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KEYWORDS Summary Objective: We adapted a behavioral procedure that has been used
Speech perception; extensively with normal-hearing (NH) infants, the visual habituation (VH) procedure,
Deaf infants; to assess deaf infants’ discrimination and attention to speech. Methods: Twenty-four

NH 6-month-olds, 24 NH 9-month-olds, and 16 deaf infants at various ages before and
following cochlear implantation (Cl) were tested in a sound booth on their caregiver’s
lap in front of a TV monitor. During the habituation phase, each infant was presented
with a repeating speech sound (e.g. ‘hop hop hop’) paired with a visual display of a
checkerboard pattern on half of the trials (‘sound trials’) and only the visual display
on the other half (‘silent trials’). When the infant’s looking time decreased and
reached a habituation criterion, a test phase began. This consisted of two trials: an
‘old trial’ that was identical to the ‘sound trials’ and a ‘novel trial’ that consisted of a
different repeating speech sound (e.g. ‘ahhh’) paired with the same checkerboard
pattern. Results: During the habituation phase, NH infants looked significantly longer
during the sound trials than during the silent trials. However, deaf infants who had
received cochlear implants (Cls) displayed a much weaker preference for the sound
trials. On the other hand, both NH infants and deaf infants with Cls attended
significantly longer to the visual display during the novel trial than during the old trial,
suggesting that they were able to discriminate the speech patterns. Before receiving
Cls, deaf infants did not show any preferences. Conclusions: Taken together, the
findings suggest that deaf infants who receive Cls are able to detect and discriminate
some speech patterns. However, their overall attention to speech sounds may be less
than NH infants’. Attention to speech may impact other aspects of speech perception
and spoken language development, such as segmenting words from fluent speech and
learning novel words. Implications of the effects of early auditory deprivation and age
at Cl on speech perception and language development are discussed.
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individuals to have access to sound and audition.
For prelingually deaf children, Cls represent a
novel sensory input, which provides a means for
learning spoken language. The success of cochlear
implantation in enabling deaf children to learn
spoken language has led to a broadening of
candidacy criteria to include increasingly younger
children. In 2000, the Food and Drug Administration
guidelines approved cochlear implantation for
children as young as 1 year of age, and some
surgeons are providing Cls to infants under 1 year of
age when there are circumstances that warrant it,
such as the possibility of cochlear ossification or a
clear lack of benefit from conventional hearing
aids.

The population of early-implanted deaf infants is
likely to increase substantially because of the
broadening of candidacy criteria and because
hearing loss can now be detected at younger ages
due to new screening methods. Position statements
and guidelines from the Joint Committee on Infant
Hearing [1] and the American Academy of Pedia-
trics [2] have persuaded most state lawmakers to
implement Universal Newborn Hearing Screening
(UNHS), which requires hospitals to test the hear-
ing of all newborns. Currently, 38 states in the US
and several countries throughout Europe and the
rest of the world have adopted or will soon adopt
UNHS.

The trend to detect and identify hearing loss and
to intervene at younger ages is driven by the
general belief that the earlier in development a
child has access to sound and hearing, the better
the chances that he or she will acquire spoken
language skills that are comparable to normal-
hearing (NH) children. Investigations conducted at
a number of Cl research centers provide support for
this view. Several investigators have shown that
deaf children who receive Cls at younger ages tend
to perform better on spoken language comprehen-
sion and production tasks than deaf children who
receive Cls at older ages [3—5]. For example, in
one recent study, Kirk et al. [6] reported results of
a study that measured receptive and expressive
language skills of children every 6 months up to 2
years following cochlear implantation. They found
that the rate of improvement on the language
measures was greater for children implanted be-
fore 2 years of age than for children implanted
between 2 and 4 years of age. Given these and
other similar findings, it is reasonable to expect
that providing Cls to deaf infants at an earlier age
(i.e. before the first year) will yield even greater
benefits for prelingually deaf children.

