a b s t r a c t
Pitch is derived by the auditory system through complex spectrotemporal processing. Pitch extraction is
thought to depend on both spectral cues arising from lower harmonics that are resolved by cochlear ﬁlters in the inner ear, and on temporal cues arising from the pattern of action potentials contained in the
cochlear output. Adults are capable of extracting pitch in the absence of robust spectral cues, taking
advantage of the temporal cues that remain. However, recent behavioral evidence suggests that infants
have difﬁculty discriminating between stimuli with different pitches when resolvable spectral cues are
absent. In the current experiments, we used the mismatch negativity (MMN) component of the event
related potential derived from electroencephalographic (EEG) recordings to examine a cortical representation of pitch discrimination for iterated rippled noise (IRN) stimuli in 4- and 8-month-old infants. IRN
stimuli are pitch-evoking sounds generated by repeatedly adding a segment of white noise to itself at a
constant delay. We created IRN stimuli (delays of 5 and 6 ms creating pitch percepts of 200 and 167 Hz)
and high-pass ﬁltered them to remove all resolvable spectral pitch cues. In experiment 1, we did not ﬁnd
EEG evidence that infants could detect the change in the pitch of these IRN stimuli. However, in Experiment 2, after a brief period of pitch-priming during which we added a sine wave component to the IRN
stimulus at its perceived pitch, infants did show signiﬁcant MMN in response to pitch changes in the IRN
stimuli with sine waves removed. This suggests that (1) infants can use temporal cues to process pitch,
although such processing is not mature and (2) that a short amount of pitch-priming experience can alter
pitch representations in auditory cortex during infancy.
Ó 2013 Elsevier Inc. All rights reserved.

1. Introduction
Pitch perception is central to musical development (see Trainor
& Corrigall, 2010 for review), and conveys a wealth of semantic and
prosodic information that is crucial for language acquisition (see
Moore, 2008 for review). Additionally, pitch provides information
vital to the identiﬁcation of environmental sounds, and aids in
the perceptual separation of co-occurring sounds (Bregman,
1990). Stimuli with pitch are typically complex tones with energy
at a fundamental frequency, and at integer multiples of that frequency, known as harmonics. The basilar membrane of the cochlea
is responsible for translating the mechanical energy of sound
waves into a pattern of action potentials. Physical characteristics
of this membrane, such as width and rigidity, differ along its
length, such that high frequencies cause maximal displacement
⇑ Corresponding author. Address: McMaster University, Department of Psychology, Neuroscience and Behaviour, Auditory Development Lab, 1280 Main Street
West, Hamilton, Ontario L8S 4L8, Canada. Fax: +1 (905) 529 6225.
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at the basal end, while lower frequencies cause maximal displacement at the apex of the membrane (Von Bekesy, 1960). This is referred to as tonotopic organization, and it is this arrangement that
gives rise to spectral, or place cues to pitch. A complex tone with
many harmonics is heard as a single entity, and its pitch is derived
from the fundamental frequency and/or the relations between the
harmonics present. This is evidenced by the fact that removing the
fundamental from a complex tone does not alter its pitch, a phenomenon known as hearing the pitch of the missing fundamental.
The basilar membrane can be thought of as a series of bandpass
ﬁlters (e.g., Carney & Yin, 1988; Evans, 1977). In contrast to harmonics, which are linearly spaced, basilar membrane ﬁlters are
logarithmically spaced (Fletcher, 1938) such that at low frequencies, individual harmonics fall into separate ﬁlters and are thus
individually resolved. However, at higher harmonics, the bandwidth of cochlear ﬁlters exceeds harmonic spacing and multiple
harmonics fall into the same ﬁlterband, causing interfering patterns on the basilar membrane. These harmonics are thus unresolved, and place cues cannot provide an accurate pitch estimate
(Plomp, 1964). A second, temporal mechanism is thought to
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compensate by taking advantage of temporal regularity in the pattern of action potentials in the cochlear output. Because action
potentials are generated at the point of maximal displacement of
the basilar membrane, the pattern of potentials across a population
of auditory nerve ﬁbers approximates the frequency of an auditory
stimulus (e.g., Cariani & Delgutte, 1996; Delgutte & Cariani, 1992;
Meddis & O’Mard, 1997). Current models of pitch perception typically include contributions from both spectral and temporal cues
(e.g., Cedolin & Delgutte, 2007; Larsen, Cedolin, & Delgutte, 2008).
