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Introduction

Children spend a majority of their time in
environments containing multiple sound sources and
abundant reflective surfaces. The auditory system is
thus faced with continuously resolving competition
for perception and localization between a source and
noise or echoes. This competition is important to
resolve in order to enhance abilities such as localizing
sounds, understanding speech in noise, and suppress-
ing echoes. The binaural system is known to play
an important role in these three functions. In con-
sidering the developmental progression of binaural
abilities, several questions come to mind: 1) How do
young listeners compare with adults? 2) What is
the developmental progression of binaural abilities?
3) What role do experience and early exposure play?
4) What benefit might hearing-impaired children
gain from bilateral amplification?

Most research in this area has been conducted on
questions 1 and 2, focusing on basic auditory mechan-
isms. Relatively little is known about questions 3 and
4. This chapter will highlight some findings that
address these questions, and attempt to provide a
framework for evaluating benefits afforded by
bilateral stimulation with hearing aids, cochlear
implants, or one of each.

Finally, prior to describing what is known about
development of binaural hearing, it is important to
note that interpretation of these results must be
made cautiously and diligently. When attempting to
understand sensory processes we are faced with the
difficulty of insuring, to the best of our ability, that
behavioral responses of the listener provide meaning-
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ful information regarding their perceptual experi-
ence. Since we cannot probe the neural circuits dir-
ectly, we resort to indirect measurements and must
rely on rigorous psychophysical techniques. While
these methods have been worked out in detail for
adults, their extrapolation to pediatric population
must be conducted with great care. Unlike adults,
who can provide verbal feedback about their sensory
experience, young listeners lack that mode of com-
munication. Hence, we are faced with measuring
behavioral responses to stimuli and interpreting
those behaviors. Over the years, numerous scientists
have measured responses to auditory stimuli in
infants and have greatly enhanced our understand-
ing of the auditory system. Extensive reviews on the
methods, theories attached to them, and other devel-
opmental psychoacoustic issues are available in a
book edited by Werner and Rubel (1992).

Binaural Cues

The ability to localize sound sources requires the
use of remarkably precise auditory cues. While the
most reliable cues used in spatial hearing arise from
the comparison of the signals reaching the two ears,
listeners also utilize cues that arise from monaural
(one-eared) processing. Consider a sinusoidal sound
source presented in the horizontal plane on the left
side of the head (see figure 1). The sound reaches both
ears, however when it arrives at the farther ear it is
delayed in time and attenuated relative to its arrival
at the nearer ear. There are thus two important cues
for directional hearing: inter-aural differences in time
(ITDs) and intensity (IIDs). However, due to the phys-
ical laws by which sound waves interact with objects,
ITDs and IIDs are not equally important at all fre-
quencies. High frequency sounds have relatively
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short wavelength compared with the head, thus they
are “shadowed” or attenuated by the head, providing
IIDs as large as 20 dB for sounds at 90 degrees on the
side. Low frequency sounds on the other hand, have
longer wavelengths, causing them to “bend” around
the head and to be diffracted, resulting in lack of
shadowing. Although, low frequency sounds do pro-
vide robust ITDs, as large as 700 µs for sounds at 90
degrees to one side. Over the years, numerous studies
have been conducted on listeners’ abilities to extract
binaural cues from sound sources, providing a meas-
ure of the integrity of the binaural system.

Auditory Localization

Auditory localization is a fundamental ability
that enables most animals to identify where import-
ant sources in the environment emanate from. In
humans, the development of this ability has received
attention in the past couple of decades, with con-
vincing evidence that newborn infants orient their
heads towards sounds within hours after birth. This
finding was first documented by Muir and Field

Figure 1. A depiction of sound waves emanating from a source
in free field to the left of the listener’s head. Sound waves reach
the left ear first, followed by the right ear, creating an inter-
aural difference in time (ITD). This difference is maximal for
sounds that have a low frequency, since the auditory system
can resolve the temporal differences between those waves. In
addition to ITDs, there is an inter-aural difference in intensity
(IID), since the sound is attenuated by the head and reaches
the near (left) ear with greater intensity than the right ear.
This binaural cue is greater for high frequencies, which do not
“travel around” the head as readily as low-frequency sounds
do, and are therefore more susceptible to being attenuated.

