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A hallmark of complex pitch perception is that the pitch of a harmonic complex is the same whether
or not the fundamental frequency is present. By 7 months, infants appear to discriminate on the basis
of the pitch of the missing fundamental (MF). Although electrophysiological cortical responses to
MF pitch changes have been recorded in infants younger than 7 months, no psychophysical studies
have been published. This study investigated the ability of 3- and 4-month-olds to perceive the pitch
of MF harmonic complexes based on fundamentals of 160 Hz and 200 Hz using an observer-based
method. In experiment I, to demonstrate MF pitch discrimination, 3- and 4-month-olds were required
to ignore spectral changes in complexes with the same fundamental and to respond only when the
fundamental changed. In experiment II, a 60-260 Hz noise was presented with complexes to mask
combination tones at the fundamental frequency. In experiment III, complexes were bandpass filtered
with a —12 dB/octave slope to limit use of spectral edge cues and presented with a pink noise to
mask all distortion products. Nearly all infants tested categorized complexes by MF pitch in these

experiments, suggesting perception of the missing fundamental at 3 months.
© 2012 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4763991]
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. INTRODUCTION

Pitch perception plays a critical role in many complex au-
ditory tasks including sound source segregation and the per-
ception of speech and music. Although periodic sounds
contain multiple harmonically related frequency components,
a unitary pitch corresponding to the fundamental frequency is
perceived. Many studies have suggested that complex pitch
perception develops early in life. Infants are apparently sensi-
tive to pitch in both speech and music from a young age.
Infants younger than 3 months have demonstrated the ability
to discriminate pitch contours in syllables and words (e.g.,
Karzon and Nicholas, 1989; Nazzi et al., 1998). They also
prefer infant directed speech characterized by exaggerated
pitch contours to adult directed speech (e.g., Cooper and
Aslin, 1990; Pegg et al., 1992), consonant musical intervals to
dissonant ones (Trainor et al., 2002), and high-pitched singing
to low-pitched singing (Trainor and Zacharias, 1998). How-
ever, the studies that have addressed this topic have generally
not distinguished between sensitivity to frequency or spectral
changes as opposed to sensitivity to pitch changes. Thus, very
little is known about early pitch perception.

A classic phenomenon in pitch perception is that the
pitch of a complex is the same whether or not the fundamen-
tal frequency is present (e.g., Schouten, 1938). The ability to
perceive the pitch of the missing fundamental frequency of a
complex demonstrates the perception of pitch as opposed to
frequency or spectral components. In a series of studies,
Clarkson and her colleagues demonstrated that 7-month-olds
perceive the pitch of the missing fundamental (e.g., Clarkson
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and Clifton, 1985; Montgomery and Clarkson, 1997). When
presented with missing fundamental complexes from two
different pitch categories, 7-month-old infants responded to
the complexes based on the missing fundamental frequency.
More recently, cortical responses to missing fundamental
pitch changes have been reported to emerge between 3 and 4
months of age by He and Trainor (2009). In this study, par-
ticipants heard a series of complex tone pairs in which the
pitch of the second complex was usually higher than that of
the first. On some presentations, however, the second tone of
the pair was a missing fundamental complex with higher har-
monics, but a lower fundamental than the first tone. If the
pitch rather than the spectral location of the complex were
driving the cortical response, a novelty response would be
expected to the latter tone pairs. Such responses were
observed in 4-month-olds, but not 3-month olds. These find-
ings differed from those of an earlier study in which cortical
responses to a similar change were found at both 3- and
4-months to pairs of synthesized piano tones that contained
the fundamental frequency (He et al., 2007). The results of
He and Trainor (2009), therefore, suggest the emergence
of complex pitch representation between 3 and 4 months
of age.

There is evidence from past research that missing funda-
mental pitch results from centrally mediated integration of
information across the spectrum of a sound (e.g., Houtsma
and Goldstein, 1972). Moreover, recent studies indicate that
pitch is extracted in an area just outside primary auditory
cortex in adult humans and other primates (e.g., Bendor and
Wang, 2005; Hall er al., 2005; Patterson et al., 2002).
Because the central auditory system undergoes extensive
maturation postnatally, pitch perception might be expected
to change, at least over the first few months of life. Until 4
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months only the most superficial layer of the auditory cortex
contains mature axons, and brainstem auditory pathways
provide input to layer I via the reticular activating system
(Moore, 2002). Thus, brainstem pathways apparently support
infants’ responses to sounds prior to 4 months of age while
the auditory cortex is still developing. Electrophysiological
cortical responses to missing fundamental pitch in 4-month-
olds but not 3-month-olds (He and Trainor, 2009) appear
consistent with these anatomical data. However, whether
infants at these ages perceive the pitch of the missing funda-
mental is unknown.