A number of studies have demonstrated that infants perceive
pitch-evoking stimuli with resolved spectral content in much the
same way as adults. While the limits of complex tone discrimination have not been reported, 8-month-old infants have been shown
to discriminate behaviorally between complex stimuli, with and
without energy at the fundamental frequency, that differ in pitch
by 20% (e.g., 160 and 200 Hz; Clarkson & Clifton, 1985). Montgomery and Clarkson (1997) veriﬁed that 8-month-old infants’ discrimination of missing-fundamental stimuli is not impaired by the
addition of a low-frequency noise masker covering the region of
the fundamental; this suggests that, like adults, infants discriminate these stimuli based on integration of harmonic content into
a pitch percept, rather than based on low-frequency combination
tones resulting from non-linearities of the inner ear. Furthermore,
He, Hotson, and Trainor (2009) used event-related potentials
(ERPs) to demonstrate that a cortical representation of the pitch
of the missing fundamental emerges between 2 and 4 months of
age, suggesting that by this age infants are able to integrate harmonics into a single percept with pitch. Finally, Clarkson and Clifton (1995) have demonstrated that 7-month-old infants can
discriminate pitch changes in inharmonic complexes (where spectral content is resolved, but the harmonics do not ﬁt exactly to the
expected template of a complex tone), and that their performance
is related to the degree of inharmonicity in a manner qualitatively
similar to adult performance.
While infant pitch discrimination may be adult-like for stimuli
containing robust spectral pitch cues, infants appear to be signiﬁcantly impaired relative to adults when discriminating stimuli that
do not contain such cues to pitch. This is consistent with Werner’s
(1992) suggestion that spectral mechanisms mature earlier in
development than temporal mechanisms. Understanding how infants perform in the absence of resolved spectral information is
important to the study of auditory development in general, and
language acquisition in particular, because low frequency components are often masked in everyday noisy environments, such that
only higher frequency, unresolved components remain as cues to
vocal pitch. When presented with complex stimuli containing only
higher, unresolved harmonics, infants do not appear to be able to
successfully categorize them according to pitch in a behavioral
conditioned head turn paradigm in which infants are rewarded
for turning their head in response to a change in pitch (Clarkson
& Rogers, 1995). Consistent with this, we (Butler, Folland, & Trainor, 2013) found that without any pitch-priming (i.e., training on
how to perceive the pitch of such stimuli), 8-month-old infants
did not show behavioral (conditioned head turn) discrimination
of changes in the pitch of iterated rippled noise (IRN) stimuli.
IRN stimuli are created by repeatedly adding a sample of frozen
white noise to itself following a short, ﬁxed delay. In this way, temporal regularity is introduced, and a (weak) pitch percept is created
that is equal to the inverse of the delay (e.g., a delay of 5 ms produces a perceived pitch of 200 Hz; Yost, 1996). The stimuli used
in Butler et al. (2013) were high pass ﬁltered so as to contain no
resolved spectral cues, so the sensation of pitch was predominantly
dependent on the temporal mechanism.
Interestingly, Butler et al. (2013) found that if given a period of
training in which a sine tone was added to the IRN stimulus at the
frequency of its perceived pitch, infants were able to behaviorally

discriminate a pitch change from 167 Hz to 200 Hz above change
levels. However, performance was still quite poor (d0 = .69) under
conditions where adults were 100% correct. It is therefore important to gather converging evidence that infants are able to process
the pitch of IRN stimuli, and to investigate how pitch-priming affects representations for pitch in the infant nervous system. In
the present paper, we look for evidence using ERPs that (1) infants
4 months and 8 months of age can use temporal cues to process
IRN stimuli, and (2) that pitch representations in auditory cortex
are enhanced after pitch-priming experience.