(1979) and soon thereafter confirmed by Clifton, Mor-
rongiello, Kulig and Dowd (1981). In these studies,
the infant’s head is held in the palm of the experi-
menter who wears masking headphones, to avoid
potential cueing of the infant in any manner. Pre-
recorded rattle sounds were presented from loud-
speakers at 90 degrees to the right or left, or above the
infant (see figure 2a for method description). The pro-
portion of trials on which head turns toward the
hemifield containing the sound source occurred was
recorded (see table 1). Although the head turning does
not occur on every trial, when it occurs the response is
towards the correct hemifield, suggesting that
already at birth human infants can orient towards a

Figure 2. Methodology for testing newborn head turning
responses is shown. (A): On single source conditions speakers
were positioned to the infant’s right, left, or overhead. On each
trial, a single source sound was emitted from one of the
speakers, resulting in three types of trials. (B) On precedence
conditions speakers were positioned in the same arrangement.
There are also three types of trials, with the overhead (control)
one being the same as in A. On the other two trial types two
identical sources are emitted, with one being delayed relative
to the other. On one trial type the right speaker leads the left,
and on the other trial type the left speaker leads the right
(from Clifton et al.1981).
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sound source. Note however, that this response is
unconditioned and therefore quickly extinguished,
hence only a handful of trials are usually available
from any given infant. In addition, it has a fairly long
latency of 8 seconds or more. Additional difficulties in
conducting this work arise from the fact that the head
turn response only occurs when the infant is in an
awake and non-fussy state, which is not common in
newborn infants. Nonetheless, as the results shown
in table 1 suggest, within hours after birth, a normal-
hearing infant will orient toward the correct hemi-
field containing a sound source reliably, and virtually
all responses are accurate.

The development of sound localization begins at
birth and continues throughout infancy and child-
hood. In fact, while some basic abilities reach adult
levels of performance during the preschool years,
most abilities do not, and continue to undergo
changes during school age. One of the most striking
aspects of the early development of sound localization
is illustrated by the non-monotonic head turning
response. Although beautifully elicited at birth, the
response seems to “disappear” from about 1–3
months of age, and to reappear at around 4 months of
age (Field, Muir, Pilon, Sinclair and Dodwell 1980;
Muir, Clifton and Clarkson 1989). At this age, head
turning towards sound has matured into a con-
ditioned head turn with a latency of 1 second or less,
much more brisk and “intentional” than that of new-
borns. Although the mechanisms for this change are
not well understood, a prevailing hypothesis suggests
that the neonatal response is reflexive and most likely
mediated by “lower” brainstem circuits. In contrast,

Table 1. The proportion of trials on which infants turned their
heads towards sounds, away from them or did not initiate a
head turn, are compared for newborns and 5-month olds
(columns), for single-source or precedence conditions.

Newborn 5-months

Single

Toward 53 47
Away 10 0
No turn 48 69

Precedence

Toward 8 45
Away 9 0
No turn 90 68

the response at 4 months and older is most likely
mediated by “higher” circuits (perhaps cortical) that
have matured to some extent during the first few
months of life (Clifton 1985). This hypothesis is con-
sistent with the fact that at 4–5 months of age head
turning responses can be used in discrimination
learning paradigms such as visual reinforcement
audiometry (VRA; Moore, Thompson and Thompson
1975). In this technique, infants are trained to turn
their heads in a direction consistent with a perceived
change in an attribute of the sound being measured,
and they are reinforced with attractively activated
toys.

Ultimately we would like to know where infants
perceive sound sources to be, and the extent that they
can accurately do so. In adults this is not a trivial
task, although several investigators have, over the
years, developed rigorous methods for obtaining reli-
able and consistent measures from verbal reports
(e.g. Wightman and Kistler 1989), or accuracy of head
orientation to the target (Makous and Middlebrooks
1990). Young infants cannot provide verbal feedback,
and using head orientation or other motor responses
to measure accuracy will always leave us wondering
whether “inaccuracy” reflects immaturity of the audi-
tory system, the motor system, or the translation of
sensation to a behavioral response.

