Sensitivity of school-aged children to pitch-related cues
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Two experiments investigated the ability of 17 school-aged children to process purely temporal
and spectro-temporal cues that signal changes in pitch. Percentage correct was measured for the
discrimination of sinusoidal amplitude modulation rate (AMR) of broadband noise in experiment
1 and for the discrimination of fundamental frequency (F0O) of broadband sine-phase harmonic
complexes in experiment 2. The reference AMR was 100 Hz as was the reference FO.
A child-friendly interface helped listeners to remain attentive to the task. Data were fitted using a
maximum-likelihood technique that extracted threshold, slope, and lapse rate. All thresholds
were subsequently standardized to a common d’ value equal to 0.77. There were relatively large
individual differences across listeners: eight had relatively adult-like thresholds in both tasks and
nine had higher thresholds. However, these individual differences did not vary systematically with
age, over the span of 616 yr. Thresholds were correlated across the two tasks and were about nine
times finer for FO discrimination than for AMR discrimination as has been previously observed in

adults. © 2012 Acoustical Society of America. [http://dx.doi.org/10.1121/1.3692230]

PACS number(s): 43.66.Hg, 43.66.Ba, 43.75.Cd [EB]

I. INTRODUCTION

Natural variations in the pitch of spoken utterances con-
vey important linguistic and emotional information to the lis-
tener. It has been shown that infants, from a few days to 9
months of age, prefer attending to infant-directed speech
than adult-directed speech, infant-directed speech being
characterized by exaggerated intonation contours and by
exhibited expression of emotion (Fernald, 1985; Fernald and
Kuhl, 1987; Cooper and Aslin, 1994; Cooper et al., 1997;
Trainor et al., 2000). Given this preference, some research-
ers have proposed that prosodic cues might somehow facili-
tate the early stages of language acquisition (Crystal, 1979;
Mebhler et al., 1988). One of these early stages could involve,
for instance, the development of the brain structures respon-
sible for processing voices, which in adults correspond to the
superior temporal left and right cortices. Grossmann et al.
(2010) used near-infrared spectroscopy to show an increased
activity in these cortices in response to the human voice as
opposed to non-vocal sounds for 7-month-old infants but not
for 4-month-old infants. In a second experiment, 7-month-
old infants were presented with words spoken with happy,
angry, or neutral prosody. The voice-processing region was
activated more in response to emotional than neutral pros-
ody, as well as the right inferior frontal cortex, which is asso-
ciated with emotion perception. Thus variations in voice
pitch, sometimes exaggerated when expressing an emotion,
might help infants to categorize important aspects of speech.
For young children speaking a tonal language, rapid changes
in voice pitch within syllables can carry important linguistic
information. For these children, therefore, the ability to hear
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subtle differences in voice pitch is even more critical during
the early years as they acquire their native language. Despite
this potential functionality of pitch processing in spoken
language, sensitivity of school-aged children to subtle cues
signaling voice pitch has been little investigated. The present
research aims to fill this gap.

A. Pitch perception in children

Pitch is a two-dimensional percept, consisting of tone
height and tone chroma. Tone height refers to that aspect of
pitch that continues to get higher as frequency increases.
Tone chroma refers to the cyclical property of pitch, i.e., the
fact that two tones, one octave apart, sound similar even
though they are quite distinct with respect to tone height
(Bachem, 1950). Interestingly, infants seem to perceive not
only tone height but also tone chroma. For instance, when
3-month-old infants are presented with two successive
melodic sequences of pure tones, the second sequence being
a distorted version of the first one, infants display novelty
reactions when the distortion consists in shifting the fre-
quency of some tones through a seventh and a ninth but dis-
play little reaction when the distortion consists in octave
shifts (Demany and Armand, 1984). Because chroma is rela-
tively irrelevant for speech and perhaps because it must be
reinforced by musical training, the sensitivity to chroma is
lost for some adults; as a result tone height often dominates
the sensitivity to pitch. Note that the official definition of
pitch, i.e., “that attribute of auditory sensation in terms of
which sounds may be ordered on a scale extending from low
to high” (ANSI, 1994), is itself very much embodied in the
notion of tone height. The present study also refers to “pitch”
in the sense of height, not chroma.