Exactly how and where pitch percepts are formed in auditory
cortex is not entirely clear. However, functional imaging studies
in adults suggest that a common pitch-processing center is located beyond primary auditory cortex, along the lateral aspect
of Heschl’s gyrus (Grifﬁths, Buchel, Frackowski, & Patterson,
1998; Hall, Barrett, Akeroyd, & Summerﬁeld, 2005; Patterson,
Uppenkamp, Johnsrude, & Grifﬁths, 2002; Penagos, Melcher, &
Oxenham, 2004; Puschmann, Uppenkamp, Kollmeier, & Thiel,
2010). Moreover, an event-related potential study in adults has
shown that pitch changes in IRN stimuli similar to those used
in the current study elicit a mismatch negativity (MMN) component, the source of which is consistent with these imaging studies
(Butler & Trainor, 2012). The MMN reﬂects automatic detection
of an infrequent deviant stimulus, and can be recorded from both
adults and infants. For example, an MMN-like deﬂection is
elicited by changes in the frequency of synthesized piano tones
in 2-month-old infants, which increases amplitude and decreases
latency in the months that follow (He, Hotson, & Trainor, 2007;
He et al., 2009). A number of other studies have also successfully
used the MMN to study deviation in pure tone frequency (e.g.,
Alho, Sainio, Sajaniemi, Reinkainen, & Näätänen, 1990; Cheour
et al., 1999; Cěponiené et al., 2000; Hirasawa, Kurihara, & Konishi,
2003; Leppänen, Guttorm, Pihko, Takkinen, & Lyytinen, 2004;
Leppänen, Pihko, Eklund, & Lyytinen, 1999) and the pitch of harmonic tones (e.g., Cěponiené et al., 2002; Fellman et al., 2004;
Kushnerenko et al., 2002).
No study to date has demonstrated evidence of a cortical basis
for pitch discrimination in infants when the pitch-evoking stimuli
contain no resolved spectral cues. Experiments 1 and 2 examine
whether pitch changes in high-pass ﬁltered IRN stimuli elicit a
mismatch response in 4- and 8-month-old infant listeners. Experiment 2 asks whether brief priming of the pitch of IRN stimuli can
enhance the representation of pitch in auditory cortex.
2. Experiment 1
2.1. Materials and methods
2.1.1. Participants
Fifteen 4-month old infants (8 males; mean age = 19.7
± .17 weeks) and ﬁfteen 8-month old infants (5 males; mean
age = 36.0 ± .36 weeks) participated. All infants were born within
2 weeks of full term, were healthy at the time of testing, and no
parent reported a history of chronic ear infection or hearing
impairment. An additional 13 infants were unable to complete
the minimum number of trials due to fussiness, while four infants
were excluded from data analysis because excessive movement
during testing left too few artifact-free trials.
