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Synopsis:

The ability to detect, discriminate, and locate sounds improves throughout the course of
infancy and childhood. This improvement stems from maturation of the conductive
apparatus of the ear, of the primary auditory neural pathways, and of perceptual processes

such as sound source segregation and selective attention.
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GLOSSARY

auditory brainstem response: a scalp-recorded far-field evoked potential originating in
the auditory nerve and auditory brainstem nuclei. Five peaks, labeled I through V, can be
identified in the response. Wave I originates in the auditory nerve and has a latency of 1-
2 ms in adults; Wave V originates in the inferior colliculus and has a latency of about 7
ms in adults.

auditory filter width: a psychophysical measure of frequency resolution obtained by
measuring the threshold for a pure-tone masked by a band-reject noise. The “notch” in
the noise spectrum is centered on the tone frequency, and the width of the notch is varied
to determine the width of the auditory filter.

binaural masking level difference (BMLD): The reduction in masking that occurs when
either the probe or the masker is presented dichotically. For example, threshold for a tone
is reduced by as much as 15 dB when the tone is presented in opposite phase to the two
ears, while the noise masker is the same in both ears. The condition in which the same
masker and probe are presented to both ears is denoted NySy, while the condition in
which the probe is out of phase at the two ears is denoted NyS;.

conductive apparatus: the parts of the ear that conduct sound pressure to the inner ear;
the external ear and the middle ear.

critical band: The band of frequencies in a broadband noise that is effective in masking a
tone; conceptually equivalent to the auditory filter width.

cross-modality loudness matching: a method of measuring loudness in which the

listener produces a stimulus in a nonauditory modality that matches the perceived
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magnitude of the sound. For example, the listener might draw a line that is as long as a
sound is loud.

difference limen (DL): the threshold in a discrimination experiment; the difference
between two stimuli in intensity, frequency or some other characteristic that the listener
can just discriminate.

formant transition: Formants are peaks in the amplitude spectrum of speech sounds. As
the articulators move from the position required to produce one sound (e.g., a consonant)
to the position required to produce another (e.g., a vowel), the frequency of the formants
gradually changes, creating a formant transition. The direction and extent of the formant
transition provide information about the identity of speech sounds.

forward masking: masking that occurs when the masker precedes the probe by 0 to
about 100 ms.

gap detection: a measure of temporal resolution in which the listener is asked to detect a
temporal interruption in a sound.

interaural time difference: the difference between the arrival times of a sound at the two
ears; a cue to sound source position in space.

minimum audible angle: the just noticeable difference in spatial position of a sound
source, expressed as degrees of arc.

NoSo: see binaural masking level difference

NoSz: see binaural masking level difference

observer-based methods: A method for determining thresholds in infants in which an
observer, blind to trial type, judges whether or not a signal was presented to the infant in

a defined time period. The only information provided to the observer is the infant’s
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behavior. Because the method does not require a particular response from the infant, it is
useful in the testing of young infants who do not produce easily recorded head turns to
sound sources. The method is described in detail by Werner, L.A. (1995).

otoacoustic emissions (OAE): sounds that are produced by the inner ear and that can be
recorded in the ear canal with a sensitive microphone. The presence of OAE is a sign of
normal hearing.

psychometric function: the function that describes the relationship between performance
in a psychophysical task and the value of the stimulus. For example, the function that
shows percent correct detections as a function of stimulus intensity is the psychometric
function for detection.

psychophysical tuning curve: a measure of frequency resolution in which the masker
level just required to detect a fixed-frequency probe is measured for different masker
frequencies. A psychophysical tuning curve resembles the tuning curve of auditory nerve
fibers.

release from masking: a reduction in masking resulting from a change in the probe, the
masker or some other variable.

sound source determination: the process by which the components of sound emanating
from a single source are grouped together as an auditory object.

visual reinforcement audiometry: A clinical procedure for determining thresholds in
infants older than 6-7 months. The infant learns to turn her head toward a sound source; a

mechanical toy or video is activated to reinforce the infant’s head turn.
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1. INTRODUCTION

The study of auditory development in human infants and children is relatively
young. Studies of anatomical (Streeter, G. L., 1906, Streeter, G. L., 1917, McKinnis, M.
E., 1936, Hall, J. G., 1964, Bredberg, G., 1968), physiological (Akiyama, Y. ef al., 1969,
Engel, R. and Young, N. B., 1969, Lenard, H. G. et al., 1969), and behavioral or
psychophysiological (Bartoshuk, A. K., 1962, Steinschneider, A. et al., 1966, Clifton, R.
K. et al, 1968, Jordan, R. E. and Eagles, E. L., 1963, Eisenberg, R. B. et al., 1964,
Leventhal, A. and Lipsitt, L. P., 1964) development had been published prior to 1970. It
was, however, only in the 1970s that interest in assessing hearing in infants became
serious, with the appearance of visual reinforcement audiometry (Moore, J. M. et al.,
1977, Liden, G. and Kankkonen, A., 1961)and the auditory brainstem response (Salamy,
A. et al., 1975). The first rigorous psychophysical studies of infants and children were
published in 1979 (Schneider, B. A. ef al., 1979), and it is only in the last 15 years that
attempts have been made to relate age-related changes in auditory behavior to the
underlying physiological and anatomical processes (e.g., Ponton, C. W. et al., 1996,
Trainor, L. J. et al., 2001, Werner, L. A., 1996, Werner, L. A. et al., 1994b). The upshot
is that while we have a fairly complete description of the development of the most basic
aspects of audition, less is known about complex auditory perception and about the
underlying causes of auditory development.

It is generally believed that the limits on the basic aspects of audition—frequency,
intensity and temporal resolution—are established at the auditory periphery. Deficits in

resolution in mature listeners generally result from peripheral damage or disease.
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Observations of the human fetal and neonatal inner ear indicate that the cochlea is
structurally and functionally adultlike by term birth (e.g., Bredberg, G., 1968, Lavigne-
Rebillard, M. and Pujol, R., 1987, Lavigne-Rebillard, M. and Bagger-Sjoback, D., 1992,
Pujol, R. and Lavigne-Rebillard, M., 1992, Lasky, R. et al., 1992, Brown, A. M. et al.,
1994, Bargones, J. Y. and Burns, E. M., 1988, Abdala, C., 1996). These observations
have led to the expectation that the basic aspects of hearing will likewise be adultlike at
term birth, with any apparent immaturity in auditory behavior resulting from limitations
in cognition or motor processes. However, just as we now understand that some types of
purely auditory dysfunction can result from deficits in the neural encoding of sound (e.g.,
Zeng, F. et al., 2005 ), we understand that immaturity of the primary auditory neural
pathway may lead to immaturity of frequency, intensity or temporal resolution. Further,
we must recognize that maturation of fundamentally auditory processes, such as sound
source determination, may limit basic auditory sensitivities. Finally, immaturity of so-
called higher level processes, such as attention or memory, may result in immaturity of
auditory sensitivity that is functionally no different from that resulting from primary
auditory immaturity. Thus, potential contributors to the development of auditory behavior
include primary auditory processes at both peripheral and central levels, organizational
and integrative auditory processes, and general perceptual, cognitive and motor
processes.