Pitch perception has been, and is still currently, largely
investigated in adults. A robust finding is that pitch primarily
arises from the region where partials are spectrally resolved
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in the auditory periphery (Carlyon and Shackleton, 1994;
Shackleton and Carlyon, 1994; Gockel et al., 2005; Ives and
Patterson, 2008). Hence, it is of interest to know whether
children can resolve partials in the same way as adults do,
i.e., whether their hypothetical auditory filters have similar
bandwidth as those of adults. Measures of auditory filters’
bandwidth differed somewhat depending on the experimen-
tal procedure. Using the notched noise paradigm, Irwin et al.
(1986) showed evidence for significant improvement in fre-
quency resolution between 6 and 10 yr of age. Using varia-
tions of the same paradigm, Allen et al. (1989) and Hall and
Grose (1991) found that frequency resolution of children
was adult-like by 6 yr of age. Using psychological tuning
curves, Olsho (1985) did not find evidence that frequency re-
solution of infants was different from that of adults. Overall,
despite some small discrepancies in the data, school-aged
children (6 yr of age and above) are likely to have adult-like
auditory filters.

Children’s ability to discriminate frequency differences
has also been extensively investigated (Maxon and
Hochberg, 1982; Jensen and Neff, 1993; Cooper, 1994,
Thompson et al., 1999). Overall the results suggest that
young children have larger difference limens (DLs) than 8-
yr-old (y.o.) children and adults. Data on the children’s per-
ception of pure tones, however, offer a very limited view of
complex pitch processing. At the neurophysiological level,
evidence from animal work indicates that complex pitch
processing must involve cortical networks that are not
required for pure-tone-based pitch perception. For instance,
cats can be trained to discriminate sounds on the basis
of the pitch of the missing fundamental (Heffner and
Whitfield, 1976). Lesions of auditory cortex impair the
cat’s ability to derive the pitch of the missing fundamental
(Whitfield, 1980) but spare the ability to make simple fre-
quency discrimination (Elliott and Trahiotis, 1972). Thus
sensitivity to complex pitch may well differ from sensitiv-
ity to frequency differences. Given that the auditory path-
ways in the cortex develop well into the late teenage years
in humans (Moore and Linthicum, 2007), one might expect
some developmental effects in complex pitch perception of
school-aged children.

Complex pitch processing starts developing very early
in life. Clarkson and Clifton (1985) showed that 7-month-
old infants could categorize harmonic complexes with
different partial numbers according to their respective FO
(160 or 200 Hz) and could perform the same categorization
when FO was missing. Thus the sensation of a single pitch
caused by the grouping of simultaneous harmonic frequen-
cies already exists by the first year of age. More interest-
ingly, Clarkson and Rogers (1995) showed that 7-month-old
infants succeeded in categorizing the respective pitch of
complexes made of resolved partials (in which FO was miss-
ing) but not the pitch of complexes made of unresolved par-
tials. This result suggests that by the first year of age, the
developing auditory system of infants is also equipped with
a “dominant” region for pitch. Only a few studies, however,
have investigated children’s sensitivity to finer changes in
FO. Recently, Stalinski er al. (2008) measured children’s
psychometric functions for the direction of FO changes,
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ranging from 4 to 0.1 semitones. Performance improved
from 5 to 8 yr of age at which sensitivity was adult-like.
However, this study focused more on musical pitch than
voice pitch because their stimuli were complex tones syn-
thesized with a piano timbre, shifted in FO from a reference
of 880-Hz FO. Thus it is difficult to know how relevant their
result is to the processing of FOs in the range of the human
voice. To our knowledge, no study to date has investigated
FO discrimination of simple harmonic complexes in school-
aged children.

B. Processing of temporal envelope in children

Studies related to the processing of temporal envelope
cues by normal hearing (NH) children have focused on
detection of amplitude modulation (AM). Hall and Grose
(1994) and Lorenzi et al. (2000) quantified temporal modula-
tion transfer functions (TMTFs): Although thresholds were
overall higher for children than for adults, changes with
modulation frequency were similar to those in adults. In
other words, children are relatively inefficient in processing
AM but have TMTFs that are adult-like in shape. These
studies investigated children’s ability to detect temporal en-
velope cues; in contrast, few studies have focused on the
ability of children to discriminate between such cues, e.g., in
the simple form of an AM rate discrimination task. Rocheron
et al. (2002) examined AM rate discrimination (as well as
AM detection) to examine the differences between dyslexic
and normal children in their ability to process temporal enve-
lopes relevant for speech. Their result is further discussed
relative to the data collected in experiment 1.

Today many young children, profoundly hearing
impaired or deaf, receive cochlear implants (CIs) early in
life. Several studies (e.g., Gilley et al., 2008; Niparko et al.,
2010) suggest that earlier implantation provides children
with an advantage over those who are implanted later. It
seems clear that auditory stimulation and brain plasticity
during the critical period (about 7 yr of age) are important
for shaping the responsiveness of the auditory system to var-
ious aspects of speech. CIs transmit complex pitch cues pri-
marily via the temporal envelope within specific frequency
bands, resulting in pitch discrimination that is barely suffi-
cient for gender and intonation recognition and not suitable
for music perception. The greater neural plasticity in the crit-
ical period may help early-implanted CI children to over-
come these device limitations and maximize their reception
of FO-related information from the periodicity cues present
in the temporal envelope. To evaluate, in future studies,
whether early implanted children have an enhanced sensitiv-
ity to the temporal envelope cues delivered by CIs, a norma-
tive baseline is required for comparison with NH children of
the same age.