2.1.2. Stimuli
The IRN stimuli used in this experiment were created by generating a sample of frozen white noise and adding it to itself following a delay equal to the inverse of the desired pitch. The standard
stimulus had a perceived pitch of 167 Hz (corresponding to a 6 ms
delay) and was presented on 85% of trials. The deviant stimulus
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was presented on the remaining 15% of trials and had a perceived
pitch of 200 Hz (corresponding to a 5 ms delay). The delay-and-add
process was performed a total of 16 times, as the strength of the
pitch percept has been shown to plateau following 16 iterations
(Patterson, Handel, Yost, & Datta, 1996). Following this many iterations, some peaks appear in the power spectra of IRN stimuli. In
order to eliminate the contribution of resolvable spectral pitch
cues, IRN stimuli were high-pass ﬁltered at 2600 Hz (high-order
Butterworth ﬁlter), representing the 13th harmonic of the 200 Hz
stimulus. Within a complex tone, individual harmonics with numbers below 5 appear well-resolved, while resolvability decreases
between 5 and 8, such that harmonics above 8 are at best poorly
resolved (see Moore and Gockel, 2011 for a review). Thus, this ﬁlter
cutoff served to limit the spectral information in the IRN stimuli to
the region of unresolved harmonics. Stimuli were 450 ms in length,
had 10 ms onset and offset ramps, and were presented with a stimulus onset asynchrony (SOA) of 800 ms at 70 dBA. Sometimes highpass ﬁltered stimuli are presented in white noise in order to mask
any potential low frequency distortion products arising from nonlinearities in the inner ear. However, these distortions depend on
simplistic phase relationships between components (Pressnitzer
& Patterson, 2001) that are weak, or not present in the IRN stimuli
used in the present experiment (Sayles & Winter, 2008). Moreover,
Winter, Wiegrebe, and Patterson (2001) have suggested that if IRN
produces audible distortion products, they are at such a low level
as to be essentially negligible. Thus, a white noise masker was
not used in the present experiment to avoid creating any further
ambiguity in an already weak pitch percept.
2.1.3. Procedure
Experimental procedures were explained to parents, who gave
informed consent to have their child participate. Each infant was
seated on his or her parent’s lap in a sound-attenuated room, facing a loudspeaker and a computer monitor. In order to keep the infant still and awake during the experiment, he or she watched a
silent movie and a puppet show provided by an experimenter
seated in the room. Sounds were presented using E-Prime software
through a loudspeaker located 1 m in front of the infant. The experiment consisted of 1600 trials and lasted approximately 21 min.
Stimuli were presented in a quasi-random fashion, such that at
least two standard stimuli were presented between deviant
stimuli.
EEG data were recorded at a sampling rate of 1000 Hz from 124channel HydroCel GSN nets (Electrical Geodesics, Eugene, OR) referenced to Cz. Impedance at each electrode was maintained below
50 kX during recording. EEG data were band-pass ﬁltered ofﬂine
between .5 and 20 Hz using EEProbe software to remove slow
wave activity. Data were then resampled at 200 Hz and artifacts
resulting from muscle activity such as eye blinking and head
movements were removed using an Artifact Blocking paradigm in
MATLAB (Mourad, Reilly, De Bruin, Hasey, & MacCrimmon, 2007).
Finally, the data were re-referenced off-line to an average reference, and then segmented into 500 ms epochs that included a
100 ms baseline.
2.1.4. Analysis
Responses to standard and deviant stimuli were averaged, and
difference waveforms were computed for each participant by subtracting their response to the standard stimulus from their response to the deviant stimulus. Grand average standard and
deviant waveforms and difference waveforms (deviant-standard)
were then computed for each age group. Subsequently, for statistical analysis, 90 electrodes were selected and divided into ﬁve
groups for each hemisphere representing frontal, central, parietal,
occipital, and temporal scalp regions (see Fig. 1). Electrodes near
the face and periphery of the net were excluded in order to further

reduce the impact of muscle artifacts from the eyes, face, and neck.
Midline electrodes were excluded to allow for comparisons between hemispheres.
In both age groups, when the waveforms were averaged across
all infants (grand average waveforms) a small negative-going
component resembling the MMN response was observed at the
frontal and central electrode sites (with reversing polarity at
occipital and temporal electrodes). This component was not present at parietal sites, consistent with the inversion of morphology
typically observed between frontal/central regions and occipital
regions for responses generated in auditory cortex. Thus, parietal
responses were eliminated from further analysis. To analyze the
amplitude of the mismatch response, the latency of the component peak at the frontal electrode regions was determined from
the grand average difference waveforms for each age group. The
mean amplitudes of the standard and deviant waveforms were
calculated for each subject and each region across a 50 ms window centered at this latency. A repeated-measures analysis of
variance (ANOVA) was conducted to examine effects of stimulus
type (standard, deviant), age (4 months, 8 months), scalp region
(frontal, central, occipital, temporal), and hemisphere (left, right).
Greenhouse–Geisser corrections were applied where necessary.