Minimum Audible Angle

An alternate approach used to study the develop-
mental progression of sound localization in human
infants is the minimum audible angle task (MAA),
measuring the smallest change in the position of a
sound source that can be reliably discriminated. The
beauty of this task is that VRA can be used to meas-
ure responses in a dichotomous format, in which two
response options are available (i.e., head turn vs. no
head turn, or head turn towards the right versus left).
Hence, other than requiring a simple discrimination
between two options, the VRA avoids the need for a
precise motor response. While the relationship
between MAA and sound localization is not well
understood, it is clear that the MAA provides a meas-
ure of the limit of the binaural system and can be
used to chart infants’ ability to extract information
from sound sources presented in free field. This
method is illustrated in figure 3. A trial begins by
presenting an attractive toy in front of the infant to
center the infant’s head. A sound source is then
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played from a loudspeaker in the center location, and
abruptly switches either to the right or left of that
location. The right and left sides are chosen randomly
from trial to trial. On each trial, the infant is expected
to turn her/his head if a change in the sound source
position is perceived. Most infants do so readily, since
they are trained to expect a reward following a head
turn in the correct direction. The angular separation
between the sources can be varied adaptively, by
increasing or decreasing the separation, depending on
whether the response was correct or incorrect. A set of

Figure 3. Methodology for Minimum Audible Angle (MAA)
testing is shown. Three loudspeakers are positioned, with one
in front of the listener (C, center) and two others to the right
and left at identical spatial separations from the center. On
each trial a sound is emitted from the center, and once the
infant’s head is oriented in that direction the sound shifts
either to the right or left. Following a head turn in the correct
direction, a visual reinforcer is activated on that same side, and
following an incorrect head turn or no head turn there is a
“time out” period of a few seconds. The spatial separation of the
loudspeakers can be varied either adaptively (e.g., Litovsky
1997), or randomly (e.g., Morrongiello 1988).

rules are applied which determine when the angle is
increased or decreased, by how much, and at what
point testing should be terminated. MAA threshold is
then calculated by averaging specific angle values
during a series of trials (for a detailed description of
this method see Litovsky and Macmillan 1994; Litov-
sky 1997). Alternatively, the angular separations can
be selected ahead of time, and a given number of
trials presented at each one. Percent correct at each
location is then plotted, and MAA threshold is esti-
mated from a psychometric function by finding the
separation corresponding to 71% correct. In both
cases, the infant’s response is scored by an observer
who is “blind” as to the trial type.

During infancy there is a dramatic develop-
mental change in the MAA, shown in figure 4. While
MAA is about 20° to 25° at 4 months, it decreases to
less than 5° by 18 to 24 months (Ashmead, Clifton
and Perris 1987; Ashmead, Davis, Whalen and Odom
1991; Litovsky 1997; Morrongiello 1988; Morrongiello
and Rocca 1990), and reaches adult maturity of 1° by
5 years of age (Litovsky 1997). A handful of studies on
this topic suggest that ITD discrimination under
headphones in infants as young as 4 months is
around 50–75 µs, which correspond to an MAA
smaller than that actually measured (e.g., Ashmead
et al. 1991). This disparity between ITD thresholds
and MAA may imply that sensitivity to the binaural

Figure 4. Developmental trend in Minimum Audible Angle
(MAA) thresholds is shown, with data from four different stud-
ies covering the range of 1 month to 5 years. MAA thresholds
are plotted as a function of age in months, and adult data are
shown at the right end of the plot.
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cues per se is well developed early on during develop-
ment, and that the translation to real-world sounds
may take longer to develop. An important caveat to
this work is that while the MAA and ITD/IID dis-
crimination are instructive regarding the limits of the
auditory system, they do not necessarily provide
information regarding sound localization accuracy,
which can only be attained by measuring a listener’s
ability to identify the actual location of sound source.
Due to behavioral measurement problems mentioned
above, little is known about true localization abilities
in young listeners.