C. Protocol targeted to a young population

The aim of the present experiments is to fill an apparent
gap in the literature on children’s auditory abilities by meas-
uring their psychophysical sensitivity to cues signaling
changes in amplitude modulation rate (AMR) and changes
in FO.
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Several studies have acknowledged that the poor per-
formance of young children in pitch-related tasks might
partly be due to the type of responses they are asked to pro-
vide. For instance, Johnsrude er al. (2000) showed evidence
that labeling the direction of a pitch change is cognitively
more demanding than discriminating a pitch difference.
They had access to patients who had undergone surgical
resection from the left or right temporal lobe for the relief
of epilepsy. While these patients did not differ from normal
listeners in their ability to discriminate pure tones, the
patients who had excisions of the right (but not the left)
temporal lobe had more difficulties than normal listeners to
label the direction of pitch changes. It is also possible that
at an early stage of development, the brain is not equipped
to label a pitch change even though it can detect a pitch dif-
ference. In line with this view, Cooper (1994) and Sergeant
and Boyle (1980) reported that children can discriminate
pure tones without necessarily knowing whether this change
was higher or lower in pitch. In addition to cognitive limita-
tions, children might also face semantic and linguistic limi-
tations. When asked to verbalize changes in pitch, young
children often use, erroneously, terms associated with loud-
ness when describing changes in pitch (Andrews and Diehl,
1970; Hair, 1981; Van Zee, 1976). In English, the words
“high” and “low” are not restricted to pitch description,
they also have spatial, emotional, and loudness connota-
tions. In other languages, like Spanish and French, the
descriptives of pitch have a single meaning, which results in
a better ability to label pitch changes (Costa-Giomi and
Descombes, 1996). Thus in a task that requires labeling the
direction of a pitch change, part of the developmental effect
observed with children is sometimes due to a better under-
standing of the pitch concept, not necessarily to a better per-
ceptual ability. A task that does not involve verbalization of
pitch relational concepts measures more accurately the gen-
uine sensitivity of children to pitch. For instance, Andrews
and Madeira (1977) showed that 6- to 8.5-y.0. children, who
made many errors in indicating verbally which of two tones
(one octave apart) was higher or lower in pitch, could never-
theless perform almost perfectly when the task was
achieved by conditioning children to associate the pitch of
each tone with the size of a pig (big or small) that the child
had to move in its respective barn (big or small). The odd-
man-out paradigm may not measure the direction of pitch
change per se, but (a) it does not require children to verbal-
ize or even understand the concepts of “high” and “low”
pitch, and (b) it still provides information about the child-
ren’s ability to discriminate between two pitches. Further,
unpublished studies in our lab indicate that in adults, results
obtained with a similar paradigm are predictive of perform-
ance in a task in which listeners are asked to indicate the
direction of pitch change. Therefore the present experiments
used the odd-man-out paradigm in both the AMR discrimi-
nation (experiment 1) and the FO discrimination (experi-
ment 2) task. The experimental protocol was designed as a
simple video game with picture-pointing responses and
feedback, known to enhance accuracy (Smith and Hodgson,
1970), so that children were kept as engaged as possible
with the task.
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Il. GENERAL EXPERIMENTAL METHOD
A. Listeners

Seventeen children, 9 male and 8 female, between 6.5
and 15.2 y.o., took part in the two experiments. The children
(with parental consent) were paid for their participation.
They all had pure tone thresholds less than 15 dB HL at fre-
quencies between 0.25 and 8 kHz. None of the children had
history of hearing problems. All children were given one or
two practice blocks of 10 trials, prior to data collection, to
ensure that they understood the task with the easiest condi-
tion (a 12-semitones difference in AMR or a 2-semitones
difference in FO). The criterion performance for starting data
collection was at least 8 trials correct out of 10 during one
practice block.

B. Stimuli and conditions

For the AMR discrimination task, broadband Gaussian
white noise was used as basis of all stimuli. The reference
signals were always sinusoidally modulated at 100 Hz. The
target signals were sinusoidally modulated at 0, 2, 4, 6, 8§,
10, and 12 semitones above 100 Hz (100, 112.2, 126, 141.4,
158.7, 178.2, 200 Hz), resulting in seven experimental con-
ditions. Consistent cues in the fine structure of the noise
might be used by listeners in such an experiment. Rather
than use a different random fine structure for each of the
three intervals (which might have distracted listeners), the
noise carrier was identical for the three intervals within a
trial but was refreshed from one trial to the next.