The amplitudes in occipital and temporal regions were inverted
in polarity for the analysis to ensure that any region effects represented true amplitude differences rather than polarity
inversions.
2.2. Results
Figs. 2 and 3 show the grand average responses to the standard
(solid lines) and deviant (dashed lines) stimuli for the 4-montholds and 8-month-olds, respectively. Fig. 4 shows the grand average difference waves recorded from 4-month-old (solid lines)
and 8-month-old listeners (dashed lines) in response to a change
in the pitch of IRN stimuli. An ANOVA with stimulus type, age,
scalp region, and hemisphere as within-subject factors, and age

TL

TR

Fig. 1. Electrode groupings (see Section 2.1 for details). Ninety of 124 electrodes
were divided into ﬁve groups (frontal, central, parietal, occipital, and temporal) for
each hemisphere. Each group contained between 8 and 10 electrodes that were
averaged together to represent EEG responses from that scalp region. The remaining
channels around the perimeter of the net were excluded from analysis to avoid
artifacts resulting from muscle activity in the face and neck, and channels along the
midline were removed to allow for comparison between hemispheres.
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Fig. 2. Grand average responses to the standard, 167 Hz IRN stimulus (solid lines)
and deviant, 200 Hz IRN stimulus (dashed lines) recorded from 4-month-old
listeners in Experiment 1. Responses from each of the 10 electrode regions are
presented. Vertical bars represent the temporal window over which the mean
amplitude of the waveform was calculated for statistical analysis.

as a between-subjects factor revealed only a signiﬁcant interaction
between stimulus type and electrode region (F[1.5, 40.6] = 9.54,
p = 0.001). As a result, separate repeated-measures ANOVAs were
conducted for each region with stimulus type (standard, deviant),
and hemisphere (left, right) as within-subject factors, and age
(4 months, 8 months) as a between-subjects factor. These followup ANOVAs revealed that the MMN failed to reach signiﬁcance
(simple main effect of stimulus type) in the frontal
(F[1,28] = 3.17, p = 0.09), central (F[1,28] = 2.06, p = 0.2), and occipital (F[1,28] = 0.28, p = 0.6) electrode regions, and was signiﬁcantly
different from zero only in the temporal regions (F[1,28] = 26.95,
p < 0.001). No other main effects or interactions were signiﬁcant.
In Experiment 2 we investigated whether infants’ representations of the pitch of IRN stimuli could be changed and their performance improved with a brief priming of the pitches for which they
were listening.
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Fig. 3. Grand average responses to the standard, 167 Hz IRN stimulus (solid lines)
and deviant, 200 Hz IRN stimulus (dashed lines) recorded from 8-month-old
listeners in Experiment 1. Responses from each of the 10 electrode regions are
presented. Vertical bars represent the temporal window over which the mean
amplitude of the waveform was calculated for statistical analysis.
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3. Experiment 2
3.1. Materials and methods
3.1.1. Participants
Fifteen, 4-month-old infants (5 males; mean age = 20.0 ±
.17 weeks) and ﬁfteen, 8-month old infants (12 males; mean
age = 36.5 ± .27 weeks) participated. All infants were born within
2 weeks of full term, were healthy at the time of testing, and no
parent reported a history of chronic ear infection or hearing
impairment. An additional eight infants were unable to complete
the minimum number of trials due to fussiness, while ﬁve infants
were excluded from data analysis because excessive movement
during testing left too few artifact-free trials.
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Legend:
4-month-olds (n=15)
8-month-olds (n=15)

Fig. 4. Grand average difference waveforms (deviant-standard) for pitch changes
recorded in Experiment 1. Responses from each of the 10 electrode regions are
presented for both 4-month-olds (solid lines) and 8-month-olds (dashed lines).