The purpose of this study was to investigate whether 3-
and 4-month-old infants are able to perceive the pitch of the
missing fundamental. Infants’ ability to discriminate changes
in the missing fundamental of tonal complexes was tested.
Based on the findings of He and Trainor (2009), it was pre-
dicted that 4-month-old infants would be able to discriminate
on the basis of missing fundamental pitch, while 3-month-
olds would not.

Il. EXPERIMENT I
A. Method
1. Subjects

The participants were twenty 4-month-old infants,
twenty-one 3-month-old infants, and twenty adults. Infant
inclusion criteria were (1) full term birth, (2) no history of
health or developmental concerns, (3) no history of otitis
media within 3 weeks of testing and no more than 2 prior
occurrences of otitis media, (4) no risk factors for hearing
loss, and (5) passed newborn hearing screening. All infants
were healthy and passed a tympanometric screen with a peak
admittance of at least 0.2 mmhos and peak pressure between
—200 and +50 daPa with a 226 Hz probe tone at each test
session. Infants in each age group completed testing within
10 days of the specified age. Adult participants were between
18 and 30 years of age, reported normal hearing bilaterally,
had no history of noise exposure, less than 2 years of musical
training and no prior experience as participants in psycho-
acoustic experiments. All adults passed a tympanometric
screen with a peak admittance of at least 0.9 mmhos and
peak pressure between —200 and +50 daPa with a 226 Hz
probe tone. Data from an additional two 4-month-olds and
one 3-month-old were excluded because they did not com-
plete all scheduled visits. Participants were recruited through
the Communication Studies Participant Pool at the Univer-
sity of Washington.

2. Stimuli

Two sets of tonal complexes based on fundamental
frequencies (FO) of 160 and 200 Hz, respectively, were gen-
erated using MATLAB (2010a, Mathworks, Natick, Massa-
chusetts). The harmonics for each complex were equal in
amplitude and combined in random phase. All complexes
were presented monaurally for 650 ms with a 50 ms rise/fall
time and 500 ms between presentations through an Etymotic
ER-2 insert earphone in the right ear. The foam tip of the
insert earphone was trimmed to fit the ear canal as needed.
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Sound pressure levels were calibrated in a Zwislocki coupler
and checked in the subject’s ear canal at the time of testing.
All flat-weighted stimulus levels were 70 dB SPL. Testing
was conducted in a double-walled, sound attenuating booth.

The number and frequencies of harmonics in each com-
plex differed across the four phases of the experiment.

3. Procedure

Infants were tested in an average of 3.5 sessions
(range = 1-7). These sessions were completed in 60-min vis-
its on 3 separate days within a 2-week period. Infants were
tested using an observer-based psychophysical procedure
(Werner, 1995). During testing, infants sat on a caregiver’s
lap with an assistant in the booth manipulating toys to keep
infants facing midline. There were two mechanical toys with
lights in a dark Plexiglas box and a monitor on the partici-
pant’s right. The experimenter sat outside the booth and
observed through a window. Both the assistant and caregiver
wore circumaural headphones during testing. Because the
infant listened to sounds through an insert earphone, it would
be difficult for the adults in the booth to hear those sounds.
As an extra precaution, the caregiver listened to music of
their choice, and the assistant listened to the experimenter’s
instructions. Harmonic complexes from one pitch category,
the “background,” were played repeatedly to the participant
from the start of the test session. The goal was to determine
whether the participant detected a change in the complex to
the other pitch category, the “target.” Half of the participants
were randomly assigned to hear 160 Hz background com-
plexes and 200 Hz target complexes, while the other half
heard 200Hz background complexes and 160Hz target
complexes.

The experimenter initiated a trial when the participant
was quiet and facing midline. There were two trial types that
occurred with equal probability during testing. On change
trials the target complex with a pitch change was presented
four times, while on no-change trials complexes from the
background pitch category continued to play. On each trial,
the experimenter, blind to trial type, decided within 4s of
trial onset whether a change or no-change trial had occurred,
based only on the infant’s behavior. The behavior used by
experimenters to make judgments varied from infant to
infant. Eye movements, increases and decreases in body
movement, and facial expressions like widening of the eyes
were common behaviors observed. Computer feedback was
provided to the experimenter at the end of a trial. During the
test phases, participants’ responses were reinforced with
the presentation of a mechanical toy or video for 4 s only if
the experimenter correctly identified a change trial.

The study consisted of one training phase and 3 test
phases. The phases were presented in a fixed sequence, and
participants were required to reach criterion on one phase
before advancing to the next. The first phase was a training
phase. The purpose of the training phase was to demonstrate
the association between the reinforcer and the target, the
FO change, to the participant. The probability of a change
trial was 0.80, and the reinforcer was activated after every
change trial regardless of the experimenter’s response. The
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experimenter had to respond correctly on 4 of the last 5
change trials and 1 no-change trial to complete the training
phase and progress to the test phases.