For the FO discrimination task, broadband sine-phase
harmonic complexes were used as the basis of all stimuli,
which provided very salient pitches. The reference signals
always had a 100-Hz FO. The target signals had FOs at 0,
1/8,1/6,1/4,1/2, 1, and 2 semitones above 100 Hz (100,
100.7, 101, 101.4, 102.9, 105.9, 112.2 Hz), resulting again in
seven experimental conditions. All complexes had partials
up to 20 kHz, such that the total number of partials decreased
as FO increased.

All stimuli were 500-ms long (except in the practice ses-
sion in which they were 1-s long) and gated by 10-ms ramps
(half a period of a raised cosine). In both tasks, the level of
each stimulus, regardless of its AMR or its FO, was first
equalized at 65 dB SPL. The loudness of a sound, however,
also depends on the spectral distribution of its intensity. For
the harmonic complexes, because the reference and target
stimuli had slightly different spectral distributions of inten-
sity, they could potentially be perceived at different loud-
ness, thereby providing an additional cue for discrimination.
The harmonic complexes were passed through the loudness
model described by Moore et al. (1997). Figure 1 shows the
excitation patterns (left panels) and the specific loudness pat-
terns (right panels) for the two complexes that had the largest
difference in FO. The model predicts that these two stimuli
are equally loud (21.9 sones). Note that even a complex with
a FO of 200 Hz at 65 dB SPL is predicted to be perceived
almost equally loud (21.7 sones). This model, however, only
applies to steady-state signals. For the amplitude-modulated
noise stimuli, it remained unclear whether the temporal
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FIG. 1. (Color online) Patterns of excitation (left) and specific loudness (right) for two broadband (up to 20 kHz) harmonic complexes based on a FO of
100 Hz (top) or two semitones above (bottom), at 65 dB SPL, based on the loudness model developped by Moore et al. (1997).

fluctuations caused any difference in loudness depending on
their modulation rate. For this reason, a random level pertur-
bation was added to each interval in both experiments, cho-
sen from a uniform distribution of =1 dB, in order to
discourage listeners from using loudness as alternative cues.
The loudness model predicted that this level roving caused
the harmonic complexes to vary in loudness between 20.7
and 23.2 sones.

C. Procedure

The method of constant stimuli was used in both tasks
in a three-interval, three-alternative-forced-choice (3I-
3AFC) procedure. Each of the seven conditions was tested
10 times, resulting in 70 trials per session. In each session,
the 70 trials were presented in a random order, such that pos-
sible effects of perceptual learning or fatigue did not affect
one particular condition. In each trial, the listener heard three
intervals: two with the same AMR or same FO and the target
interval with a higher AMR or FO. The target interval was
placed with equal probability in the first, second or third
interval. The listener was asked to report which interval was
different. Listeners participated in two, three, or four ses-
sions (140-280 trials), which were separated by breaks as
needed but all performed within a single day.

A child-friendly interface was built to collect data while
keeping the youngest listeners reasonably entertained. The
interface was displayed on a monitor inside the booth. Before
starting one experimental session, the listener was asked to
choose among different animated animals. The experiment
was described as a game of sound discrimination. In the be-
ginning of the session, three buttons appeared in the screen
with the same chosen animal above each button as shown in
Fig. 2. The first, second, and third animal became sequen-
tially animated over the duration of the first, second, and third
interval. Once the third interval stopped, the three buttons
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and three animals reappeared on the screen, and the listener
was asked to click on the button for which the sound was dif-
ferent. After the listener’s response, feedback was provided
via the smiley face and some winning points (Fig. 2). Correct
responses led to a smile and a 1-point gain. Three correct
responses in a row led to a 3-points bonus and a super-smiley
face. Incorrect response led to a sad face and no point. Three
incorrect responses in a row led to a disappointed face and a
I-point loss. Verbal support and congratulations from the
experimenters were given to each listener regardless of their
performance. At the end of the session, the listener was
rewarded for his/her valuable effort with “Silly Bandz” (syn-
thetic bracelets that are presently popular with children of
both genders) and a compensation of $15.

Finally, although no instruction regarding response time
(RT) was given to the listeners, RT was measured for each
trial from the instant the three buttons reappeared on the
screen to the instant the listener clicked on one button. They
were recorded primarily to eliminate unreliable responses

i ud us
1 2 3

Points
Begin Experiment ’ 0

FIG. 2. (Color online) Screen shot of the child-friendly interface used in the
31-3AFC procedure.
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(as detailed further) and ensure that the listeners remained
attentive to the tasks. All protocols were approved by the
University of Maryland’s Institutional Review Board.