3.1.2. Stimuli
Two types of stimuli were used in this experiment. The priming
phase consisted of high-pass ﬁltered IRN stimuli with a pure tone
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of equivalent pitch added. The experimental phase consisted of the
high-pass ﬁltered IRN stimuli alone and was identical to Experiment 1. As in Experiment 1, in both the priming and experimental
phases, the standard stimulus had a perceived pitch of 167 Hz and
was presented on 85% of trials. The deviant stimulus was presented
on the remaining 15% of trials and had a perceived pitch of 200 Hz.
All stimuli were 450 ms in length, had 10 ms onset and offset
ramps, and were presented with a stimulus onset asynchrony
(SOA) of 800 ms at 70 dBA.
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3.2. Results
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3.1.3. Procedure
The experimental procedure was identical to that of Experiment
1 with the following exceptions. The experiment included a priming phase consisting of 600 trials (lasting approximately 8 min),
followed by the experimental phase consisting of 1600 trials (lasting approximately 21 min) that was identical to that of Experiment
1.
EEG data collected during the experimental phase were recorded, ﬁltered, resampled, artifact blocked and re-referenced as
in Experiment 1. Data collected during the priming phase were
not analyzed as there were too few trials.
3.1.4. Analysis
Data were analyzed as in Experiment 1.
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Figs. 5 and 6 show the grand average responses to the standard
(solid lines) and deviant (dashed lines) stimuli for the 4-montholds and 8-month-olds, respectively. Fig. 7 shows the grand average difference waves recorded from 4-month-old (solid lines)
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Fig. 5. Grand average responses to the standard, 167 Hz IRN stimulus (solid lines)
and deviant, 200 Hz IRN stimulus (dashed lines) recorded from 4-month-old
listeners in Experiment 2. Responses from each of the 10 electrode regions are
presented. Vertical bars represent the temporal window over which the mean
amplitude of the waveform was calculated for statistical analysis.

Fig. 6. Grand average responses to the standard, 167 Hz IRN stimulus (solid lines)
and deviant, 200 Hz IRN stimulus (dashed lines) recorded from 8-month-old
listeners in Experiment 2. Responses from each of the 10 electrode regions are
presented. Vertical bars represent the temporal window over which the mean
amplitude of the waveform was calculated for statistical analysis.

and 8-month-old listeners (dashed lines) in response to a change
in the pitch of IRN stimuli. An ANOVA with stimulus type, age,
scalp region, and hemisphere as within-subject factors, and age
as a between-subjects factor revealed signiﬁcant interactions between stimulus type and hemisphere (F[1,28] = 7.05, p = 0.01;
MMN was larger in the right hemisphere than in the left across
electrode regions), and between stimulus type and electrode region (F[1.4, 38.2] = 31.09, p < 0.001). No other interaction or main
effect reached signiﬁcance. Separate follow-up repeated-measures
ANOVAs were conducted for each region with stimulus type (standard, deviant), and hemisphere (left, right) as within-subject factors, and age (4 months, 8 months) as a between-subjects factor.
These follow-up ANOVAs revealed that the MMN measured across
the 50 ms window was signiﬁcantly different from zero (simple
main effect of stimulus type) in the frontal (F[1,28] = 18.85,
p < 0.001),
central
(F[1,28] = 7.29,
p = 0.01),
occipital
(F[1,28] = 4.43, p = 0.04), and temporal (F[1,28] = 55.20, p < 0.001)
electrode regions. Consistent with the initial ANOVA, a signiﬁcant
main effect of hemisphere was observed in the ANOVA for each
electrode region (all ps equal to or less than 0.05). No other interactions or main effects reached signiﬁcance in these follow-up
ANOVAs.
In order to compare the amplitude of the MMN response across
experiments, a mixed-model ANOVA was conducted with region
(frontal, central, occipital, temporal), hemisphere (left, right), and
stimulus type (standard, deviant) as within-subject factors, and
with age and listening condition (unprimed, primed) as betweensubjects factors. Although the average MMN amplitude was larger
across all electrode regions in Experiment 2 than in Experiment 1,
this difference (stimulus type X listening condition) approached,
but failed to reach signiﬁcance (F[1,56] = 2.15, p = 0.1). No other
interactions involving listening condition were signiﬁcant.