In many ways, the methods available to describe and to understand human
auditory development are limited. Few anatomical data are available and physiological
indices are limited to acoustic measures, scalp-recorded far-field potentials, and recently

neural imaging techniques. In addition, infants and children have limited capacities for
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carrying out psychophysical procedures. However, some 30 years of work honing
developmental psychoacoustic procedures has resulted in what we believe to be valid and
reliable measures of auditory sensitivity. The details of these procedures are beyond the
scope of this chapter. The interested reader is referred to Werner, L. A. and Rubel, E. W
(1992).
2. DEVELOPMENT OF PRIMARY AUDITORY CAPACITIES
2.1. Spectral Coding

2.1.1.  Frequency resolution and discrimination

Schneider, B. A. ef al. (1989) published the first comprehensive description of
masked thresholds from infancy through adulthood. The beauty of this study is that very
similar methods were used to obtain data from listeners in all age groups, 6 months to 20
years. Listeners in this study detected octave-bands of noise masked by a broadband
noise by identifying the speaker—Ileft or right—that was playing the octave-band signal
on each trial. Infants indicated their choice with a head turn toward the correct speaker.
Older listeners pushed a button on one of the arms of their chair. This two-alternative
forced-choice method also has the advantage of controlling response bias. Thresholds
were estimated from psychometric functions constructed from the data of all listeners in
each group. The thresholds Schneider, B. A. ef al. obtained are plotted in Figure 1 for
several frequencies. Notice that masked thresholds improve with age at all frequencies.
Between 6 months and adulthood the improvement is on the order of 10-12 dB, with all
but a few dB of the improvement occurring prior to 8 years of age. This pattern of

development was confirmed in many studies of infants or children (e.g., Bargones, J. Y.
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et al., 1995, Berg, K. M., 1993, Berg, K. M. and Boswell, A. E., 1999, Maxon, A. B. and
Hochberg, 1., 1982, Nozza, R. J. and Wilson, W. R., 1984).
<figure 1 near here>

Schneider, B. A. ef al.’s (1989) observations provided the starting point for much
of the developmental psychoacoustic research that followed. The age-related
improvement in masked threshold could result from maturation of several different
processes. Of course, the most obvious explanation for threshold maturation to most
people is that people get better at performing psychophysical tasks as they develop. For
example, listeners are better able to remain “on-task” and to remember what they are
listening for. The consensus is that while inattentiveness or forgetting are likely
responsible for young listeners’ imperfect psychoacoustic performance, such processes
can only account for 2-3 dB of the observed age difference in masked threshold
(discussed in greater detail in Section 3; see also Schneider, B. A. and Trehub, S. E.,
1992, Viemeister, N. F. and Schlauch, R. S.,; 1992, Werner, L. A. and Bargones, J. Y.,
1992, Wightman, F. and Allen, P., 1992).

Another obvious process affecting detection in noise is frequency resolution, the
precision with which the auditory system can analyze the frequency content of a complex
sound. Frequency resolution improves dramatically in the period following the onset of
cochlear function in mammals, and there is evidence that some neural responses continue
to become more frequency selective even after cochlear tuning is well established (Sanes,
D. H. and Walsh, E. J., 1998). In humans, the cochlea begins to function in the prenatal
period, probably around 22 weeks of gestation (Pujol, R. et al., 1990, , 1991). Both

behavioral and brainstem evoked potentials can be recorded around 28 weeks of gestation
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(e.g., Birnholz, J. C. and Benacerraf, B. R., 1983, Lary, S. et al., 1985). By term birth,
acoustic and electrophysiological measures of cochlear function are generally reported to
be adultlike (Teas, D. C. et al., 1982, Abdala, C. and Chatterjee, M., 2003), save for the
potential effects of conductive immaturity (discussed below). Frequency resolution has
been examined at the level of the brainstem using the auditory brainstem response (ABR)
and masking paradigms by Folsom, R. C. and his colleagues (Folsom, R. C., 1985,
Folsom, R. C. and Wynne, M. K., 1987, Abdala, C. and Folsom, R. C., 1995). Their
results consistently indicate mature frequency resolution at 6 months postnatal age. At 3
months, however, they report immaturity of frequency tuning, but only at frequencies
above 4000 Hz.

The results of psychoacoustic studies of the development of frequency resolution
are consistent with ABR results. For example, critical bandwidth (Schneider, B. A. ef al.,
1990) and psychophysical tuning curve width (Olsho, L. W., 1985) have been reported to
be adultlike in 6-month-old listeners. Spetner, N. B. and Olsho, L. W. (1990) conducted
the only psychophysical examination of frequency resolution in infants younger than 6
months of age. These investigators reported that psychophysical tuning curve width was
mature by 3 months of age at 500 and 1000 Hz, but remained immature at 4000 Hz. They
also found that tuning was mature at 4000 Hz by 6 months. Several studies have
examined frequency resolution in older children. While initial results indicated immature
frequency resolution in 3-4-year-olds (Allen, P. ef al., 1989, Irwin, R. J. et al., 1986),
Hall, J. W. and Grose, J. H. (1991) showed that the apparent immaturity in frequency
resolution in young children could be accounted for by age-related changes in perceptual

decision processes. Thus, there is now general agreement that frequency resolution
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matures relatively early in postnatal life, and that age-related differences in masked
threshold must stem from other causes. The nature of these “other causes” is discussed in
detail below.

One would expect that the development of frequency discrimination would follow
that of frequency resolution. The available data suggest that, in fact, high-frequency pure
tone discrimination develops along a course similar to that of frequency resolution at high
frequencies: 3-month-old infants are immature in frequency discrimination from 500 to
4000 Hz, while 6- and 12-month-old infants remain immature at 500 and 1000 Hz but are
close to adultlike at 4000 Hz (Olsho, L. W. et al., 1987). Studies of children support this
pattern of development, showing low-frequency pure-tone discrimination only reaching
adult levels of performance around 10-11 years (Fischer, B. and Hartnegg, K., 2004,
Maxon, A. B. and Hochberg, 1., 1982). One explanation for this developmental gradient
begins with the observation that low-frequency tones are discriminated on the basis of
periodicity, while high-frequency tones are discriminated on the basis of excitation
pattern (e.g., Moore, B. C. ef al., 1999). Frequency resolution and high-frequency
discrimination are mature by around 6 months of age, as noted above. Immature low-
frequency discrimination is consistent with immaturity of periodicity processing, either
the primary representation of periodicity (i.e., phase-locking) or the ability to use that
representation in the case of pure-tone frequency discrimination. Several lines of
evidence point toward the latter possibility. First, the development of evoked potentials,
at least at the brainstem level (e.g., ABR), is generally complete before a child is 5 or 6
years old (Hall, J. W. L., 1992). Because evoked potential amplitude depends heavily on

the existence of phase locking, this finding implies that phase locking is also mature by
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that age. Further, it is generally believed that more training is required to learn low-
frequency discrimination, even among adults, and several studies support this belief
(Olsho, L. W. et al., 1988a, Harris, J. D., 1952). Soderquist, D. R. and Moore, M. (1970)
have shown that young children can achieve adult levels of performance in low frequency
discrimination with training. Thus it appears that the periodicity information may be
available even to infants, but that in the context of pure-tone frequency discrimination,
listeners do not readily access that information.

2.1.2.  Pitch and timbre

Complex pitch perception requires not only an adequate representation of the
spectrum and periodicity of the stimulus, but some integration of temporal and spectral
information across frequency regions, making it an interesting phenomenon from a
developmental standpoint. Clarkson, M. G. and her colleagues have conducted a series of
studies examining the perception of complex pitch in 7-month-old infants. The
phenomenon that defines complex pitch psychophysically is the pitch of the missing
fundamental: people will assign a harmonic complex the pitch associated with its
fundamental frequency, even when the fundamental frequency is not part of the complex.
The perception of the pitch of the missing fundamental clearly depends on integration of
the information carried by the harmonics, and Clarkson, M. G. and Clifton, R. K. (1985)
first demonstrated that infants can learn to respond when the missing fundamental
frequency of a complex changes, while ignoring other spectral changes. In many respects,
infants’ and adults’ ability to perform this task depends on the same stimulus parameters.
For example, both infants and adults continue to hear the pitch of the missing

fundamental when a noise band “masks” the fundamental frequency, but fail to hear that
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pitch if the higher frequency harmonics are masked (Montgomery, C. R. and Clarkson,
M. G., 1997). Both age groups have greater difficulty categorizing the pitch of
inharmonic complexes (Clarkson, M. G. and Clifton, R. K., 1995), but while adults can
hear the pitch of the missing fundamental, albeit weakly, when only high-frequency
harmonics are present, infants appear unable to hear this less salient pitch (Clarkson, M.
G. and Rogers, E. C., 1995). Because the perception of the pitch of the missing
fundamental on the basis of only high-frequency harmonics is believed to depend on the
periodicity that results from unresolved harmonics, the latter observation provides
additional evidence that infants may have greater problems in tasks that require the use of
periodicity.