Distance Perception

Sound localization is inherently a three-
dimensional process, since we experience sounds not
only in the horizontal and vertical dimensions but
also in distance. Despite the importance of our ability
to judge the distance of sounds, our understanding of
the localization cues that are important for this abil-
ity are relatively poorly understood (e.g., Ashmead,
Davis and Northington 1995; Little, Mershon and
Cox 1992; Shaw, McGowan and Turvey 1991). For
developmental studies on this topic we have the
added challenge of coming up with a behavioral
measure that can be reliably used to indicate some-
thing meaningful about an infant’s perception of an
auditory object’s distance. As all parents and care-
givers of infants know, typically developing infants
begin to reach for and grasp objects around them at
around 5–6 months of age, bringing them to the
mouth for exploration and manipulation. A number of
studies on visual depth perception have shown that
infants can discriminate between objects that are
within versus beyond their reach (for review, see
Yonas and Granrund 1985). Essentially, they show
this discrimination by only attempting to grasp
objects that are within their reach and not those
beyond their reach.

This instinctive behavior in young infants was
exploited in studies on auditory depth perception by
measuring infants’ reaching behavior for sounding
objects in the dark (behaviors are observed/
videotaped using infrared light). Perris and Clifton
(1988) were the first to demonstrate that infants
actually reach for sounds in the dark, and they do so
fairly accurately in the horizontal dimension. Clifton,
Perris and Bullinger (1991) further demonstrated
that in the dark infants can rely on auditory informa-

tion alone to make a dichotomous discrimination
between sounding objects that are within their reach
(10 cm) and not those beyond their reach (100 cm),
since they mostly attempt to grasp those that are
nearby.

Litovsky and Clifton (1992) focused on the ques-
tion of which distance cue might be utilized to make
this discrimination. They manipulated intensity,
which varies inversely with distance (near sounds are
loud and far sounds are soft), with a change of
approximately 6 dB for every doubling or halving of
distance. In this study, sounds at the near and far
positions had a natural difference of 7 dB in intensity.
Unknown to the subjects, sound pressure from the
source could be manipulated to simulate different dis-
tances. Adult subjects tested by obtaining verbal
responses showed a strong bias toward reporting that
“soft” sounds were far and “loud” sounds were near,
regardless of actual distance. Curiously, infants
reached accurately for sounds regardless of distance.
In contrast, adult subjects judged the louder object to
be near and the softer object to be far, regardless of
the actual distance. That is, they misused the infor-
mation, relying on sound pressure level to judge dis-
tance, even when it was incorrect. Because infants do
not seem to rely on sound intensity as strongly as
adults do for distance judgment, it is likely that con-
siderable experience-dependent development takes
place during the early years.

The Precedence Effect

The precedence effect refers to a group of auditory
phenomena that are important in our ability to func-
tion in reverberant environments. Studies on prece-
dence simulate a simplistic reverberant environment
by presenting two sounds from different directions,
and delaying the onset of one relative to the other by a
few milliseconds, not unlike a single echo occurring in
a room. Studies on adults have measured various
phenomena, including the extent to which the first
and second source are fused, the extent to which the
first sound dominates the perceived location of the
echo, and the extent to which listeners are able to
extract binaural cues from the echo (for review, see
Blauert 1997; Litovsky, Colburn, Yost and Guzman
1999). In short, the echo is “suppressed” by the audi-
tory system when the delay between the first and sec-
ond sounds is short, and suppression decreases as the
delay is increased. Hence, at short delays listeners
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hear one fused sound, whose location appears to be
near the leading sound, and they cannot extract bin-
aural cues from the echo.

Studies on precedence in young listeners suggest
that it does not appear to be present during early
infancy. Using the same paradigm as for the single-
source head orienting experiments described above
(see figure 2b), Clifton and colleagues (Clifton et al.
1981; Clifton 1985) presented newborn infants with
pairs of sounds whereby the onset of one was delayed
relative to the onset of the other by 7 milliseconds.
They predicted that if infants demonstrate the prece-
dence effect (i.e., suppress information from echoes),
they should turn their heads towards the leading
sound in the same way that they did towards the sin-
gle source sound. At birth, infants did not orient their
heads towards the leading source, suggesting that
they were incapable of suppressing directional infor-
mation from the lagging sound (echo). By 4–5 months
of age infants demonstrated both the single-source
and precedence head turning responses, suggesting
that the mechanisms involved in negotiating echoes
in complex acoustic environments begin to develop
within the first half of the first year of life.