The new population of very young Cl recipients
presents challenges to both researchers and clin-

icians who are concerned with evaluating the
benefits of Cls in children. While steady progress
has been made in developing behavioral techniques
to evaluate the speech and language skills of
children aged 2 years or older, measuring these
skills in infants who are too young to follow verbal
instructions is extremely difficult. The only current
methods of assessing speech and language out-
comes in infants who use sensory aids rely exclu-
sively on parental-report questionnaires [7]. At the
present time, it is not known if providing Cls at
even younger ages will lead to even greater
benefits in speech and language outcomes. It is
important that researchers and clinicians develop
new behavioral methodologies to measure the
perceptual and linguistic skills of these young
infants before and after they receive their Cls
and track, longitudinally, how these abilities de-
velop and change over time.

In order to understand what kinds of speech
perception and language skills we might expect
from deaf infants following cochlear implantation,
it is useful to consider how these skills typically
develop in NH infants. Over the last 30 years,
developmental scientists have used several beha-
vioral procedures to investigate the perceptual and
linguistic capacities of NH infants [8,9]. We briefly
review some of these skills and discuss how atten-
tion to speech might be important for acquiring
these skills. Then we report preliminary data on
deaf infants’ attention to and discrimination of
speech sounds. The results reported below repre-
sent the first effort to measure and describe some
of the fundamental speech perception capacities
of deaf infants following cochlear implantation.

2. Speech perception skills during the
first year of life

2.1. Speech discrimination

The speech perception capacities that infants
exhibit during the first 6 months of life appear to
be general rather than language specific [8].
Infants are born equipped to learn any of the
world’s languages. During the first half-year, NH
infants are able to detect and discriminate fine-
grained differences in speech sounds that differ-
entiate words in any of the world’s languages.
Numerous investigations have shown that young
infants are able to discriminate vowels [10—-12] and
consonants that differ with respect to voicing [13],
place [14-16], and manner [17,18] of articulation.
Moreover, up to about 8 months of age, infants are
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able to detect and discriminate many phonetic
contrasts that are not phonologically relevant in
the ambient language but are relevant in other
languages [11,19-22] (see [8] for a review).
During the second half of the first year of life,
the initial, language-general speech perception
capacities develop into language-specific speech
perception skills [11,19,22,23]. For example, Wer-
ker and Tees [22] tested English-learning 6-8-
month-olds and 10—12-month-olds’ ability to de-
tect sound contrasts that were distinctive in Hindi
but not in English. Only the younger infants could
discriminate these specific contrasts. These find-
ings suggest that sometime during the second 6
months of life, NH infants become less sensitive to
acoustic phonetic characteristics of speech that
are not distinctive in their native language. This
attenuation of perceptual sensitivity to nonnative
speech contrasts reflects an important shift from
language-general to language-specific speech per-
ception skills based on early experience in the
language-learning environment. Learning about the
organization and properties of speech sounds and
speech patterns in the ambient language helps
infants discover how to segment continuous speech
into words and provides the fundamental basis for
learning words and acquiring a grammar [8].

2.2. Segmentation of words from fluent
speech

In written language, words are separated by
unambiguous spaces on a page. By contrast, words
in spoken language are not reliably marked by
pauses or acoustic cues that are the same across
talkers and speaking rates. Speech is a continuous
acoustic signal when spoken to adults and when
spoken to children and infants. This has been
confirmed by investigations of caregivers’ speech
to infants that have shown that caregivers tend to
speak to infants using fluent speech rather than
speaking each word in isolation [24,25]. Although
adults automatically use their knowledge of words
in the ‘mental lexicon’ to facilitate word recogni-
tion in fluent speech [26], infants may not have any
words at all in memory to rely on. In order to build
a vocabulary of the language, infants must develop
perceptual skills that allow them to recognize and
extract the sound patterns of words from the
context of fluent speech and organize them in
some systematic fashion in long-term lexical mem-
ory.