In the 3 subsequent test phases, the probability of change
and no-change trials was 0.5, and the experimenter was
required to respond correctly on 4 of the last 5 change and 4
of the last 5 no-change trials to move on to the next phase.
This criterion corresponds to a hit rate of 80% and a false
alarm rate of 20% on the last 5 consecutive change and no-
change trials, respectively. In the second phase, the task and
stimuli were the same as in the training phase but the rein-
forcer was activated only when the experimenter correctly
identified a change trial. The purpose of the second phase was
to teach the participant that an observable response to pitch
change was required to activate the reinforcer.

The third phase was a pitch categorization task. The pur-
pose of the third test phase was to teach the participant to
respond to pitch changes, but not to other changes. While in
phases 1 and 2, the same set of harmonics was associated
with each FO on every presentation, in phase 3, three differ-
ent sets of harmonics with one FO were randomly presented
in the background and on no-change trials and three different
sets of harmonics with the other FO were randomly presented
on change trials. In other words, three harmonic complexes,
each with a different set of 6 harmonics and the same FO,
represented each pitch category. One of these complexes
was randomly chosen on each presentation. Participants
were required to ignore the spectral changes and respond
only when there was a pitch change.

In the final phase, participants were required to perform
the same pitch categorization task with the FO missing from
all complexes. The procedure was the same as that in the
previous phase. The purpose of the final phase was to dem-
onstrate that participants perceived the pitch of the missing
fundamental (MF).

To address confusion during the progression from one
phase to the next, as well as failure to respond due to factors
such as sleepiness or boredom, a reminder procedure similar
to the one used by Clarkson and Clifton (1995) was imple-
mented. If participants responded incorrectly on four consec-
utive trials, responding to no-change trials or not responding
to change trials, stimuli were presented from the last test
phase completed. For example, after four incorrect responses
participants in the third phase would hear stimuli from the
second phase. Participants received up to 12 trials of such
“reminder” stimuli to meet a criterion of 5 correct responses
on 6 consecutive trials. If this criterion was met, the partici-
pant returned to the next phase. If this criterion was not met,
the session was discontinued and infants were given a break
or returned on another day. A new session was started when
the infant returned to the booth. In subsequent sessions, a
few reminder training trials were presented, after which the
last incomplete test phase was resumed. If participants were
unable to meet criterion on a test phase after three separate
presentations of reminder stimuli, testing was discontinued,
and the participant was judged to be unable to complete
that test phase. Note that when a participant was classified
as having completed a test phase, it was always because
the number of correct responses was at least 4 of the last 5
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change trials correct and at least 4 of the last 5 no-change tri-
als correct in that test phase.

Adults were tested in an average of 1.8 sessions
(range = 1-4). These sessions were completed in a single
60 min visit. They sat alone in the booth and were instructed
to raise their hand when they heard “the sound that makes
the toy come on.” The experimenter recorded adults’
responses. In all other respects, the stimuli and procedure
were the same for adults and infants.

B. Results

Two analyses were conducted to evaluate participants’
performance. The first analysis addressed whether the number
of participants in each age group reaching criterion in the MF
test phase was greater than expected by chance. The second
analysis addressed the relative difficulty of the task for infants
and adults by comparing the average number of trials to meet
criterion in the MF test phase across age groups.

All adults, 75% of 4-month-olds, and 90% of 3-month-
olds reached criterion in the MF test phase. To determine the
proportion of subjects expected to reach criterion by chance,
the response rate on all trials in all sessions meeting criterion
was calculated for infants and for adults. The overall
response rate was 0.49 for adults. The overall response rate
was 0.60 for both 3-month-olds and 4-month-olds. A simula-
tion of 2000 sessions in which responses occurred randomly
at these rates showed that criterion was met in all phases of
the experiment in only 1.0% of sessions with a response rate
of 0.60, and in only 1.1% of sessions with a response rate of
0.49. Three exact binomial tests with an assumed probability
of 0.011 were conducted based on the number of participants
who reached criterion in each age group. Not surprisingly,
more participants were found to meet criterion than expected
by chance (p < 0.001) for all three ages.

Initial analyses indicated that there was no effect of
background/target assignment on trials to criterion, so that
variable was ignored in subsequent analyses. The number of
trials required to reach criterion in the MF phase is plotted in
Fig. 1 as a function of age group. Although it appears that
the 4-month-olds required more trials to reach criterion than
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FIG. 1. Mean (%=1 SEM) number of trials to criterion for missing fundamen-
tal discrimination in experiment 1.
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either adults or 3-month-olds, a one-way analysis of variance
(ANOVA) testing the effect of age on the number of trials to
criterion showed that this apparent difference was not statis-
tically significant [F(2,51)=1.54, p=0.224]. Thus, there
was no indication that infants took more trials than adults to
learn to categorize MF complexes on the basis of pitch.