D. Equipment

A computer monitor was inside the booth for presenta-
tion of the three intervals in a trial and listeners gave their
response with the mouse. Depending on the listener’s age,
one of the experimenters remained in the booth if needed to
help with using the mouse or simply to provide moral sup-
port. Signals were sampled at 44.1 kHz and 16 bits, digitally
mixed, D/A converted by a 24-bit Edirol UA-25 sound card
and presented diotically to listeners over Sennheiser HDA
200 headphones in a double-walled TAC sound-attenuating
booth within a sound-treated room. None of the listeners had
problems wearing the headphones.

lll. EXPERIMENT 1. AMR DISCRIMINATION

The first experiment investigated the sensitivity of the
17 school-aged children to a purely temporal pitch-related
cue, namely increments in the rate of sinusoidally modulated
broadband noise around 100 Hz.

A. Results

To eliminate errors due to excessive inattention,
responses provided more than 16 s after presentation of the
three intervals were discarded on the basis that children
would not be able to remember reliably the intervals they
had heard. Adults can accurately reproduce pure tones (by
adjusting the knob of a tone generator) following a silent
interval of up to 16 s (Ross et al., 2004). Beyond about 15 s,
Bachem (1954) found that pitch memory is progressively
disrupted. Therefore, when response time exceeded 16 s
(perhaps because the child was momentarily inattentive or
mistakenly thought he/she already provided a response),
that particular response was not considered reliable. Over all
trials and listeners, only two trials were discarded on this ba-
sis. Data were subsequently averaged over the several ses-
sions that each listener performed.

Psychometric functions were fitted using the psignifit
toolbox version 2.5.6 for martLAB (see http://bootstrap-
software.org /psignifit/) that implements the maximum-
likelihood method described by Wichmann and Hill (2001).
Contrary to the three other underlying functions offered by
this toolbox (logistic, Gumbel, and cumulative Gaussian),
the Weibull function is only defined for positive or zero val-
ues of x. In the present case, x represents the difference of
AMR or difference of FO and therefore negative values of x
are meaningless. So the only valid model underlying the fit-
ting of the present data was the Weibull function, described
by the following formula in which the lower bound was fixed
at chance level (33.3% in a 31-3AFC).

1 2 ’
Wi, f,7) =+ <3i> (1-exp "), 0<r<oo

where W is the percent correct score, x the difference of
AMR or FO in semitones, « and f§ the parameters influencing

2942  J. Acoust. Soc. Am., Vol. 131, No. 4, April 2012

the shape of the Weibull function and A the lapse rate that
was constrained with a flat Bayesian prior between 0% and
25%. A lapse rate of 0% results in an upper asymptote of
100%; larger lapse rates result in a lowered asymptote. Pa-
rameters derived from the psychometric function included
discrimination threshold (in semitones, the half-way point
between the lower and upper asymptotes) and slope (in %
per semitone). Note that as a comparison, the fitting proce-
dure was also run with the three other underlying functions
(accepting negative values for x) and the extracted thresholds
and slopes were very similar across the four models
(* > 0.95 for threshold and 7 > 0.87 for slope in experiment
1, 7#>0.90 for threshold, and * > 0.70 for slope in experi-
ment 2). To obtain confidence intervals, 2000 Monte—Carlo
simulations were generated from the best-fitting Weibull
psychometric function. Threshold, slope, and lapse rate were
extracted for each simulation, resulting in a distribution for
each parameter, from which the 16% and 84% quantiles
were chosen to provide confidence intervals corresponding
roughly to plus and minus one standard deviation from the
mean (assuming an approximately Gaussian distribution). As
an example, Fig. 3 presents the mean data for one listener
(6.75 yr of age) with the fitted psychometric function, result-
ing in a threshold of 3.0 semitones, a slope of 15.5% per
semitone and a lapse rate of 0%.

Goodness-of-fit was evaluated using the method advo-
cated by Wichmann and Hill (2001). All fits were within the
95% confidence limits of the Monte—Carlo-generated devi-
ance distributions. All fits, except one (13.65-y.0. listener,
whose lack of fit was partly due to a score of 50% at O semi-
tone), were within the 95% confidence limits of the distribu-
tion of the Monte—Carlo-generated correlation coefficients
between the deviance residuals and the percent correct
predicted scores. Analysis of the deviance residuals as a

100+

90+

80

70+

50+

Performance (% correct)

40+

0 2 4 6 8 10 12
Difference in AMR (semitone)

FIG. 3. Percentage correct of the AMR discrimination task, for one listener
averaged over three sessions (210 trials). The line represents the psychomet-
ric function fitted to the data using the maximum-likelihood technique.
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FIG. 4. AMR discrimination threshold (left) and slope (right) of the psychometric function for all listeners in experiment 1.