Finally, infants ability to categorize spectrally dissimilar sounds on the basis of
their common fundamental frequency would mean little if infants are unable to
discriminate the spectral dissimilarity. Adults perceive these spectral changes as changes
in timbre. One of the difficulties in ensuring that the listener is responding on the basis of
the timbre of a complex is that the listener could listen to only a restricted frequency
region of the complex and respond when the energy in that frequency region changes,
regardless of the spectral shape of the complex as a whole. To prevent that from
happening, studies of timbre generally vary, or “rove”, the overall intensity of the
complex from presentation to presentation, so that the amount of energy in any frequency
region is not a reliable indicator of a change in spectral shape. Several studies have
reported that infants can learn to categorize sounds on the basis of spectral shape
(Clarkson, M. G. et al., 1988, Clarkson, M. G., 1996, Trehub, S. E. et al., 1990), but

infants have difficulty ignoring random changes in overall intensity (Clarkson, M. G.,
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1996). None of the existing studies have been able to get infants to respond to timbre
changes in tonal complexes when the intensity is roved sufficiently to prevent the listener
from responding on the basis of local intensity changes. Because infants are consistently
able to discriminate between sounds that adults distinguish on the basis of spectral shape
(e.g., vowels, Marean, G. C. et al., 1992, Kuhl, P. K. and Miller, J. L., 1982) and because
infants appear to have difficulty listening to a restricted frequency region (discussed
below, Bargones, J. Y. and Werner, L. A., 1994), it is likely that they do perceive timbre
in some fashion. A definitive demonstration remains elusive, however.
2.2. Intensity Coding

A difficulty in studying the development of intensity processing is that it is
difficult to separate the perception of intensity from other variables that influence the
efficiency with which the listener performs the task. There is no measure, like critical
bandwidth or auditory filter width, that allows intensity coding to be distinguished from
factors like attentiveness or memory. To date, the most fruitful approach has been to
examine the effects of stimulus variables (e.g., frequency, duration) on intensity
processing: the more adultlike these effects, the more likely it is that intensity processing
is adultlike. A goal of future developmental research in this area, however, should be to
find more definitive procedures for solving this dilemma.

2.2.1.  Absolute sensitivity

To many, and certainly to audiologists, absolute sensitivity represents the most
basic characterization of the auditory system. Threshold sensitivity improves dramatically
in the period following the onset of cochlear function in the species that have been tested

(e.g., Ehret, G., 1976, Zimmermann, E., 1993, Ehret, G. and Romand, R., 1981, Gray, L.
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and Rubel, E. W., 1985, Kenyon, T. N., 1996), but to date, no species has been followed
systematically from the onset of hearing to adulthood in a single study. Because different
methods are generally used to test the behavioral thresholds of young and adult animals,
it is difficult to know how much of an age difference in threshold is due to differences in
test methodology. In no case have thresholds of the oldest developing animal been found
to approach adult thresholds in that species. The usual conclusion drawn from these
studies, nonetheless, is that the development of threshold sensitivity is primarily due to
maturation of the inner ear, although middle ear function is also known to undergo
developmental improvements early in life (e.g., Ehret, G., 1976). Neural contributions to
threshold development are rarely if ever considered.

The human fetus moves in response to sound by 28 weeks of gestation. While a
few attempts to measure behavioral response thresholds in ufero have been made
(reviewed by Lecanuet, J. P., 1996), the technical difficulties involved in estimating the
sound pressure level in utero, not to mention the myriad other methodological difficulties
involved in this experiment, make interpretation of the results problematic. Moreover, it
is clear that whatever sound makes it to the fetus is at least partially masked by noise
produced by the mother’s body (e.g., Querleu, D. ef al., 1988, Gerhardt, K. J. et al.,
1990). A few studies have examined the behavioral response of preterm infants to sound.
The percentage of behavioral responses to a broadband noise centered at 3000 Hz with a
peak intensity of 90 dB SPL A has been reported to increase more or less systematically
from about 20% to about 45% of trials between 34 and 41 weeks conceptional age
(Gerber, S. E., Mencher, G. T. et al., 1985), but it is of course, difficult to know what is

responsible for the increase in responsiveness to sound. If spontaneous responses to
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octave-band noises are considered, even in a rigorous psychophysical procedure,
behavioral response thresholds in full-term newborns are on the order of 75 dB HL over
the frequency range from 125 to 4000 Hz (Weir, C., 1976, 1979).

By 1 month of age, human infants are awake and alert long enough that a few
attempts have been made to establish their behavioral thresholds using the observer-based
approach'. For example, Werner, L. A. and Gillenwater, J. (1990) estimated that 2- to 4-
week-old infants’ behavioral thresholds to pure tones were about 45 dB higher than
adults’ at 500 Hz and about 35 dB higher than adults’ at 4000 Hz. Trehub, S. E. et al
(1991) found that thresholds for a 4000 Hz octave-band noise were about 30 dB higher in
I-month-olds than in adults, and Tharpe. A. M. and Ashmead, D. H. (2001) reported that
infants between 0 and 3 months of age had thresholds for a speech filtered noise that were
about 40 dB higher than adults’. None of these studies reinforced the infants’ responses
to sound; Werner, L. A. and Mancl, L. R. (1993) reported that 1-month-olds’ thresholds
for pure tones were improved by about 5 dB if responses to the tones were reinforced by
an audio recording of a woman reading from a children’s book.

By 3 months of age, infants’ behavioral thresholds improve to about 40 dB SPL at
500 Hz and to 24 dB SPL at 4000 Hz (Olsho, L. W. et al., 1988b, Tharpe, A. M. and
Ashmead, D. H., 2001, Trehub, S. E. et al., 1991). Between 3 and 6 months, little
improvement occurs in low-frequency thresholds, but thresholds are about 15 dB higher
than adults’ at higher frequencies (Bargones, J. Y. et al., 1995, Berg, K. M. and Smith,
M. C., 1983, Nozza, R. J. and Wilson, W. R., 1984, Sinnott, J. M. et al., 1983, Trehub, S.

E. et al., 1980). Trehub, S. E. et al. followed the development of thresholds for octave
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noise bands from 6 months through the school years to adulthood. They found that
mature sensitivity was achieved earlier at higher frequencies, before age 5 years at 4000
and 10000 Hz, but after 10 years of age at 1000 Hz. Thus, the development of absolute
sensitivity is a prolonged process, summarized in Figure 2.

<figure 2 near here>

The nature of these age-related changes in sensitivity have been a matter of
debate. Certainly similar improvements in physiological indices of sensitivity are
observed in preterm and young infants. Improvements in click-evoked auditory brainstem
thresholds from 40 to 10 dB nHL have been documented from about 28 to 38 weeks
conceptional age on (Lary, S. ef al., 1985). In general, thresholds for responses generated
in the inner ear or auditory nerve at term birth have been reported to be no more than 15
dB higher than those observed in adults (Engel, R. and Young, N. B., 1969, Stuart, A. et
al., 1993, Stevens, J. C. et al., 1990, Abdala, C. ef al., 2006). Sininger and her colleagues
(Sininger, Y. and Abdala, C., 1996, Sininger, Y. S. ef al., 1997) have reported that for
stimuli calibrated in the ear canal, thresholds for click-evoked ABR Wave V are about 20
dB higher in term neonates than in adults. This laboratory also reported that while
neonates’ thresholds for tone-pip-evoked ABR Wave V are adultlike at 500 Hz, they are
about 20 dB higher than adults’ at 4000 and 8000 Hz.

One of the factors known to contribute to the improvements in absolute sensitivity
with age is maturation of the conductive apparatus. Keefe, D. H. and his colleagues
(Keefe, D. H. et al., 1993, Keefe, D. H. and Levi, E. C., 1996) have shown that the
efficiency of transmission through the middle ear improves throughout infancy, and it is

believed that this process continues well into childhood (Okabe, K. S. et al., 1988). In 1-
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month-olds, as much as 20 dB less sound energy is transmitted through the middle ear at
high frequencies, compared to adults. At lower frequencies, the difference in sound
transmission is only 5-10 dB at 1 month. Transmission at high frequencies improves by
10 dB by 6 months of age; low-frequency transmission improves at a slower rate. Thus, it
is likely that age-related threshold differences in otoacoustic emissions (OAE), ABR and
other measures of peripheral function early in infancy can be accounted for by
immaturity of the conductive apparatus. Further, improvement in conductive efficiency
can account for at least a portion of the improvement in behavioral thresholds observed
between 1 month and 6 months of age, especially at higher frequencies. Werner, L. A.
and Holmer, N. M. (2002), in fact, have shown that behavioral threshold at 4000 Hz is
significantly correlated with middle ear admittance at that frequency among 3-month-old
infants and among adults.