C. Discussion

These results demonstrate that adults and infants per-
ceived the pitch of the missing fundamental of tonal com-
plexes. All but a few infants met criterion in the MF
categorization task. In fact, the overall proportion of infants
meeting criterion, about 83%, is greater than the 78% success
rate reported for 7-month-old infants by Clarkson and Clifton
(1995). These results suggest that both 3- and 4-month-olds
perceive the pitch of the missing fundamental, contrary to ini-
tial expectations. However, it is possible that participants’ dis-
crimination of the MF pitch was based on combination tones
(e.g., Pressnitzer and Patterson, 2001). A second experiment
evaluated the possible influence of combination tones on
infant pitch perception.

lll. EXPERIMENT II

Seven-month-old infants demonstrated the ability to cat-
egorize complexes on the basis of the pitch of the missing
fundamental in the presence of low-frequency masking
noise, suggesting that they did not rely on combination tones
to judge the pitch of the complexes (Montgomery and Clark-
son, 1997). In experiment II, to determine whether 3-month-
old infants could be using combination tones to categorize
complexes on the basis of the pitch of the missing fundamen-
tal, infants were tested on categorization of MF complexes
by pitch with the addition of a band of masking noise in the
region of the FO. To investigate the effect of masker level on
performance, participants were required to complete the task
with three different levels of masking noise.

A. Method
1. Subjects

The participants were twenty 3-month-old infants and
twenty adults. Data from one additional infant were
excluded, because he did not complete all scheduled visits.
One adult participant was excluded because of equipment
malfunction and a second because of failure to respond
within the 4 s response window.

2. Stimuli and procedure

Experiment II consisted of 4 phases. Table I lists the
harmonic structure of the complexes used during each phase.
The stimuli and tasks for the initial training phase and sec-
ond pitch discrimination phase were as described in experi-
ment . The third phase corresponded to the fourth phase in
experiment I: three different MF harmonic complexes repre-
sented each pitch category.

For the fourth phase, three new harmonic complexes,
each containing a different set of 6 consecutive harmonics
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TABLE I. Harmonic structures of stimuli in experiment I and II. FO is the
fundamental frequency; Hn refers to the other component frequencies by
harmonic number.

Test Phase Experiment I Stimuli Experiment II Stimuli
1 FO + H2-H9 FO + H2-H9
2 FO + H2-H9 FO + H2-H9
3 FO + H3-H8 H3-H8
FO + H5-H10 H5-H10
FO + H7-H12 H7-H12
4 H3-H8 H2-H7
H5-H10 H4-H9
H7-H12 H6-HI11

were used to represent each of the two pitch categories and
the fundamental component was removed. A bandpass noise
with a low-frequency cutoff of 60 Hz and a high-frequency
cutoff of 260 Hz was continuously presented with the com-
plexes in phase 4, the MF + noise (MF + noise) phase. The
range of harmonics differed for the complexes in MF and
MF + noise to prevent participants from responding based
on memorization of specific stimulus frequencies from the
previous phase. The purpose of the noise was to mask any
combination tones. Each participant completed the fourth
phase 3 times, once at each of 3 noise levels. The order of
noise level presentation was counterbalanced across partici-
pants. All complexes were presented at a flat-weighted level
of 70dB SPL. The bandpass noise was presented at 50, 60,
or 70dB SPL. Infants were tested in an average of 4.2 ses-
sions (range =1-7). These sessions were completed in
60 min visits on 3 separate days within a 2-week period. Adults
were tested in an average of 2.6 sessions (range = 1-6). These
sessions were completed in a single 60 min visit.

B. Results

Several analyses were completed to assess the effect of
the low-frequency masking noise on infant’s discrimination
of the pitch of the missing fundamental. First, the proportion
of subjects reaching criterion at each noise level was com-
pared to the proportion expected by chance. Second, the
effects of masker level and age on trials to criterion were
examined to determine whether infants had more difficulty
reaching criterion than adults and whether the masker level
had any effect on performance. Finally, the difference
between the number of trials to criterion in the MF phase
was compared to the number of trials to criterion in the first
MEF + noise phase completed to examine the general effect
of the noise on performance.

Ninety percent of adults reached criterion at all three noise
levels; 100% of infants reached criterion at 70dB SPL; one
infant failed to reach criterion at 50 dB SPL and one infant at
60dB SPL, yielding a 95% success rate at those levels. Overall
experimenter response rates of 0.53 for adult sessions and 0.59
for infant sessions were comparable to experiment I, so a 0.011
probability for reaching criterion on all three MF + noise
phases by chance was assumed. Two exact binomial tests with
an assumed probability of 0.011 were conducted based on the
number of participants who reached criterion in each age group.
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More adults and 3-month-olds met criterion than expected by
chance (p < 0.001).