Not all aspects of echo suppression are fully
developed in infancy however, nor by early childhood,
and the maturational progression depends greatly on
which aspect of the precedence effect is tested. For
instance, while orientation to the correct hemifield
containing the leading source is observed by 4–5
months, an infant’s ability to detect the echo is quite
different from that of children or adults. One measure
of the strength of echo suppression is the delay
between onset of the lead and lag at which the two
sounds are no longer fused and are both heard at
their respective locations, suggesting that the echo is
no longer suppressed. This aspect of precedence is
known as fusion, and the threshold values for click
stimuli are 5–9 ms for adults and 5-year old children,
compared with 25 ms for 6-month old infants. For
click stimuli, which are relatively simple and have a
short duration, children and adults show similar
thresholds. In contrast, for more complex stimuli of
longer durations, such a rattle sound, 5-year olds
thresholds (30 ms) are higher than adults’ (25 ms) (for
review, see Clifton 1985; Litovsky and Ashmead
1997).

Another aspect of the precedence effect, dis-
crimination suppression, refers to the observation
that at short delays stimulus parameters of the echo
are less discriminable due to the presence of the lead

stimulus, and this ability improves as the delays
increase, presumably due to reduction in suppression
of directional information contained in the echo. Dis-
crimination suppression also undergoes significant
developmental changes during early childhood. Litov-
sky (1997) used the MAA paradigm to measure
thresholds for the leading source (in the presence of
the lag at midline; figure 5a), for the lagging source
(in the presence of the lead at midline; figure 5b), and
for a single source, at ages 18 months, 5 years, and
adult. The stimuli were 25-ms noise bursts, and the
lead-lag delay was 5 ms. Since this lead-lag delay is
below the echo threshold for these stimuli, only one
fused sound image is heard. Results are shown in fig-
ure 6. Single-source MAAs are adult-like (1° to 2°) at
5-years of age and fairly low (5°) by 18-months of age.
Lead MAAs are quite low in adults (1.7°), somewhat
elevated in 5-year-olds (4.4°) and substantially higher
in 18-month-olds (23°). Lag MAAs are still low in
adults (1.7°), but substantially higher in 5-year-olds
(27.5°) and 18-month-olds (65°). Lead MAAs reflect
listeners’ ability to focus on the first-arriving wave-

Figure 5. Methodology for applying the MAA paradigm to the
precedence effect is shown. There are two trial types, and both
begin with a single source sound presented from the center
speaker. A: In lead discrimination, once the child’s head is
oriented towards the center, the stimulus changes to one con-
taining two sources with the echo (lag) presented from the cen-
ter speaker and the source (lead) presented from the right or
left. The angular separation of the lead from the center is var-
ied adaptively. B: In lag discrimination, once the child’s head is
oriented towards the center, the stimulus changes to one con-
taining two sources with the lead from the center speaker and
the echo (lag) presented from the right or left. The angular
separation of the lag from the center is varied adaptively (from
Litovsky 1997).
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front and to discriminate between leading source
locations in the presence of the lagging source, and
this ability improves dramatically with age. Lag
MAAs reflect listeners’ ability to extract directional
information from a sound that is not heard as a sep-
arate auditory event; this ability improves somewhat
with age but is still quite underdeveloped at 5 years
relative to adults. These findings are consistent with
the fusion echo threshold data, which were obtained
using a task that measures children’s ability to local-
ize the lag as a separate sound. In the MAA study,
normalizing the lead and lag results by the single-
source results maintained the developmental differ-
ences observed, suggesting that lead and lag MAAs
are not merely the “by-product” of a “noisy” single-
source discrimination ability. As Litovsky (1997)
points out, while the developmental work may point
to maturational changes in the central auditory
pathway, attentional and learning processes cannot
be ruled out.

Finally, Burnham, Taplin, Henderson-Smart,
Earnshaw-Brown and O’Grady (1993) suggested that
echo thresholds also change developmentally as a
function of maturation from time of conception rather
than experience from birth. They reported that
thresholds of pre-term infants were more similar to
those of full-term infants matched for conceptual age
rather than those matched for age since birth.