One of the factors unlikely to contribute to improvements in absolute sensitivity
with age, at least beyond the conceptional age of 38 weeks or so, is maturation of the
inner ear. On the basis of anatomical benchmarks, as well as physiological and behavioral
responses, the human inner ear apparently begins to respond to sound around 22 weeks
gestational age (Birnholz, J. C. and Benacerraf, B. R., 1983, Pujol, R. et al., 1991). By
term birth, the consensus is that the cochlea is anatomically and functionally mature
(Fujimoto, S. ef al., 1981, Igarashi, Y. and Ishii, T., 1979a, b, Igarashi, Y. ef al., 1978;
Lavigne-Rebillard, M. and Pujol, R., 1987, , 1988, Lavigne-Rebillard, M. and Bagger-
Sjoback, D., 1992, Bredberg, G., 1968, Igarashi, Y. and Ishii, T., 1980, Streeter, G. L.,
1917, Streeter, G. L., 1906, Lavigne-Rebillard, M. and Pujol, R., 1990, Isaacson, G. et

al., 1986, Shimizu, T. ef al., 1991, Hoshino, T., 1990, Nakai, Y., 1970, Bargones, J. Y.
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and Burns, E. M., 1988, Leiberman, A. et al., 1973, Plinkert, P. K. et al., 1990, Abdala,
C., 1998, Chuang, S. W. et al., 1993, Morlet, T. et al., 1996, Eggermont, J. J. et al., 1996,
Collet, L. et al., 1993).

Maturation of the primary auditory neural pathways, however, may well be
involved in threshold improvements during early infancy. Werner, L. A. and her
colleagues (Werner, L. A. et al., 1994b, , 1993) have shown that behavioral threshold at
4000 and at 8000 Hz is significantly correlated with ABR threshold in the same infants,
but even more strongly correlated with Wave I-V interpeak latency. Improvement in
ABR latencies during infancy is thought to result from changes in the length of the neural
pathway, from myelination of nerve fibers, and in great part, from improvement in
synaptic efficiency (Ponton, C. W. et al., 1996, Moore, J. K. ef al., 1995, Moore, J. K. et
al., 1997, Moore, J. K. et al., 1996, Ponton, C. W. ef al., 2000). It is likely that the
improvement in synaptic efficiency, at least, also leads to improvements in auditory
sensitivity.

2.2.2. Intensity discrimination

A notable property of immature auditory neurons is their limited dynamic range
(Kotak, V. and Sanes, D., 1995). Thus, it would not be surprising to find that intensity
discrimination undergoes postnatal development in humans. Because detection in noise is
immature in infants and young children and because frequency resolution is apparently
mature early in infancy, the development of masked thresholds must reflect changes in
the signal-to-noise ratio required for detection. We refer to the signal-to-noise ratio
required for detection as “efficiency”. One of the variables that determines efficiency is

intensity resolution. Of course, many other factors, such as attentiveness, selective
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attention, motivation and memory, also determine efficiency. Nonetheless, one would
predict that the ability to detect changes in the intensity of a suprathreshold sound follows
a developmental course similar to that for masked thresholds.

A summary of the development of intensity discrimination taken from several
studies of infants and children is shown in Figure 3. In general, intensity discrimination
has been found to be relatively immature in infants. For pure tone intensity
discrimination, 6-9-month-old infants have been reported to have intensity difference
limens (DL) on the order of 6-9 dB, compared to a DL of 1-2 dB in adults (Sinnott, J. M.
and Aslin, R. N., 1985, Berg, K. M. and Boswell, A. E., 1998, Kopyar, B. A., 1997).
Infants are more adultlike in intensity discrimination of broadband than narrow band
sounds (Bull, D. et al., 1984, Kopyar, B. A., 1997). Although there is considerable
variability in the intensity DL reported for children in different studies, there is a general
trend for intensity discrimination to improve through the preschool period and to
approach adult levels at 5-6 years of age (Jensen, J. K. and Neff, D. L., 1993, Maxon, A.
B. and Hochberg, 1., 1982, Berg, K. M. and Boswell, A. E., 2000), mirroring the age-
related improvement in detection-in-noise (Schneider, B. A. ef al., 1989).
<figure 3 near here>

If the immature auditory system exhibits a sluggish growth of response with
increases in intensity or if the response at a given intensity is variable, detection and
discrimination will be poor. Schneider, B. A. ef al. (1989, Schneider, B. A. and Trehub,
S. E., 1992) discuss the role of intensity coding in the development of detection in noise,
but there is little direct evidence for immaturity of intensity coding in infancy or

childhood. Cochlear responses tend to grow with intensity in a similar way in neonates
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and adults (Abdala, C., 2000). There are few studies that have compared infants and
adults in the growth of neural evoked response amplitude with intensity, although
response latency appears to change with increasing intensity in an adultlike fashion even
in preterm infants (Gorga, M. P. ef al., 1989). Several studies (Durieux-Smith, A. et al.,
1985, Cornacchia, L. et al., 1983, Rickard, L. K., 1988) have shown that ABR Wave V
amplitude grows with increasing intensity more slowly in young infants, but the age
difference did not persist beyond 10 months of age. Although auditory cortical evoked
potentials development clearly continues throughout childhood (e.g., Huttenlocher, P. R.,
1979, Kraus, N. et al., 1985, Sharma, A. et al., 1997), the effects of age on the growth of
cortical potentials with stimulus intensity has not been addressed. In fact, that infants are
more mature in their detection of broadband than of narrow-band sounds, in the absence
of any obvious bandwidth-dependent differences in attentiveness, suggests that intensity
coding is not responsible for infants’ immature detection in noise (Werner, L. A. and

Boike, K., 2001).
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2.2.3. Loudness

Given the relatively prolonged development of intensity discrimination
performance, it is surprising that direct measures of loudness growth show few
developmental effects beyond infancy (Bond, B. and Stevens, S. S., 1969, Collins, A. A.
and Gescheider, G. A., 1989, Dorfman, D. D. and Megling, R., 1966). For example,
Collins, A. A. and Gescheider, G. A. found that preschool children could not only
perform a cross-modality loudness matching procedure, but that their results were quite
similar to those of adults. It should be noted that this observation argues against
immaturity of intensity processing in general, at least during the preschool period.

Interestingly, there is limited evidence for immaturity of loudness perception
among infants. Leibold, L. J. and Werner, L. A. (2002) showed that infants, like adults,
respond more quickly to a more intense tone. They found, further, that the rate at which
response latency decreased with increasing tone intensity was greater in infants than it
was in adults. In other words, loudness growth appeared to be more rapid in infants than
in adults. This finding is difficult to reconcile with the idea that the neural response is
growing more slowly with increasing intensity in young listeners. It is consistent with the
idea that infants listen in a high level of internal noise: Loudness grows more rapidly in
external noise among adult listeners.

2.3. Temporal Resolution

Again, several observations of early auditory development in nonhuman species
suggest that age-related changes in temporal resolution occur in the course of human
development. Immature auditory neurons, for example, do not sustain response to

continuous stimulation and demonstrate prolonged recovery from prior stimulation (e.g.,



Auditory Development 23

Brugge, J. F. et al., 1978). Whether the corresponding developmental period in humans
occurs in the postnatal period is not clear.

Estimates of temporal resolution in infancy are heavily dependent on the measure
used to assess temporal resolution. A popular measure has been the gap detection
threshold, the shortest interruption in ongoing sound that can just be detected by the
listener. Werner, L. A. ef al. (1992) measured gap detection thresholds in 3-, 6-, and 12-
month-old infants and in adults for broadband noise and for low-pass noises with varying
high-frequency cutoffs. Infants’ gap detection thresholds were quite poor, on the order of
40-50 ms in the broadband noise condition. Gap detection threshold did not improve
between 3 and 12 months of age, but changed with the frequency of the stimulus in a
manner similar to that seen in adults. In subsequent experiments, Werner, L. A. and her
colleagues reported the same poor gap detection thresholds using a different method to
estimate thresholds (Werner, L. A. ef al., 1994a) and showed that the effect of changing
the stimulus frequency from gap onset to gap offset had similar effects on infants and
adults (Werner, L. A. ef al., 1994a). Trehub, S. E. et al. (1995) found that infants were
better at detecting a gap between two Gaussian shaped tone bursts than gaps in noise, but
their gap thresholds were still far from adultlike. Studies of preschool children, on the
other hand, generally indicated mature gap detection thresholds by 4 or 5 years of age
(Wightman, F. ef al., 1989, Trehub, S. E. et al., 1995).