Initial analyses indicated that adults who heard the
200 Hz background and 160Hz target took more trials to
reach criterion than adults who heard the 160 Hz background
and 200 Hz target for the MF + noise phases only. We have
no explanation for this finding. Because the background/tar-
get assignment did not interact with any other variables, it
was not included in subsequent analyses. The effect of noise
level test order on number of trials to criterion in the three
masker levels was not significant in initial analyses, so this
variable was not included in subsequent analyses.

The average number of trials it took to reach criterion for
the MF + noise phases is plotted as a function of age for the
three masker levels in Fig. 2. It appears that adults took fewer
trials to reach criterion at 60 dB and 70 dB noise levels than at
50dB, but this difference was not statistically significant.
Infants took about the same number of trials to reach criterion
at each noise level, and the number of trials to criterion is
about the same for adults and infants. An age X level repeated
measures analysis of variance of the number of trials to crite-
rion revealed no significant effect of age [F(1,36)=3.02,
p=0.091], level [F(2,70)=0.77, p=0.466], or the age X
level interaction [F(2,70)=1.99, p=0.145]. Thus, infants
seemed to have no greater difficulty learning to discriminate
on the basis of missing fundamental frequency than adults
did, even with the masker. Further, increasing the masker
level did not increase trials to criterion in either age group.

Finally, the number of trials to criterion in the MF phase
was compared to the number of trials to criterion in the first
MF + noise phase completed (Fig. 3). The number of trials
to criterion in these two conditions was about the same for
the infants. A paired ¢ test of the number of trials to criterion
indicated that the difference in infants’ performance on the
two phases was not statistically significant [#(18)=0.35,
p=0.733]. Adults appeared to take more trials to reach crite-
rion in the MF phase than in the MF + noise phase. A paired
t test indicated that this difference was statistically significant
[#(17)=2.85, p=0.011], but the effect is in the opposite
direction from what might be expected. Apparently adults
took awhile to learn the missing fundamental discrimination,
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FIG. 2. Mean (%1 SEM) number of trials to criterion for missing fundamen-
tal discrimination with noise in experiment II.
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FIG. 3. Mean (%=1 SEM) number of trials to criterion for missing fundamen-
tal discrimination and the first missing fundamental discrimination com-
pleted with noise in experiment II.

but once they had learned it, had no difficulty generalizing to
the noise condition. Infants did not have more difficulty learn-
ing the missing fundamental discrimination with a masker
than without.

C. Discussion

Results of this study show that adults and 3-month-olds
were able to categorize MF complexes by pitch even with a
masker noise around the missing fundamental frequency. All
of the infants tested categorized the complexes by MF pitch
in the presence of a low-frequency noise. Thus, 3-month-
olds, like the 7-month-olds tested by Montgomery and
Clarkson (1997), do not rely on combination tones to catego-
rize complexes on the basis of the pitch of the missing fun-
damental. Further evidence that combination tones were not
involved is that increasing masker level had no effect on per-
formance. Moreover, participants took no longer to reach
criterion in the first noise condition they heard, than they had
in the previous no-noise condition. Finally, 3-month-olds
appeared to have no greater difficulty than adults in reaching
criterion in this task.

The proportion of 3-month-olds successfully completing
this task in a 70dB SPL noise (100%) is actually greater
than that reported by Montgomery and Clarkson (1997) for
7-month-old infants. Of the thirty-seven 7-month-olds tested
in that study, 12 discriminated the pitch of harmonic com-
plexes. Of those 12 infants, 6 categorized MF complexes by
pitch. All three 7-month-olds tested on categorization of MF
complexes in the presence of a low-frequency noise were
successful. The higher percentage of infants completing all
test phases in this study may be due to the fact that the
harmonic complexes were presented at 70dB SPL here,
compared to 50dB SPL by Montgomery and Clarkson
(1997).

Although results of this study suggest that MF pitch was
not perceived on the basis of combination tones, it is possi-
ble that spectral edge cues contributed to participants’ dis-
crimination of MF pitch (e.g., Micheyl et al., 2012; Moore
and Moore, 2003a,b; Dai, 2010; Kohlrausch ef al., 1992). A
third experiment evaluated the possible influence of spectral
edge cues on infant pitch perception.
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IV. EXPERIMENT Il

Since harmonic complexes were composed of equal am-
plitude components, it is possible that participants relied on
shifts in the frequency of the lowest and highest harmonics
of the complexes in experiment I and II (e.g., Micheyl et al.,
2012; Moore and Moore, 2003a,b; Dai, 2010). Bandpass-
filtered complexes with shallow slopes have been used in
past studies to reduce spectral edge cues (e.g., Micheyl
et al., 2012; Carlyon and Shackleton, 1994; Moore and
Moore, 2003a; Micheyl and Oxenham, 2004). In experiment
III, to determine whether 3-month-old infants could be using
spectral edge cues, infants were tested on categorization of
spectrally shaped MF complexes in a masking noise.