Taken together, work on development of the pre-
cedence effect suggests that in everyday listening

Figure 6. Minimum Audible Angle thresholds at 18 months, 5
years and adult are plotted for three stimulus conditions: sin-
gle source, lead discrimination and lag discrimination (after
Litovsky 1997).

situations, which are complex, full of competing
echoes and other signals, infants and young children
might have more difficulty processing relevant
sounds. Their auditory system, being less developed
and having had less experience, is not as capable as
that of adults at negotiating competition between
multiple sounds, suppressing irrelevant signals, and
focusing more directly on the important “target” sig-
nals. In fact, it has been shown that children’s speech
comprehension (Neuman and Hochberg 1983) and
sound localization abilities (Besing and Koehnke
1995) are diminished in a reverberant environment.
Surely, if that is the case for children and infants with
typical “normal” hearing, one might predict that
young listeners whose auditory system has been
compromised by sensori-neural or conductive hearing
loss would also have difficulty functioning in complex
environments. In fact, studies conducted on children
with a long history of otitis media with effusion sug-
gest that their ability to benefit from binaural cues is
diminished compared with that of children with a
negative history (Besing and Koehnke 1995; Hall and
Gross 1993; Moore, Hutchings and Meyer 1991). In
these studies, binaural masking level differences is
measured over headphones. Here, the listener’s abil-
ity to detect a tone in noise is compared when both
tone and noise have the same ITD, hence heard in the
middle of the head, or when an inter-aural phase dif-
ference is imposed in the tone, producing a noise that
is heard in the middle of the head and a tone that is
heard on the side. This perceived separation between
the tone and noise results in improved ability to
detect the tone in noise, referred to as the binaural
masking level difference (BMLD). This measure
might be useful in assessing the extent to which a
child can extract simple binaural cues such as phase
differences from sounds in the environment. The fact
that children with OME show reduced BMLD sug-
gests that their binaural ability is compromised,
which leads one to wonder the extent to which chil-
dren with permanent hearing loss would show simi-
lar effects. These studies have not been conducted,
but would certainly be quite important.

Speech Intelligibility in Noise and
Spatial Release from Masking

While important and interesting, the BMLD
studies were conducted under somewhat non-realistic
environments in which ITDs were the only cues
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available for separating the signal from masker. As
was discussed earlier in the chapter, in free field,
changes in sound source location result in binaural
cues such as ITDs and IIDs, as well as monaural cues
due to shadowing of sounds by the head. Recent work
in our laboratory (Litovsky, Dalal and Ng 2001) has
focused on developing a new paradigm for investigat-
ing children’s ability to function in complex acoustic
environments. The aims of this work are twofold.
First, we can broaden our understanding of develop-
mental changes in complex binaural abilities. Second,
by simulating realistic acoustic environments we may
be able to predict how individual children might actu-
ally perform in the real world, in classrooms, play-
grounds and crowded spaces, where they are faced
with the challenge of overcoming competition from
noisy sources. The ultimate goal of this research is to
understand how young children are able to separate
out individual sources and to ignore what one person
is saying in the presence of competing voices. This
problem is commonly known as the “cocktail party
problem,” “sound source determination” or “sound
source segregation.” (e.g., Bregman 1990; Yost 1997).
This problem has been studied extensively in adults,
with and without hearing impairment. Recent
research in adults (e.g., Hawley, Litovsky and Col-
burn 1999) has shown that speech is significantly
more intelligible when the “target” speech and com-
petitor are spatially separated than when they are
near one another, especially if binaural cues are
available. This effect is called “spatial release from
masking.”