function of temporal order was not performed because the 70
trials of a given session were presented in a random order.
Thus perceptual learning might have occurred but could not
have systematically benefitted one particular experimental
condition. The lapse rate was between 0% and 5.5% for all
listeners, except one (10.33-y.o0. listener) who had a lapse
rate of 10.3%. Figure 4 shows threshold (left panel) and slope
(right panel) for all listeners. There were large individual dif-
ferences, but threshold did not vary systematically with age,
with 72 =0.01 (p=0.68). In Fig. 4 (right panel), the slope
axis is on a logarithmic scale for clarity, but neither slope nor
the logarithm of the slope were correlated with age, with
*=0.01 (p=0.72) and r* = 0.04 (p = 0.43), respectively.

B. Discussion

The maximum-likelihood technique does not define
threshold at a given level of performance but at half way
between the lower and upper asymptote. Ideally, i.e., for
nine children who did not lapse, threshold corresponded to a
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performance of 66.6%, which, in signal detection theory,
was equivalent to a d’ of 1.134 for a 3I- 3AFC procedure. As
lapse rate increased, the upper asymptote decreased and
threshold corresponded to a lower level of performance. For
seven listeners, lapse rate was below 5.5%, so that perform-
ance at threshold was between 64% and 66.6% and d’ was
between 1.043 and 1.134. For the 10.33-y.0. listener, thresh-
old corresponded to a performance of 61.5% and a d’ of
0.96. To compare the present data on a common baseline
and with other results in the literature, the present thresholds
were standardized to a common d’ value of 0.77 (70.7% per-
formance in a 2I-2AFC task), by assuming that d’ is propor-
tional to threshold. For instance, a threshold of 2 semitones
at a d’ of 1.134 corresponds to 1.36 semitones at a d’ of 0.77.
Figure 5 (left panels) shows the set of standardized thresh-
olds, which is directly comparable to AMR discrimination
thresholds that would be obtained in a 2-down/1-up adaptive
procedure (Levitt, 1971). Again, there was no significant
correlation with age (r*<0.01). The mean standardized
threshold over the 17 listeners was 1.8 semitones.
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FIG. 5. AMR discrimination threshold (left) and FO discrimination threshold (right) standardized at a d’ value of 0.77 for comparison with thresholds obtained

in a 2-down/1-up adaptive procedure.
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Rocheron et al. (2002) also investigated AMR discrimi-
nation in four NH children, between 10 and 15 y.o. At
70.7% performance in a 2I-2AFC task and a AMR reference
of 128 Hz, threshold was about 1.6 semitones. Therefore the
thresholds obtained from the present data were roughly
consistent with the results of Rocheron et al. (2002).

Formby (1985) found that threshold (defined as 70.7%
correct in a 2I-2AFC task) for 100-Hz AM broadband noise
was about 1 semitone in NH adults. Similar results were
obtained by Hanna (1992) using noise carriers with a smaller
bandwidth. Therefore it appears that children have, on aver-
age, slightly poorer sensitivity to AMR than adults. Analyz-
ing individual thresholds in Fig. 5 (left panels), eight
listeners had thresholds of 2 semitones (twice the adults’
threshold reported by Formby or by Hanna) and above. Thus
there were relatively large individual differences in the sen-
sitivity to AMR. However, there was no developmental
effect: The children who had adult-like sensitivity were not
necessarily the oldest listeners. For instance, the youngest
listener (6.5 yr of age) had a standardized threshold of only
1.08 semitones. Therefore the present data suggest that
children’s sensitivity to temporal pitch cues does not
improve systematically beyond 6 yr of age.

Burns and Viemeister (1976) provided convincing
evidence that envelope modulations elicit a real sensation of
pitch because not only could listeners recognize the differ-
ence between two modulation rates as a musical interval,
they could also recognize melodies the “notes” of which cor-
responded to those rates. The salience of this temporal pitch,
however, varied with modulation rate, being strongest
between 100 and 250 Hz and barely audible below 50 Hz or
above 850 Hz, thus defining the existence region of temporal
pitch (Burns and Viemeister, 1976). Modulation rates used
in experiment 1 varied between 100 and 200 Hz, so they
were relatively clear pitch-like percepts for this category of
sounds.

IV. EXPERIMENT 2. FO DISCRIMINATION

The second experiment investigated the sensitivity of
the same 17 school-aged children to small differences in the
FO of equal-amplitude sine-phase harmonic complexes.