A. Method
1. Subjects

The participants were ten 3-month-old infants and
eleven adults.

2. Stimuli and procedure

Experiment III consisted of 3 phases. The tasks for the
initial training phase and second pitch discrimination phase
were as described in experiment 1. The third phase corre-
sponded to the MF pitch categorization task with noise in the
fourth phase of experiment II. Table II lists the harmonic
structure of the complexes used during each phase.

Four primary changes to the stimuli were made in this
experiment. First, all complexes were passed through a
bandpass filter with a —12 dB/octave slope. The purpose of
the filter was to limit participants’ ability to use spectral
edge cues to perform the task. Second, only harmonics 3 to
12 were used in the 160 Hz pitch category and only harmon-
ics 2 to 9 were used in the 200 Hz pitch category. The pur-
pose of limiting the harmonics used was to prevent subjects
from responding to a change in the frequency of the highest
or lowest harmonics that happened to correspond to the
change in complex pitch. These were trials on which the

TABLE II. Harmonic structures of stimuli in experiment III. FO is the funda-
mental frequency; Hn refers to the other component frequencies by har-
monic number.

Test Phase 160 Hz FO Complexes 200 Hz FO Complexes
1 FO + H2-H9 FO -+ H2-H9
2 FO + H2-H9 FO -+ H2-H9
3 H3-H8 H2-H7
H4-H9 H3-H8
H5-H10 H4-H9
H6-H11 H2,3,4,7,8,9
H7-H12 H2,3,4,6,7,8
H3,4,5,9,10,11 H2,4,5,6,79
H3,4,6,8,10,11 H2,4,5,6,7,8
H4,5,7,8,10,12 H3,4,5,7.8,9
H5,6,7,9,10,11 H3,4,5,6,8,9
H5,7,9,10,11,12 H3.,5,6,7.8,9
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lowest harmonic of the last randomly selected 160 Hz back-
ground complex was lower than any of the harmonics of the
200 Hz target complex or on which the highest harmonic of
the last randomly selected 200 Hz background complex was
higher than any of the harmonics of the 160 Hz target com-
plex. Such trials would have occurred about a third of the
time in experiments I and II. By restricting the harmonic
numbers used as stated, such trials would not occur. Third,
to mask distortion products at any frequency, a pink noise
with a low-frequency cutoff of 1 Hz and a high-frequency
cutoff of 12000 Hz was continuously presented with the
complexes in phase 3. Finally, to reduce the possibility that
participants responded based on memorized background and
target categories rather than responding based on the pitch of
category, the number of complexes in each pitch category
was increased from 3 to 10. All complexes were presented at
a flat-weighted level of 70 dB SPL. The pink noise was pre-
sented at 65 dB SPL.

These sessions were completed for both adults and
infants in a single 60 min visit. Infants were tested in an
average of 2.3 sessions (range = 1-3) and adults were tested
in an average of 1.56 sessions (range = 1-3).

B. Results

Three analyses were conducted to evaluate participants’
performance. The first analysis addressed whether the num-
ber of participants in each age group reaching criterion in
the MF 4 noise test phase was greater than expected by
chance. The second analysis addressed the relative difficulty
of the task for infants and adults by comparing the average
number of trials to meet criterion in the MF + noise test
phase across age groups. The third analysis addressed the
relative difficulty of the task with 10 complexes in each pitch
category and 3 complexes in each pitch category by compar-
ing the average number of trials to meet criterion in the first
MF + noise test phase in experiment II and the MF 4 noise
phase in experiment II1.

The proportion of participants reaching criterion in the
MF +noise test phase was 91% for adults and 90% for
3-month-olds. To determine the proportion of subjects
expected to reach criterion by chance, the response rate on
all trials in all sessions meeting criterion was calculated for
infants and for adults. Overall response rates of 0.49 for
adult sessions and 0.54 for infant sessions were comparable
to experiment I, so a 0.011 probability for reaching criterion
on the third MF + noise phase by chance was assumed. Two
exact binomial tests with an assumed probability of 0.011
were conducted based on the number of participants who
reached criterion in each age group. More adults and 3-
month-olds met criterion than expected by chance
(p <0.001).

Initial analyses indicated that there was no effect of
background/target assignment on trials to criterion, so that
variable was ignored in subsequent analyses. The number of
trials required to reach criterion in the MF phase is plotted in
Fig. 4 as a function of age group. The number of trials
required by infants and adults appears to be the same; a
one-way ANOVA testing the effect of age on the number of
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FIG. 4. Mean (%1 SEM) number of trials to criterion for missing fundamen-
tal discrimination with spectrally shaped complexes and pink noise across
frequencies in experiment I11.

trials to criterion showed no statistically significant effect
[F(1,17)=0.02, p=0.9009]. Thus, there was no indication
that infants took more trials than adults learn to categorize
these MF complexes on the basis of pitch.