Studies employing other measures of temporal resolution suggest a quite different
pattern of development. Duration discrimination, for example, has been shown to be
immature in infants and to remain immature in young children (Morrongiello, B. A. and

Trehub, S. E., 1987, Elfenbein, J. L. et al., 1993). Werner, L. A. (1999), in contrast,
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reported that forward masking was adultlike by 6 months of age. While Buss, E. ef al.
(1999) reported improvements in forward masked thresholds between 5 and 11 years, the
improvement in masked threshold just paralleled the improvement seen in threshold in
quiet. Thus, the amount of forward masking demonstrated at each age was about the same
as that seen in adults. Finally, two developmental studies of the temporal modulation
transfer function (TMTF) have been conducted. The TMTF shows the depth of
modulation required to detect amplitude modulation as a function of the modulation
frequency. The TMTF has a low-pass characteristic and its cutoff frequency is a measure
of temporal resolution (Viemeister, N. F., 1979). Both 3-month-old infants and 4-5-year-
old children (Figure 4) appear to have adultlike TMTF (Hall, J. W. and Grose, J. H.,
1994, Werner, L. A., 2006).
<figure 4 near here>

What conclusion can be drawn about the development of temporal resolution? On
the basis of the TMTF, the gold standard of measures of temporal resolution, one would
conclude that temporal resolution is mature quite early in life. This conclusion is
consistent with several developmental physiological studies of temporal resolution:
forward masking and gap detection in the ABR (Lasky, R. E., 1991, , 1993, Werner, L.
A. et al.,2001) and in the mismatch negativity, a cortical evoked potential, (Trainor, L. J.
et al., 2001) appear to be adultlike by 3 months postnatal age. An unanswered question is
why infants and children have greater difficulty dealing with other temporally-based

tasks.
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2.4. Spatial Resolution and Perception

2.4.1. Sound localization

Of all auditory capacities, spatial resolution would seem to be the most likely to
undergo clear improvements with age because it depends on the size of the external ear
and the head. Infants will certainly have a smaller range of interaural differences to work
with, even if peripheral coding and the central circuits that calculate interaural differences
are adult-like. In addition, the resonance of the small external ear will limit the
frequencies that infants can use to localize sounds in elevation or to make front-back
distinctions.

In fact, spatial resolution has been found to improve systematically with age, but
to an extent that cannot be accounted for by peripheral immaturity alone. Newborn
infants turn toward a sound source on their left or right (Clifton, R. K. ef al., 1981, Muir,
D. and Field, T., 1979), but the minimum audible angle (MAA) at birth has been
estimated at around 30° in azimuth (Morrongiello, B. A. et al., 1994). The MAA in
azimuth has been examined in infants and children in several laboratories; it has been
reported to decrease from 30° at birth to about 14° at 7 months to adult levels at 5 years
(Morrongiello, B. A. and Rocca, P. T., 1990, Morrongiello, B. A. and Rocca, P. T.,
1987a, Morrongiello, B. A. et al., 1994, Litovsky, R. Y. and Ashmead, D. H., 1997,
Clifton, R. K., 1992, Clarkson, M. G., 1995, Ashmead, D. H. et al., 1987). However,
sound localization probably continues to develop beyond the preschool period; for
example, 5-year-olds’ sound localization may be disrupted by the presence of sound

reflections more than adults’ (Litovsky, R., 1993).
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Sound localization in elevation has been less well studied, although one
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laboratory has reported that the MAA in elevation for an 8-12 kHz noise band improved

from nearly 16° at 6 months to about 6° at 18 months (Morrongiello, B. A. and Rocca, P.

T., 1987c, b). An interesting observation in these studies is that infants never achieve
75% correct in detecting a change in the position of a 4-8 kHz noise band or a 4 kHz
lowpass noise. Adults also perform better in elevation discrimination if the stimulus
contains frequencies above 4-5 kHz, but it appears that infants are more heavily
dependent on frequencies above 8 kHz, which would be consistent with their smaller

pinnas.

By 7 months of age, infants appear to discriminate differences in the distance to a

sound source. Clifton, R. K. and her colleagues (1991) developed a clever procedure to

allow infants to demonstrate their ability to judge the distance of a sounding object. After

allowing the infant to play with a sounding object in the light, these researchers presented

the same sounding object to infants at varying distances in the dark. Infants were found to

reach more often for the object when it was within their reach than when it was beyond

their reach. Litovsky, R. and Clifton, R. K. (1992) subsequently showed that infants did

not depend solely on the sound pressure level arriving at their head to perform this
discrimination; they continued to reach more to within-reach than to beyond-reach
objects even when the intensity of sound was varied randomly. Interestingly, adult
subjects tested in a similar situation appeared to be more heavily dependent on sound
pressure level in making distance judgments.

Several attempts have been made to explicate the mechanisms responsible for

age-related improvements in sound localization. Potential candidates include acoustic
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cues, peripheral coding, neural calculation of interaural differences and spectral shape,
and the central mapping of acoustic cues onto positions in space. Clifton, R. K. et al.
(1988) addressed the issue of changes in the acoustic cues available for localization by
directly measuring interaural distance and head circumference in neonates and 22-week-
olds. From these measurements, they estimated that the maximum interaural time
difference (ITD) available to infants would increase from 400 to 500 us over this age
period. If infants depended only on interaural time differences to locate sounds in
azimuth, they should be able to achieve an MAA less than 10° at this age, compared to
the 20° observed (Ashmead, D. H. et al., 1987). Ashmead, D. H. et al. (1991) followed
the development of ITD discrimination from 16 to 28 weeks of age. ITD discrimination
thresholds were on the order of 50-75 pus, were never poor enough to account for the
infant’s immature MAA, and did not improve with age as the MAA does. This suggests
that maturation of neither the precision of temporal information provided by the ear nor
the function of the neural circuits involved in ITD calculation can entirely account for the
maturation of spatial resolution in azimuth. Gray, L. (1992) has argued that changes in
chicks’ responses to changes in the location of a sound source in the first few days after
hatching reflect the acquisition of an organized representation of auditory space.
Observations of humans who are congenitally deprived of binaural input support the idea
that this mapping process is an important aspect of the development of sound
localization. These individuals achieve respectable performance in ITD discrimination
when surgical intervention makes binaural hearing possible for them, but they continue to
have quite poor abilities to identify the location of a sound source in space (Wilmington,

D. et al., 1994). These observations in humans are consistent with many studies of the



Auditory Development 28

effects of abnormal binaural experience on the development of spatial hearing in other
species (e.g., Moore, D. R., 1983, Knudsen, E. L., 1988, Binns, K. E. ef al., 1995).

2.4.2. Binaural masking level difference and spatial release from masking

One advantage of binaural hearing is the improvement in sensitivity to target
sounds that results when target and competing sounds are perceived as coming from
different spatial locations. In the laboratory, one form of this advantage, the binaural
masking level difference (BMLD), has been extensively studied. Compared to the
condition in which the same masker and tone are presented under earphones to both ears
(designated NoSy), threshold for a tone presented in a broadband masker is as much as 15
dB lower when the same masker is presented to both ears, while the tone is presented
180° out of phase at one ear relative the other (designated NoS;). The BMLD is the
threshold improvement observed under such dichotic conditions.

Given the dramatic improvement in auditory spatial resolution during infancy and
early childhood, it is of some interest whether similar improvements are evident in the
BMLD. To the extent that the same mechanism are involved in calculating the interaural
time difference that underlies both sound localization and the BMLD, one might predict
that the two follow similar developmental courses. At first blush, this appears to be the
case Nozza, R. J. (1987) and Nozza, R. J. et al. (1988) have reported that under
conditions that produce a BMLD of about 11 dB for adults, 7-month-old infants have a
BMLD of only 5 dB. Nozza, R. J. ef al. concluded that preschool children were probably
adultlike in BMLD, but Hall, J.W. and Grose, J. H. (1990) subsequently found that while

6-year-old children had adultlike BMLD, 4-5-year-old children still had somewhat
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smaller BMLD than adults. In all cases, the reduced BMLD resulted from a relatively
higher threshold in the NyS; condition, suggesting immaturity of binaural processing.