A. Results

Over all trials and listeners, only three trials were dis-
carded because the responses were provided more than 16 s
after presentation of the three intervals. Data were processed
in exactly the same way as in experiment 1. Figure 6
presents, as an example, the mean data for one listener (11.08
yr of age) with the fitted psychometric function (Weibull),
resulting in a threshold of 0.26 semitones, a slope of 121%
per semitone, and a lapse rate of 0%. All fits were within the
95% confidence limits of the Monte—Carlo-generated devi-
ance distributions. All fits, except two (10.10- and 13.55-y.o0.
listeners, whose data were not well fit due to scores of 20%
and 13.3%, respectively, at 0 semitone), were within the 95%
confidence limits of the distribution of the correlation coeffi-
cients between the deviance residuals and the percent correct
predicted scores. Again, perceptual learning might have
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FIG. 6. Percentage correct of the FO discrimination task, for one listener
averaged over three sessions (210 trials). The line represents the psychomet-
ric function fitted to the data using the maximum-likelihood technique.

occurred but deviance residuals were not analyzed as a func-
tion of temporal order because the seven experimental condi-
tions were shuffled. The lapse rate was between 0% and 4%
for all listeners, except two (6.75- and 10.33-y.o. listeners)
who had a lapse rate of 18% and 20%. Figure 7 shows thresh-
old (left panel) and slope (right panel) for all listeners.

There were large individual differences but threshold
did not vary systematically with age, with %< 0.02
(p =0.63). In Fig. 7 (right panel), the slope axis is on a loga-
rithmic scale for clarity, but neither slope nor the logarithm
of the slope were correlated with age with 7> <0.01
(p=0.85) and * =0.01 (p = 0.69), respectively.

B. Discussion

For 11 children who did not lapse, threshold corre-
sponded to a performance of 66.6% and a d’ of 1.134. For
four of the children, lapse rate was below 4%, so that thresh-
old corresponded to a performance between 64.8% and
66.6% and d’ was between 1.07 and 1.134. For two listeners
(6.75 and 10.33 yr of age), who lapsed substantially, thresh-
old corresponded to a performance of 56.6% and 57.6% and
d’ was 0.80 and 0.83. The thresholds were again standardized
to a common value of d’, equal to 0.77. Figure 5 (right pan-
els) shows the set of standardized thresholds that is directly
comparable to FO discrimination thresholds that would be
obtained in a 2-down/l-up adaptive procedure (Levitt,
1971). There was no significant correlation with age
(r* < 0.03) and the mean standardized threshold over the 17
listeners was 0.17 semitones.

Moore and Glasberg (1990) reported that adults can dis-
criminate a difference of about 0.1 semitones, measured at
79.4% performance in a 2I-2AFC task (d'=1.16) and a FO
reference of 100 Hz. Assuming proportionality between
threshold and d’, their threshold corresponds to 0.07

Deroche et al.: Pitch processing by children



r? =0.015, p = 0.63

~ 051 1

5 % 3

6 8 10 12 14 16
Age (y.0.)

r? =0.002, p = 0.85

E ; l_
I .
SN

6 8 10 12 14 16
Age (y.0.)

FIG. 7. FO discrimination threshold (left) and slope (right) of the psychometric function for all listeners in experiment 2.

semitones for a d’ of 0.77. Therefore, it appears that children
have, on average, slightly poorer sensitivity to FO than
adults. Analyzing individual thresholds in Fig. 5 (right pan-
els), six listeners had thresholds higher than twice the adults’
threshold reported by Moore and Glasberg. Thus there were
relatively large individual differences in the sensitivity to
FO, but no developmental effect: The children who had
adult-like sensitivity were not necessarily the oldest listen-
ers. Therefore, the present data suggest that children’s sensi-
tivity to FO does not improve systematically beyond 6 yr of
age.

V. GENERAL DISCUSSION
A. Processing inefficiency and individual differences

One finding is recurrent in the pediatric literature,
namely that children’s basic auditory abilities are limited by
“processing inefficiency.” In many psychoacoustic tasks,
ranging from simple discrimination of intensity and fre-
quency (Maxon and Hochberg, 1982; Jensen and Neff, 1993)
to more challenging tasks, such as speech recognition
(Elliott, 1979; Nabélek and Robinson, 1982), children per-
form more poorly than adults. These deficits are sometimes
attributed to increased internal noise. In some cases, the in-
ternal noise stands for an explicit jitter in peripheral encod-
ing as for intensity discrimination (Schneider et al., 1989;
Buss et al., 2006; Buss et al., 2009) and in other cases, it
stands for inefficiency of the central auditory system in
extracting useful information (Hall and Grose, 1994; Stuart
et al., 2006), especially when the task involves informational
masking (Wightman ez al., 2003; Hall et al., 2005). In the
present experiments, it is not quite possible to dissociate the
developmental effects of processing efficiency from devel-
opmental effects of the particular auditory ability under
investigation, because both tasks were tightly related to the
processing of pitch-related cues. Nevertheless, several
considerations can be made by comparing the psychometric
parameters across the two tasks.