Finally, the number of trials to criterion in the MF+
noise phase in experiment III, with 10 complexes in each
pitch category, was compared to the number of trials to crite-
rion in the first MF + noise phase in experiment II, with 3
complexes in each pitch category. The number of trials par-
ticipants took to reach criterion in these two conditions is
plotted in Fig. 5. The number of trials to criterion appears to
be the same in the two experiments, for both infants and
adults. An age X number of exemplars analysis of variance
of the number of trials to criterion revealed no significant
effect of age [F(2,51)=0.01, p =0.9867], number of exem-
plars [F(1,51) =0.10, p =0.7544], or the age X number of
exemplars interaction [F(1,51)=1.99, p=0.4165]. Thus,
neither infants nor adults seemed to have greater difficulty
learning to discriminate on the basis of pitch with 10 com-
plexes in each pitch category than with 3.

30+

[ 3Complexes [ 10 Complexes
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204
154
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FIG. 5. Mean (£1 SEM) number of trials to criterion for the first missing
fundamental discrimination completed with noise in experiment II with 3
complexes per pitch category and missing fundamental discrimination with
noise in experiment III with 10 complexes per pitch category.
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C. Discussion

These results demonstrate that adults and young infants
perceive the pitch of the missing fundamental of tonal com-
plexes without the use of spectral edge cues or distortion
products. Nearly all 3-month-olds met criterion in the miss-
ing fundamental categorization tasks, with and without
noise, and when spectral edge cues were removed. Infants
appeared to have no greater difficulty than adults reaching
criterion on this task. That learning to categorize by missing
fundamental pitch did not take longer for infants or adults
when the number of complexes in each category was
increased from three to ten suggests that participants were
not simply memorizing the specific exemplars of each pitch
category without reference to the pitch.

He et al. (2007) reported mismatch evoked responses to
a change in the fundamental frequency of a repeated piano
tone in 2-, 3-, and 4-month-old infants, and He et al. (2009)
found that mismatch responses were elicited in both 2- and
4-month-olds when two elements in an alternating low-high
tone sequence were presented in reverse order (i.e., high-
low). However, He and Trainor (2009), reported that mis-
match responses to a similar change in the direction of a
pitch shift signaled by a missing fundamental complex could
not be elicited from infants younger than 4 months of age.

In adult humans and other primates, responses to miss-
ing fundamental pitch changes are first observed in cortical
areas just beyond primary auditory cortex (e.g., Barker et al.,
2012; Bendor and Wang, 2005; Hall et al., 2005; Patterson
et al., 2002). Auditory cortex is markedly immature in the
early months of infancy (Moore and Linthicum, 2007). In
fact, Eggermont and Moore (2012) have suggested that the
thalamocortical pathway is not functional at this early age
and that cortical responses recorded in young infants are
generated through a reticular activating system projection to
neurons in cortical layer I. This reticular-cortical pathway is
held to act as a change detection system, leading infants to
respond to changes in speech or other sounds, based on the
representation of those sounds provided by the auditory
brainstem. If, in fact, the representation of complex pitch
only emerges in cortex, this model would not predict cortical
responses to missing fundamental pitch changes in infants
younger than about 4 months of age.

If 3-month-olds lack the cortical structures necessary for
the representation of missing fundamental pitch, how can
they respond to changes in missing fundamental pitch behav-
iorally? One possibility is that 3-month-olds do represent
missing fundamental pitch cortically, but that the cortical
neural response to complex pitch changes is not evident at
the scalp. As He et al. (2007) point out, the evoked response
recorded at the scalp may reflect the sum of activity resulting
from different neural processes. This fact may explain why
different studies of the mismatch response in early infancy
report such different waveform morphologies in infants of
the same age (reviewed by He et al., 2007). He et al. also
note that mismatch response morphology differs with the
type of change used to elicit it (e.g., duration, pitch, or loud-
ness). He and Trainor (2009) examined the responses of
3-month-olds under different filtering conditions to assess
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the possibility that the apparent lack of a mismatch response
resulted from the superposition of two different responses.
However, the fact remains that the generators of the mis-
match response in infants have not been fully characterized.