In several studies, however, Hall, J.W., Grose, J. H. and colleagues (Grose, J. H.
et al., 1997, Hall, J. W. and Grose, J. H., 1990, Hall, J. W. et al., 2004) have found that
while school-age children have adultlike BMLD for a broadband masker, they have
significantly smaller BMLD for narrow-band maskers. Adults seem to be able to take
advantage of low-energy segments of the fluctuating envelope of a narrow-band masker
in binaural detection (i.e., by “listening in the dips”). One explanation for the
developmental trend observed in the BMLD for narrow-band maskers is that children are
less able than adults to use this additional information. This idea is consistent with an
observation by Litovsky, R. Y. (2005) that school age children were unable to take
advantage of spatial separation of speech target and masker in free field when the masker
is the voice of a single speaker, although they did show spatial release from masking in
other masking conditions. In the single-speaker masking condition, listeners have a
particular opportunity to use gaps in the masker to hear the target, Thus, infants appear to
have immature binaural processing. Given little evidence that intensity or temporal
coding is immature at 7 months, this finding is consistent with a central processing
immaturity. By age 5 or 6 years, children appear capable of using binaural information
under many conditions, but under more difficult listening conditions, adults are able to
access additional cues that children do not.

3. DEVELOPMENT OF COMPLEX PERCEPTUAL CAPACITIES
Mature processing of complex sounds in real environments requires more than a

simple representation of the spectral and temporal characteristics of the acoustic stimulus.
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Because sound from multiple sources is generally present, the listener is required to
group the components of each complex sound according to its source and to select the
sound from the appropriate source for further processing. Furthermore, within the
complex arising from any one source, some frequency bands or temporal segments may
be more informative than others, and thus be more heavily weighted in the process of
recognition or identification. An important point is that immaturity of processes such as
sound source determination, selective attention and listening to relevant sound features is
likely to manifest itself in many ways, including apparent immaturity of intensity
resolution or listening efficiency. Because primary auditory processes appear to be
relatively mature during infancy, we tend to believe that it is these complex, higher-level
auditory processes that limit the performance of infants and children, even in simple
listening tasks.

The idea that infants and children are just not as good as adults in performing
psychophysical tasks is one that occurs to even the casual student of sensory
development. In psychophysical terms, infants and children are inefficient listeners.
Efficiency is influenced by primary auditory processes, but also by a variety of factors
such as memory, attention and motivation. Both resolution and efficiency influence
sensitivity. An inefficient listener is less sensitive to a tone in noise, and one would
expect that inefficiency to carry over into the perception of any sound in a noisy
background. Many investigators have suggested that infants and children are inefficient
listeners compared to adults (Allen, P. and Wightman, F., 1994, Bargones, J. Y. et al.,
1995, Hartley, D. E. H. et al., 2000, Werner, L. A. and Boike, K., 2001). The sources of

early immature efficiency, however, are not well understood. In this section, possible



Auditory Development 31

contributions of higher-level perceptual processes to the development of auditory
sensitivity are considered.
3.1. Sound Source Determination

By sound source determination is meant the process by which a listener
segregates the components of complex sound into different auditory objects. For
example, listeners are able to take sound emanating simultaneously from the voice of a
conversant, a barking dog, and a passing car and to parse the complex into three different
sound sources despite the fact that there is spectral and temporal overlap among the three
sounds. Listeners use many types of information to accomplish this task, considering
common temporal modulation, location, and harmonicity among others. In the lab, a
common approach to studying sound source determination is auditory streaming, in
which a listener is asked to report the number of separate sound sources heard in a
complex sound and sometimes to describe each source. Because infants and young
children have difficulty understanding such procedures, researchers have had to develop
more indirect measures of sound source determination in young listeners.

It is clear that infants can segregate sound sources under some conditions.
Newman, R. S. and Jusczyk, P. W. (1996) exposed 7-8-month-old infants to two
superimposed voices, one male and one female. The female voice spoke a series of words
with exaggerated intonation, while the male voice recited text from the methods section
of a journal article. Following 30 seconds exposure, infants were presented with a list of
words spoken by the same female voice whenever they looked at a flashing light. On
some trials, the words were the same words spoken in the initial exposure; on others, the

words were novel. If infants looked longer for one list of words than the other, it was
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concluded that the infants recognized the words they had heard in competition with the
male voice. If the female voice was presented at a level 5 or 10 dB greater than that of the
male voice, infants looked longer for the word list previously presented, but if the levels
of the two voices were equal, they showed no evidence of recognizing the words. This
study certainly indicates that under some circumstances, infants are capable of
segregating two competing voices. However, it suggests that even when the two voices
differ in fundamental frequency, timing, and intonation, infants have difficulty
segregating the two voices without an additional intensity difference. Because adult’s
speech reception thresholds under similar conditions would be well below 0 dB signal-to-
noise-ratio (e.g., Litovsky, R. Y., 2005), the acoustic components of the target words
were presumably audible to both infants and adults. Beyond that, infants’ failure to
respond differentially to the familiar words at 0 dB signal-to-noise ratio could result from
a failure of sound source determination, a failure of selective attention, or both. Although
it does not resolve this issue, a recent study by Hollich, G. et al (2005) showed that
infants did recognize the words in the target voice when the competing voice was of
equal intensity, if presentation of the voices was accompanied by a video of the talker’s
face.

Several investigators have attempted to study auditory streaming in infants using
other approaches. Adult listeners have difficulty judging the relative order of elements of
sound that are perceived in separate auditory streams. Thus, if the order of sounds in a
sequence is reversed, the listener’s ability to discriminate the change in order will depend
on whether or not the sounds are heard in the same auditory stream (Figure 5). Demany,

L. (1982), Fassbender, C. (1993) and McAdams, S. and Bertoncini, J. (1997) have all
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demonstrated that infants’ ability to discriminate a change in the order of a sound
sequence changes in a way that is consistent with adults’ stream segregation. However,
the limits of the infants’ ability to form auditory streams and the relative importance of
different acoustic cues in determining how infants form streams remain unexplored.
<figure 5 near here>

It is curious that auditory streaming experiments with older children have not
been reported, because it is quite possible that even preschool children would be able to
perform some version of the auditory streaming task. The question of sound source
determination in children has been addressed indirectly in studies of comodulation
masking release (CMR). Adults detect a tone at a lower intensity if intensity fluctuations
in sounds in frequency bands away from the tone frequency match the fluctuations in the
intensity of a masker centered on the signal frequency. Adults’ thresholds for the tone are
actually higher if no sounds other than the masker centered on its frequency are present.
This phenomenon is referred to as CMR (Hall, J. W., 1987). CMR is thought to reflect
processes important to sound source determination: The signal tone may be more audible
if the on-signal masker is perceptually grouped with the other flanking noise bands.
Grose, J. H. et al. (1993) reported that 4-year-old children showed the same threshold
improvement from adding off-frequency, comodulated frequency bands as adults do.
Hall, J.W. et al. (1997) found that slightly older children also exhibited adultlike CMR,
but reported that when the masker band centered on the signal frequency and the off-
frequency comodulated bands were slightly asynchronous, adults’ CMR was reduced

while children’s CMR was eliminated or became negative. One possible explanation for
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this result is that temporal synchrony is a more important grouping factor for children
than it is for adults.
3.2. Auditory Attention

The development of two varieties of attention is considered here. The first is
attentiveness, often referred to as sustained attention. By attentiveness is meant the ability
to remain “on task™ and to acquire information about the stimulus. The other, probably
more important sort of attention will be referred to as selective attention. Once incoming
sound has been parsed into separate auditory objects, a listener must frequently choose
the sound from one source for further processing while ignoring others. Further, some
features of sound from a single source may be processed while others are not. These
processes require auditory selective attention. It should be noted that any complex
listening task involves the basic analytic processes that underlie all hearing. Then the
components belonging to a single source must be identified and integrated, and finally,
one source selected for processing. Failure to selectively process a sound, then, will occur
if any of these processes—analysis, sound source determination, selective attention—is
immature. On the basis of the studies reviewed above, we conclude that the basic analytic
processes are mature by 6 or 7 months of age, but while several studies have attempted to
study selective auditory attention, immature sound source determination could well have
influenced children’s performance in these studies.

3.2.1. Attentiveness

An obvious reason that infants and children perform rather poorly in some
psychophysical tasks is that they have difficulty sustaining attention to the task.