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Fig. 7. Grand average difference waveforms (deviant-standard) for pitch changes
recorded in Experiment 2. Responses from each of the 10 electrode regions are
presented for both 4-month-old (solids lines) and 8-month-olds (dashed lines).

4. Discussion
A previous behavioral study found that 8-month-old infants
showed no evidence of the ability to discriminate the pitch of
IRN stimuli that contained no resolvable harmonics, unless previously primed with IRN stimuli with added sine tones at the frequencies of the pitch percepts (Butler et al., 2013). The
electrophysiological evidence presented here corroborates this
behavioral evidence. In Experiment 1, infants showed a small, negative-going deﬂection in response to a pitch change in IRN stimuli,
but that response failed to reach signiﬁcance in the frontal, central,
or occipital electrode regions where MMN is typically seen,
although it did reach signiﬁcance in temporal regions. In Experiment 2, after pitch-priming, a signiﬁcant negative response was
seen across all regions tested, speciﬁcally, at frontal, central, occipital, and temporal sites. While the difference in response amplitudes between Experiments 1 and 2 failed to reach signiﬁcance,
there was a trend in this direction, suggesting that a brief period
of pitch-priming may be sufﬁcient to increase the electrophysiological response to a pitch-change in IRN stimuli. These results
are consistent with those of the behavioral study of Butler et al.
(2013), which found that infants failed to show pitch discrimination of IRN stimuli prior to priming, but did show clear discrimination after pitch-priming. The present study suggests that infants’
failure to discriminate IRN pitch is not due to attentional processes
because MMN is a preattentive component that is evoked regardless of whether the person is aware of or attending to the pitch
change. Rather, the present results suggest that prior to pitchpriming, there is a lack of differential representations in auditory
cortex for IRN stimuli of different pitches. However, after a brief
period of pitch- priming, the larger MMN deﬂections generated
in response to IRN stimuli of different pitch appear to provide a
sufﬁcient basis for behavioral discrimination. Thus, pitch-priming

can successfully modulate both preattentive electrophysiological
responses and behavioral responses to changes in the pitch of
IRN stimuli. To our knowledge, the current study is the ﬁrst to
demonstrate that infants as young as 4 months of age can discriminate pitch-evoking auditory stimuli that contain no resolvable
spectral cues.
Infants have been shown to process pitch-evoking stimuli in an
adult-like manner in the presence of robust spectral cues (Cěponiené et al., 2002; Fellman et al., 2004; He et al., 2007; Kushnerenko et al., 2002). For deviations in the pitch of the missing
fundamental, an MMN-like negativity emerges by 4 months of
age (He & Trainor, 2009). This suggests that 4-month-old infants
are capable of integrating the harmonic structure of pitch-evoking
stimuli into a single pitch percept. Moreover, it suggests that the
cortical generators of the MMN are in place by 4 months of age
for stimuli that contain resolved spectral content.
While resolved spectral information may provide the most salient cues to pitch, temporal cues also make a functionally important
contribution to pitch perception. For example, the ability to extract
pitch in the absence of resolved spectral cues allows one to communicate over the telephone, where band-pass ﬁlters often remove
resolvable harmonics, or to understand speech against a noisy
background that often masks those same harmonics. Thus, in situations where spectral cues to pitch are unavailable, both infants
and adults, rely more heavily on temporal information. The fact
that behavioral performance is low for discriminating pitch-evoking stimuli without resolved spectral cues (Butler et al., 2013;
Clarkson & Rogers, 1995), and that electrophysiological responses
are only signiﬁcant after priming, suggests that the temporal
mechanism for pitch is slower to mature than the spectral mechanism. This is consistent with the literature on infant pure tone frequency discrimination, which suggests a similar pattern of
development (see Werner, 1992 for review). However, the presence of a signiﬁcant MMN response in the difference wave of the
infants in the present study provides evidence that infants can extract pitch from stimuli where spectral cues are limited to the
unresolvable region.