Another possibility is that 3-month-olds do not produce
mismatch responses to changes in the direction of a pitch
shift, such as those used by both He et al. (2009) and He and
Trainor (2009) even when the fundamental frequency is
present. As noted in Sec. I, He et al. (2009) presented infants
with two alternating piano tones. The “deviant” stimulus
was a reversal in the order of these two tones. Thus, in each
standard pair of tones the pitch decreased, while in the devi-
ant pair, the pitch increased. A mismatch response to the
deviant was observed in 2-month-old infants. Similarly, He
and Trainor (2009) presented infants with repeating pairs of
complex tones; both the fundamental and harmonic frequen-
cies of the second of the standard tone pair were higher than
those of the first. In the deviant tone pair, the harmonic fre-
quencies of the second tone increased, but the missing funda-
mental frequency of the second tone was lower than the
fundamental (present) of the first tone. No mismatch
response to the deviant was observed in 3-month-old infants.
However, in the He and Trainor (2009) study, the fundamen-
tal frequency of the standard tones was varied randomly,
while in the He et al. (2009) study, the two tones in each
pair were always the same. Thus, it is possible that in the
face of the general variability in pitch, 3-month-olds did not
process the deviant tone pair as being particularly deviant.
Furthermore, it is possible that infants in the He et al. (2009)
study were not responding to the change in the direction of
the pitch shift: Because the time interval between tones in a
pair was the same as that between the second tone in one
pair and the first tone in the next, infants could have been
responding to the novel repetition of the same tone rather
than to the change in the direction of pitch shift. In contrast,
the time interval between the two tones in a pair was shorter
than the time interval between pairs of tones in the He and
Trainor study and with the fundamental frequencies random-
ized, infants would not hear a novel repetition. That He et al.
(2007) observed mismatch responses to fundamental fre-
quency changes in a single repeated tone in infants as young
as 2 months of age certainly suggests that young infants are
sensitive to spectral changes in complex tones. However, it
is not clear that they would be sensitive to those changes if
the complexes had been presented in the same configuration
as that used by He and Trainor (2009).

A third possibility is that attention is required for infants
to process the pitch of the missing fundamental. While
infants were not required to attend to the stimuli in He and
Trainor’s (2009) study, in the present study, 3-month-olds
were required to attend to the simuli to complete the task.
Thus, attention may play a role in more complex pitch per-
ception tasks, but not in simple spectral discriminations.

The results of the present study may still be thought
inconsistent with the adult studies that show that the first rep-
resentation of complex pitch is in a cortical area beyond pri-
mary auditory cortex. However, it appears that cortical
representation is not necessary for perception of the pitch
of a missing fundamental. The results of studies of missing
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fundamental perception in animals that lack a fully devel-
oped cortex suggest that subcortical processing can be suffi-
cient for discriminating missing fundamental pitch. For
example, Fay (2005) demonstrated missing fundamental per-
ception in goldfish with a stimulus generalization paradigm.
Goldfish were conditioned to respond to 100 Hz complex
tones and then tested for generalization to other complex
sounds that differed on one or more stimulus dimensions.
These goldfish demonstrated similar generalization gradients
to complex tones with different fundamental frequencies
regardless of whether fundamental frequencies were present
or absent in conditioning and testing. Cynx and Shapiro
(1986) also reported perception of the missing fundamental
in songbirds. In this study, starlings were trained to peck in
response to 652Hz complexes and to stop pecking in
response to 400 Hz complexes. Harmonic composition was
varied between tones requiring missing fundamental percep-
tion to perform the task. During testing, starlings transferred
discrimination to sinusoidal fundamental frequencies of 652
Hz and 400 Hz demonstrating perception of missing funda-
mental complexes. Thus, it may not be surprising that
3-month-old human infants, with quite underdeveloped cor-
tex, can also discriminate between sounds based on complex
pitch. It is possible that during development the representa-
tion of complex pitch in the human auditory system under-
goes a re-organization. Perhaps the mechanisms that control
pitch perception shift from subcortical to cortical structures
as thalamocortical and intracortical circuitry is established.
A similar re-organization is believed to occur in the develop-
ment of sound localization (Clifton, 1992).

A limitation of all of the studies of nonverbal listeners is
that it is not always clear that listeners are discriminating
between complexes on the basis of pitch per se. Certainly
they distinguish complexes with different periodicities, but it
is possible that they do so on the basis of roughness or some
other percept related to periodicity. If stimulus manipulations
influence infants’ and adults’ psychoacoustic performance
similarly, one can be more confident that the underlying per-
cept is qualitatively similar. Although 3-month-old infants
demonstrated the ability to discriminate complexes with dif-
ferent missing fundamentals in the present study, their sensi-
tivity to differences in fundamental frequency and perception
under different stimulus conditions is unexplored. Clarkson
and colleagues found that, relative to adults, 7-month-olds
demonstrated increased difficulty discriminating changes in
the pitch of inharmonic complexes, complexes with a small
number of harmonics, and complexes composed of high-
frequency harmonics, suggesting some level of immaturity at
7 months (Clarkson and Clifton, 1985, 1995; Clarkson and
Rogers, 1995; Montgomery and Clarkson, 1997). If 3-month-
olds do rely on subcortical processing to discriminate missing
fundamental pitch, additional differences might be expected
in their pitch perception abilities.
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