Inattentiveness may prevent them from having any idea whether or not a tone was
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presented on some trials, for example. Several investigators have argued that while
infants and children are undoubtedly inattentive at some points during testing, the effects
of inattentiveness would not be expected to be large enough to account for the observed
age differences in auditory sensitivity (Schneider, B. A. and Trehub, S. E., 1992,
Viemeister, N. F. and Schlauch, R. S., 1992, Werner, L. A. and Bargones, J. Y., 1992,
Wightman, F. and Allen, P., 1992). In studies that have examined the psychometric
function for detection, the upper asymptote of the function has been reported to be less
than 1 for many infants and children (Allen, P. and Wightman, F., 1994, Bargones, J. Y.
et al., 1995, Werner, L. A. and Boike, K., 2001). This is consistent with inattentive
listening: Even when the sound is audible, young listeners respond incorrectly on some
trials. If one assumes that the listener has no information about the stimulus on inattentive
trials and that on such trials the listener guesses whether or not a signal occurred, then the
rate of inattention would be twice the difference between 1 and the observed upper
asymptote. In infants, the inattention rate is estimated at about 30% in a variety of
conditions (Bargones, J. Y. ef al., 1995, Werner, L. A. and Boike, K., 2001), and in
children, it appears to range from 0 to 25% (Allen, P. and Wightman, F., 1994). Further
analyses show, however, that even an inattention rate of 30% would shift the observed
threshold for detecting a tone by only 2-3 dB. Similarly small effects would be expected
in other tasks. In no case is the effect of inattentiveness sufficient to account for the
observed difference between adults and infants and children.

3.2.2. Selective listening to relevant sound features

Another explanation for early immature psychoacoustic performance is immature

listening strategies. Adults tend to listen at expected frequencies and at times when a
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sound could be presented. Adults quickly discover and focus on the most informative
cues in a complex stimulus. Infants, on the other hand, may listen in a less selective
fashion. Werner, L. A. and Bargones, J. Y. (1991), for example, showed that 7-month-old
infants’ threshold for a tone were elevated by the presence of a higher frequency
“masker” well removed from the frequency region of the tone. Adults tested under the
same condition demonstrated little or no masking. Bargones, J. Y. and Werner, L. A.
(1994) subsequently showed that while adults were more sensitive to a frequency they
expected to hear than to other unexpected frequencies, infants were equally sensitive to
expected and unexpected frequencies. Thus, adults appear to restrict listening to the
frequency band around the signal they are trying to detect, while infants listen broadly
across frequencies regardless of the signal to be detected. It has been estimated that
failure to monitor the frequency band around the to-be-detected signal would increase
threshold by about 7 dB (Dai, H. et al., 1991), which would account for a large protion of
the difference between infants’ and adults’ thresholds for a tone in noise (Werner, L. A.
and Boike, K., 2001).

Preschool children have not yet become consistently selective listeners.
Stellmack, M. A. et al. (1997) asked 5-year-olds and adults to discriminate changes in
intensity in one component of a three-component complex. If the level of the “distractor”
components was lower than that of the target, both children and adults were able to listen
selectively to the target component. In contrast, if the target and distractors were equal in
level, only the adults were able to continue to listen selectively to the target. It should be
noted, however, that even when the task was to discriminate overall intensity differences

between three-component complexes, 5-year-olds needed larger intensity differences to
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perform the task than adults did, despite the fact that selective listening was not the
optimal strategy (Willihnganz, M. S. ef al., 1997).

Even infants may be able to listen selectively in time, however. Parrish and
Werner, L. A. (2004) tested infants’ ability to detect a tone that occurred following a
short noise burst that indicated the beginning of a trial. On most trials, the tone occurred
500 ms after the noise burst, but on a small proportion of trials, the tone occurred 200 or
800 ms after the noise burst. Under these conditions, both infants and adults detected the
tone at 500 ms better than the tone at 200 or at 800 ms, and the effect of presentation time
was no different for the two age groups. Thus it would appear that listening broadly over
time does not contribute to infant-adult threshold differences.

Another developmental effect that may be important in somewhat more complex
listening situations is a shift in the cues used to detect or discriminate sounds. One
example is the observation of Hall, J.W. and Grose, J. H. (2004) discussed above, that
children do not take advantage of temporal fluctuations in the level of a masker to detect
a signal. Similarly, infants and children may focus on salient aspects of a sound, but
ignore additional cues that may allow them to discriminate between sounds under more
difficult listening conditions. For example, Lacerda, F. (1992) found that infants younger
than 5 months of age were more likely to respond to a change in a formant transition in a
CV syllable, while adults labeled the syllables primarily on the basis of vowel quality.
Nittrouer, S. and her colleagues (Nittrouer, S., 1996, Nittrouer, S. and Boothroyd, A.,
1990, Nittrouer, S. and Crowther, C. S., 1998, , 2001, Nittrouer, S. et al., 1998, Nittrouer,
S. and Miller, M. E., 1997, Nittrouer, S. and Studdert-Kennedy, M., 1987) have

completed a series of studies of preschool and school-age children that demonstrate that
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they, too, are more influenced by formant transitions than by static cues in identifying
consonants. Recently, Nittrouer, S. (2005) has suggested that young children’s
differential attention to dynamic cues in speech may make it more difficult for them to

identify speech in noise.
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3.2.3. Ignoring irrelevant sound features

Informational masking is defined here as a reduction in the audibility or
discriminability of one sound that results from the presence of another sound, beyond that
accounted for by overlap of the excitation patterns of the two sounds in the auditory
periphery. Although there is currently some controversy over the meaning of
informational masking (e.g., Durlach, N. I. ef al., 2003), this definition captures the
generally agreed upon features of the phenomenon. In a paradigm that has been used in
many subsequent studies, Neff, D. L. and Green, D. M. (1987) showed that detection
threshold for a tone was elevated over quiet threshold when the frequencies of a
competing multicomponent complex varied randomly from trial to trial, even though the
frequencies in the competing complex were well outside the auditory filter centered on
the target frequency. Essentially, informational masking results from a failure to ignore
the resolvable competing components (Lutfi, R. A. et al., 2003).There are large
individual differences among adults in the amount of informational masking
demonstrated, but in general, the greatest amount of masking is seen with 10-component
competing complexes (e.g., Neff, D. L. and Callaghan, B. P., 1988). Allen, P. and
Wightman, F. (1995) first demonstrated that preschool children’s threshold for a pure
tone in noise was increased by more than 24 dB if one other random frequency tone was
presented simultaneously, compared to 11 dB for adults. Moreover, half of the children
Allen, P. and Wightman, F. tested were unable to detect the target tone at an intensity less
than 90 dB.

Oh, E. L. ef al. (2001) obtained thresholds for a 1000-Hz tone from preschoolers

and adults in broadband noise and in the presence of tonal complexes with 2-1000
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randomly drawn components. Children demonstrated somewhat more masking than
adults in the broadband noise masker, but 25-35 dB more masking than adults when the
masker components varied randomly. Children were qualitatively similar to adults in that
they demonstrated the most informational masking in the 10-component masker
condition, but were more likely than adults to exhibit significant masking in the presence
of a 2-component masker. The results were well described by a model (Lutfi, R. A.,
1993) in which children monitor a greater number of auditory filters than adults do,
consistent with previous studies of infants and children (Allen, P. and Wightman, F.,
1994, Bargones, J. Y. and Werner, L. A., 1994, Bargones, J. Y. ef al., 1995, Werner, L.
A. and Boike, K., 2001).

Leibold, L. J. and Werner, L. A. (in press) compared 7-9-month-olds’ and adults’
detection of a 1000-Hz tone in the presence of three different maskers, a broadband
noise, a random-frequency two-tone complex and a fixed-frequency two-tone complex.
Neither of the two-tone complexes had energy around 1000 Hz. Adults’ thresholds were
15 dB higher, while infants’ thresholds were 23 dB higher, with the random frequency
masker than with the broadband noise masker, suggesting more informational masking
with the random frequency masker. It is not clear why children appear to perform more
poorly than infants, relative to adults, in informational masking (compare to Oh, E. L. et
al., 2001 described above). Interestingly, adults’ thresholds were 37 dB higher, while
infants’ threshold were just 33 dB higher, with the fixed-frequency two-tone masker than
with the random-frequency two-tone masker. On this basis, it is not clear at all that

infants are more susceptible to random-frequency masking effects than adults are.
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A related question is whether manipulations that reduce informational masking in
adults have similar effects on children. For example, gating a random-frequency masker
prior to the onset of the target tone tends to reduce the amount of informational masking,
as does repeating the target several times while the random frequency masker varies
(Hall, J. W. et al., 2005, Kidd, G. et al., 1994). Hall, J.W. et al. reported that children
tended to derive less benefit in detection from such manipulations than adults do, but it
was not clear whether the ability to do so improved between 5 and 9 years of age.
Another manipulation that reduces informational masking in adults is a spatial difference
between the random frequency masker and the target tone, for example, by presenting the
masker and target to different ears or to speakers located in different spatial positions
(Arbogast, T. L. et al., 2002, Kidd, J., G. et al., 1998, Neff, D. L., 1995). Two different
laboratories have now demonstrated that 4-9-year-old children do not show a spatial
release from informational masking and may even show increased masking when the
masker and target are presented dichotically (Hall, J. W. et al., 2005, Wightman, F. ef al.,
2003).