To study this effect in young children, Litovsky et
al. (2001) developed a task that engages the child
through an interactive game, making measurements
in a large sound proof booth (see figure 7). The test
involves a one-interval four-alternative-forced-choice
discrimination procedure, on which the child chooses
a picture that matches the heard word and is
reinforced following correct responses. Measurements
are made under three conditions: (1) Quiet: the tar-
gets are presented from the frontal position with no
competing sources, (2) Target/competitor overlap: the
competing source(s) occur at the frontal location as
well, (3) Target/competitor separated: the competing
source(s) occur on 90° to the right and/or left. Speech-
reception-threshold is measured adaptively, estimat-
ing 79% on the psychometric function. Figure 8 shows
sample data from one child, with quiet thresholds in
panel A and all three conditions in panel B. Note that
in absence of a competing source, the child’s speech

reception threshold (SRT) is 22 dB SPL. When a com-
peting speech sound is added at the same location as
the target speech, SRT rises to 42 dB SPL. When the
competing sound is placed 90° to the right of the tar-
get, there is a spatial release from masking, whereby
SRT decreases to 31 dB SPL. Similar findings have
been seen in numerous children, with some vari-
ability in the SRT values and amount of spatial
release from masking, ranging from 3 to 12 dB.
Rarely does a child fully “recover” from the effect of
masking by returning to the quiet threshold when the
competing sound is on the right. These findings are
somewhat different from those found with adults.
First, on this forced choice task adults are much
better able to pick out the target, presumably using
subtle linguistic cues, hence they have a much
weaker masking effect. In addition, spatial separ-
ation of target and competitors results in complete
release from masking and a return to the baseline
quiet condition. Second, on a more difficult open set
task using HINT sentences (not tested with children
yet), adults show a maximum of 8 dB masking and
6–8 dB release from masking. Hence, the binaural
advantage is one that adults are highly capable of
utilizing. Preliminary data with children suggests

Figure 7. This figure demonstrates the room used for the
experiments on spatial release from masking. We used a
single-walled sound chamber with internal dimensions of 12’ x
13’, and reverberation time (T60) of 250 ms. The child is seated
in the center of an arc with a 5-foot radius. The angular separ-
ation of the target and competing sound can be varied, from
none (both at center) to 180°. At the beginning of each trial the
child is asked to face the center speaker prior to stimulus
presentation.
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that their mechanism for operating in these complex
environments may be quite different than the adults’
and that further research is necessary in order to bet-
ter understand these processes.

Clinical Implications

People with hearing impairment often complain
that noisy environments are quite difficult to negoti-
ate, and hearing aid manufacturers have been
diligently working on improving noise-reducing
algorithms that improve the signal-to-noise ratio
afforded by amplification systems. Where children
are concerned, interference from noise can be frus-
trating, can lead to reduced learning in the classroom
and social isolation. In order to provide children with

Figure 8. Sample data from the spatial release from masking
data are shown for one child. Data are collected using an adap-
tive track. A: Adaptive track for the ‘quiet’ condition (�), result-
ing in a threshold of 22 dB. B: Adaptive track for the ‘quiet’
threshold (�) is replotted along with that for conditions with a
competitor on the right (� ) or in front (�).

the best possible amplification system it might be
worthwhile to test the viability of their hearing aid
or cochlear implant under conditions that simulate
realistic noisy environments, and determine the
scenarios under which they function best.

Some of the tests described here might prove to
be useful when assessing children’s ability to function
in complex environments. For instance, the MAA task
(Litovsky 1997) provides an efficient means of estab-
lishing the extent to which an infant/child can extract
spatial cues from sound sources. Under conditions of
the precedence effect, the MAA task can be applied
towards estimates of cortical maturation. It may also
prove to be a useful measure in predicting a young
listener’s ability to cope with reverberant spaces, such
as classrooms, cafeterias, etc. Finally, the SRM
speech task (Litovsky et al. 2001) can be a useful pre-
dictor of auditory and verbal learning, especially for
children who are mainstreamed in the school system.
By using these measures in the clinic, we may be able
to optimize programming of amplification devices
such that they are helpful in both quiet and noisy
situations.

Finally, one often wonders whether a child should
be fitted with one or two devices (hearing aids and
cochlear implants alike). Setting aside cost issues, in
an ideal world hearing impaired individuals with
bilateral loss should probably receive two devices. We
know from the binaural hearing literature that lis-
teners function significantly better under binaural
than under monaural conditions. We also know from
anecdotal and subjective reports that the world is a
much more negotiable place when bilateral hearing is
available. The tests described here are most likely the
best predictors of binaural benefit. By using these
measures in a reliable and consistent fashion, the
clinician can gain insight into a child’s needs and pro-
vide the most effective instrument(s) for each
individual.
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