First, the lapse rate was not correlated across the two
tasks (with one exception: The 10.33-y.o. listener had a large
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lapse rate in both tasks). Thus the few attentional deficits
seemed specific to the given task. Moreover, analyses
showed that within each experiment, lapse rate did not co-
vary with age (data not shown). Therefore there was neither
evidence that some children suffered from global attentional
deficits nor that young children suffered more from atten-
tional deficits than older children, over the age span of
6—-16 yr. The experimental protocol was designed to keep lis-
teners involved in the task: Children were eager to gain as
many points as possible and compete with each other when
siblings attended the same test session. Furthermore, analysis
of RT data showed that in both experiments children took
about twice as much time to respond correctly when the cue
was barely discriminable as when the cue was the most dis-
criminable. The fact that children were more cautious to
respond as the task difficulty increased is evidence that they
actively attempted to perform well. Thus it appears that
the protocol successfully reinforced a sustained level of
attention.

Second, standardized thresholds between the two tasks
were significantly correlated (r2 =0.64, p <0.001), as illus-
trated in Fig. 8. This correlation might reflect the possibility
that both tasks depend to some extent on a common process-
ing efficiency or on a common underlying pitch-processing
mechanism. Whether or not individual differences were
caused by processing inefficiency, this correlation shows
that listeners who were good at discriminating modulation
rates were also good at discriminating close FOs.

Third, no developmental effect on threshold or on slope
was observed in either of the two experiments. Some chil-
dren displayed a considerably poorer sensitivity to pitch-
related cues than adults, but age was not a relevant factor. In
Fig. 8, eight listeners had thresholds scattered around the
thresholds obtained with adults. Nine other listeners had
poorer thresholds in one task or the other or both. These nine
listeners were either inefficient in processing pitch-related
cues or their sensitivity to pitch was still developing.
Because they did not belong to a common age group, there
was no evidence that the processing of pitch-related cues
improves over the age span of 6-16 yr. Finally, individual
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FIG. 8. Significant correlation between the standardized (d' =0.77) thresh-
olds extracted in the two tasks. Thresholds were about nine times finer for
FO discrimination than for AM rate discrimination. The star corresponds to
the adults’ performance taken from results in the literature (text).

differences in the sensitivity to pitch-related cues might also
be partly accounted for by different exposures to musical
education, but such data had not been collected. Among the
nine males and eight females, no gender difference was
apparent.

B. Sensitivity to temporal pitch poorer than sensitivity
to spectro-temporal pitch

The results of the present experiments confirmed that
the sensitivity of school-aged children to the FO of sine-
phase harmonic complexes is much finer than that of AMR
by a factor of about 9 (slope of the regression line in Fig. 8).
This difference in sensitivity is expected for at least three
reasons. First, there are resolved partials in the excitation
pattern of a harmonic complex that are known to contribute
largely to pitch perception. In contrast, the long-term excita-
tion pattern of an amplitude-modulated broadband noise
does not vary with changes in modulation rate. Second, the
fine structure a harmonic complex is periodic within each
auditory filter, whereas that of an amplitude-modulated noise
is not. Third, the envelope modulations of a harmonic com-
plex can be very peaky at the output of basal auditory filters
when all partials interact in phase. In contrast, the envelope
modulations of amplitude-modulated noise are sinusoidal
within each filter. Patterson et al. (1978) showed that the
shape of the AM could influence the salience of the temporal
pitch (square-wave versus sinusoidal).

NH children are not very sensitive to periodicity cues
present in the sinusoidally modulated temporal envelope. In
contrast, it is possible that early implanted children process
similar cues more efficiently, i.e., brain plasticity might
overcome the current limitations of CI devices to provide
pitch-related cues. Further work with this population is
needed to understand whether or not these implanted
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children exhibit a better sensitivity to purely temporal pitch
than the NH children of the present study and if so, how
comparable they are to the sensitivity of NH children to FO.

VI. SUMMARY

The present experiments estimated psychometric func-
tions for discrimination of AMR and FO in school-aged chil-
dren. Stimuli were respectively broadband noise bursts and
sine-phase harmonic complexes. A 3I-3AFC constant-stimu-
lus procedure with a child-friendly interface was used to
estimate percent correct performance. Many children dem-
onstrated adult-like sensitivity in both tasks. The sensitivity
of some children was poorer than that of adults, but those
were not necessarily the youngest listeners. As has been pre-
viously observed in adults, children had a finer sensitivity to
FO than to AMR.
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