The pitch-priming phase of Experiment 2 provided resolved
spectral pitch cues (a pure tone at the fundamental frequency of
the IRN stimulus) in an effort to make clear to infants the basis
on which the different stimuli could be most easily discriminated.
Following this priming period, the mismatch response recorded
during the test period (where pure tones were removed) reached
signiﬁcance in both 4- and 8-month-old listeners. The MMN is
thought to reﬂect the passive updating of auditory memory traces.
Thus, it appears that the experience acquired during the pitchpriming phase impacts the formation of these auditory traces in
the subsequent testing phase. Similar effects of learning on evoked
components have been observed previously in adults. MMN responses to unattended deviants have been shown to emerge slowly
across blocks in a single experimental session (Näätänen, Schröger,
Karakas, Tervaniemi, & Paavilainen, 1993). However, in this case,
passive listening blocks were interspaced with blocks requiring active discrimination; repeated, unattended exposure to the stimuli
alone was insufﬁcient to affect passive discrimination. This suggests that, in adults, the process of attending to, and/or actively
discriminating stimuli sharpens encoding in auditory memory
such that the representation of the standard stimulus is precise enough to allow for the passive discrimination of a deviant. In a related study, Schulte, Knief, Seither-Preisler, and Pantev (2001)
demonstrated that adults learn to use complex pitch cues following repeated exposure to a melody. Learning was indexed by an increase in evoked gamma band responses, suggesting increased
neural synchrony and/or an enlargement of the cortical network
generating the response. Both of these studies demonstrate an effect of exposure on cortically-evoked responses. However, each
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depends to some extent on attention to the stimuli being discriminated. Attention is not easily manipulated in infant listeners, as it
can be difﬁcult to capture and maintain. Moreover the maturational states of attentional networks and working memory during
early infancy are poorly understood. However, the present study
demonstrates that a short amount of passive exposure may be sufﬁcient to modulate cortically-evoked, processing-related ERP components in infants aged 4–8 months, and thus that learning may be
qualitatively different early in development.
Across ages in the current study, mismatch responses to a
change in IRN pitch were much larger in amplitude in right hemisphere electrodes than in left hemisphere electrodes. This is in
agreement with recent imaging studies in adults suggesting that
the right hemisphere is selectively activated in tasks related to
pitch perception (Hyde, Peretz, & Zatorre, 2008), and production
(Perry et al., 1999). Moreover, lesion studies suggest that the right
hemisphere dominates perception of the pitch of the missing fundamental (Zatorre, 1988), processing of complex spectral structures (Sidtis & Volpe, 1988), and discrimination of melodic pitch
patterns (Zatorre, 1985, 1988). Functional lateralizations have
been previously demonstrated in infants in response to a variety
of acoustic properties including: speech signals (e.g., DehaeneLambertz et al., 2010), pitch accents (Sato, Sogabe, & Mazuka,
2010), and temporal structures (Telkemeyer et al., 2009). In many
cases, these asymmetries resemble those recorded from adult listeners. Thus, the hemisphere effect observed in the present study
may represent an early right-hemisphere specialization for pitch
processing.
Behavioral evidence suggests that spectral cues dominate pitch
perception in infancy (Butler et al., 2013; Clarkson & Rogers, 1995);
discrimination is drastically impaired in the absence of resolved
spectral pitch cues. However, the present study demonstrates that,
following a period of pitch-priming, infants as young as 4-monthsold produce a signiﬁcant mismatch component in response to a
pitch change in IRN stimuli that lack resolvable spectral information. This represents the ﬁrst evidence for a cortical representation
of pitch discrimination by infant listeners in the absence of spectral
cues. In future studies, it would be of interest to use ERPs to examine infant pitch discrimination for other types of auditory stimuli
that evoke a pitch sensation in the absence of resolved spectral
cues (e.g., high-pass ﬁltered complex tones, Huggins pitch, click
trains, etc.) and whether priming can similarly lead to better pitch
processing for such stimuli in infancy.
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