3.2.4. Listening to competing messages

Dichotic listening is the classic paradigm for the study of selective auditory
attention (Cherry, E. C., 1953): A listener is presented with two sound sequences. In one
condition, the sequences are presented simultaneously to the same ear(s). In the other,
one sound sequence is presented to one ear and a different sound sequence to the other.
The sound sequences are typically speech. The listener is asked to report the sound
presented to one sequence, while ignoring the other. Maccoby, E. E. and Konrad, K. W.

(1966) tested kindergarten, second-grade, and fourth-grade children in such a selective
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listening task. In the dichotic condition, a male voice spoke words in one ear, while a
female voice spoke words in the other. In the diotic condition, both voices were presented
to both ears. Children were instructed to report the word spoken by either the male or
female voice. Performance in the diotic condition was rather poor overall, but improved
from 18 to 33 percent correct between kindergarten and fourth grade. In the dichotic
condition, performance was uniformly better at all ages, but still improved from 35 to 52
percent correct over the age range tested. Doyle, A.-B. (1973) reported that the
improvement in performance in the diotic competing message condition continued to a
lesser extent between 8 and 14 years of age. The results of more recent studies are
consistent with this pattern, and indicate that differences between event-related potentials
evoked by attended and unattended stimuli increase in parallel with performance in
dichotic listening tasks (Bartgis, J. ef al., 2003, Berman, S. and Friedman, D., 1995,
Coch, D. et al., 2005).

Recent studies of children disentangling competing messages have produced a
wide range of results. For example, Litovsky, R. Y. (2005) asked 4-7-year-olds and adults
to identify spondees in the presence of 1- or 2-talker speech or of speech-shaped noise
modulated with the 1- or 2-talker speech envelope. Children’s thresholds were higher
than adults’ in all conditions, but 1) the amount of masking exhibited by children and
adults was similar in all conditions, 2) both children and adults had higher speech
reception thresholds in modulated speech-shaped noise than in speech, and 3) children
and adults showed equivalent release from masking when the spondee was presented
from the speaker in front of the listener and the competing sound was presented to a

speaker on the listener’s right. Fallon, M. et al. (2000) reported that 5-year-olds were as
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good as adults in identifying words in a background of multi-talker babble, as long as age
differences in masked thresholds were taken into account. Hall, J.W. ef al. (2002), in
contrast, found that while adults’ spondee identification was about the same with two-
talker and noise maskers, 5-9-year-old children’s spondee identification was worse with a
two-talker masker than with a noise masker, particularly when the speech masker was
presented continuously throughout the session. Finally, Wightman, F. and Kistler, D.
(2005) asked children and adults to identify speech in a paradigm developed by Brungart,
D.S. and his colleagues (Brungart, D. S., 2001) . Listeners heard a target sentence along
with a competing sentence in one ear, and in one condition, an additional competing
sentence or a modulated speech-shaped noise was presented in the other ear. Listeners
ranging in age from 4.6 to 30 years were tested with a female-talker distracter. The
youngest children, 4.6-5.7 years old, needed a 23 dB greater signal-to-distracter ratio than
20-30-year-olds to identify a word in the target sentence when no contralateral distracter
was presented. Adding noise to the contralateral ear had little effect at any age, but
adding speech to the contralateral ear had a greater effect on the youngest children than
on other age groups. Older children seemed to be affected by the presence of contralateral
speech to about the same extent as adults.

It is difficult to draw conclusions about the development of selective attention
from these studies. Several variables seem to be important in determining whether
children will be able to attend selectively to one of several competing messages. One of
these is the extent to which the target and distracters are synchronized in time. In the

Wightman, F. and Kistler, D. (2005) experiment, for example, the words in the target and
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distracter stimuli were precisely aligned. Temporal synchrony is one variable that makes
it difficult for listeners to segregate sound sources (Yost, W. A., 1991).

It is interesting that in the speech studies in which the words in the target and
distracter sentences were not precisely aligned, children are generally able to take
advantage of differences in spatial location to improve performance, while in
informational masking studies where target and distracter are temporally aligned, they are
not. This suggests a problem with sound source segregation rather than with selective
attention. The precise characteristics of the distracter also seem to be important. For
example, if children are less able than adults to take advantage of periods of low
distracter energy to process the target, then more modulated distracters (e.g., single talk
versus multi-talker) will put children at a relative disadvantage compared to adults.
Finally, it does appear that children may less easily ignore the semantic content of the
distracter than adults. Hall, J.W. et al. (2002) reported that children’s spondee
identification was more disrupted by continuous speech (in which the listener might
follow the meaning) than by gated speech (in which the semantic content would be
disrupted by gating), while gating the distracter made little difference to adult
performance. A similar result was reported by Cherry (1981). Considerably more
research will obviously be needed to understand the development of auditory attention.
4. SUMMARY AND CONCLUSION

Postnatal auditory development in humans appears to occur in two stages. In the
first six months of life, maturation of the conductive apparatus and of the primary neural
pathways results in substantial improvement in absolute sensitivity and frequency

resolution, especially at high frequencies. The challenge for future research in this area is
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to develop approaches that allow us to understand the nature of these early changes and
their impact on early perceptual learning.

After six months of age, perceptual performance remains immature, however,
despite the fact that intensity, frequency and temporal processing are nearly adultlike.
Auditory perception continues to improve into childhood and adolescence. Development
over this prolonged period involves maturation of perceptual organization and attentional
processes, but also learning about the important features of sound through experience.
The challenge in understanding development in this later period is to develop approaches

that will allow us to disentangle the effects of the many perceptual processes involved.
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FIGURE CAPTIONS

Figure 1. Thresholds for octave bands of noise masked by broadband noise, as a
function of the center frequency of the noise band, for six age groups. Data replotted
from Schneider et al. (1989)

Figure 2. A summary of the development of the audibility curve, abstracted from
several studies (see text).

Figure 3. A summary of the development of intensity discrimination, taken from
four different studies. Error bars represent + 1 standard deviation. Stimuli varied across
studies (see text).

Figure 4. Temporal modulation transfer functions fit to the modulation detection
data of four age groups. The functions are superimposed at the bottom of the panel to
emphasize the similarity in shape. From Hall and Grose (1994).

Figure 5. Examples of stimulus sequences used in an auditory streaming
experiment with infant subjects. The vertical dimension in each panel is fundamental
frequency. The circles represent synthetic vibraphone tones that were played from a
speaker to one side of the infant’s head. The squares represent trumpet tones that were
played from a speaker on the opposite side of the infant’s head. Adults listening to both
sequences reported hearing two auditory streams. In the top panel, a slowly repeated
trumpet tone was heard in one stream, while in the other, a descending (“initial
sequence’) or ascending (‘retrograde sequence’) series of faster vibraphone tones was
heard. In the bottom panel, a series of alternating high and low vibraphone tones was
heard in one stream, while in the other a slightly lower alternating high and low sequence

of trumpet tones were heard. When the initial sequence in the top panel was played in
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reverse, adults could discriminate the change. In the bottom panel, if adults had heard the
sound as a single stream, they would be able to discriminate the initial sequence from its
reverse, because the pitch would now decrease, rather than increase, across each
repetition of the 4-tone sequence. However, when the adults heard the stimulus as two
streams, the same alternating high-low sequence could be heard whether the sequence
was played forward or backward. Infants listening to these two stimulus configurations
discriminated the initial sequence in the top panel from its retrograde, but showed no
evidence of discriminating the initial sequence in the bottom panel from its retrograde.
The latter result suggests that infants heard the sequence in the bottom panel as two

auditory streams, as adults did. From McAdams and Bertoncini (1997)
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