Over the past 10 years, developmental scientists
have investigated the problem of segmentation in
NH infants and the role of various types of linguistic

cues to segmentation such as rhythmic [27,28],
statistical/distributional [29-31], coarticulatory
[32], phonotactic [33,34], and allophonic [35].
Some of these cues, such as statistical/distribu-
tional and coarticulatory information may be simi-
lar across languages, while others vary
substantially from language to language. Infants
learn language-specific segmentation cues by dis-
covering the organization of sounds in the ambient
language. Peter Jusczyk and colleagues have fo-
cused on when infants begin segmenting words in
fluent speech and when they use language-specific
information to influence their segmentation stra-
tegies. In their seminal study, Jusczyk and Aslin
[36] tested 6- and 7.5-month-olds’ ability to
recognize words in fluent speech. During a famil-
iarization phase, infants were presented with
repetitions of two words presented in isolation
(cup and dog or bike and feet). During a test
phase, the infants were presented with four
passages, two contained the familiarized words
and two contained the unfamiliar target words.
The 7.5-month-olds, but not the 6-month-olds,
attended significantly longer to the passages with
the familiarized words. Jusczyk and Aslin inter-
preted these results as evidence that by 7.5 months
of age, infants are able to segment and recognize
familiar words in fluent speech even after only a
brief period of exposure.

During the second half of the first year of life,
infants develop greater sensitivities to language-
specific attributes of speech that may facilitate
speech segmentation. In one study, Jusczyk, Cutler,
and Redanz [37] investigated English-learning in-
fants’ sensitivity to the rhythmic properties of
English words. Approximately 90% of content words
in English begin with a stressed (or ‘strong’)
syllable [38]. Jusczyk et al. (1993) tested English-
learning infants’ preferences for lists of bisyllabic
words that follow the predominant strong/weak
stress pattern of English (e.g. doctor, candle)
versus lists of bisyllabic words that follow a
weak/strong stress pattern (e.g. guitar, surprise).
They found that 9-month-olds, but not 6-month-
olds, attended significantly longer to lists of words
that followed the predominant stress pattern of
English words—strong/weak. In a subsequent
study, Jusczyk, Houston, and Newsome [28] dis-
covered that 7.5-month-old English-learning in-
fants were able to segment strong/weak words
from fluent speech but not weak/strong (also see
[27]). Taken together, both sets of findings suggest
that English-learning infants’ sensitivity to the
rhythmic properties of words in their language
plays an important role in their ability to segment
words from fluent speech.
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In addition to the rhythmic properties of spoken
language, infants also attend to other language-
specific aspects of speech that are useful for word
segmentation. For example, by 9 months of age,
infants appear to be sensitive to the phonotactic
properties of speech [39,40]. Phonotactics refers
to how the sound segments (i.e. phonemes of
language) are sequenced and ordered in different
contexts. For example, the sequence/mt/occurs
more often between words than within words in
English. Attention to these sequential properties of
speech patterns can further inform infants about
the types of sounds or sequences of sounds that are
more likely to occur within or between words,
which will contribute to more mature and sophis-
ticated speech segmentation skills. Indeed, in a
recent study, Mattys and Jusczyk [33] found that by
9 months of age, English-learning infants can use
phonotactic information to locate word bound-
aries.

At a somewhat more fine-grained level, variants
(or allophones) of the same phoneme can also
serve as word boundary cues [41,42]. For example,
in English, aspirated stop consonants (such as the
/t"/ in ‘top’) mark word beginnings because they
do not occur in other word positions [43]. Jusczyk,
Hohne, and Bauman [35] found that 10.5-month-
old, but not 9-month-old, English-learning infants
treat a two-syllable sequence as ‘nitrates’ or as
‘night rates,’ depending on the variant of /t/ they
hear. The findings of Jusczyk et al. [35] in combi-
nation with the results reported by Mattys and
Jusczyk [33] suggest that infants’ sensitivity to
language-specific properties of phonemes, their
variants, and the constraints on orderings influ-
ences how they segment words from fluent speech.

Recently, Jusczyk [8,44] has proposed that Eng-
lish-learning infants who have normal hearing may
initially begin segmenting the speech stream using
rhythmic information and simply assume that every
stressed syllable is a word onset. This may be a
good ‘first-pass’ strategy for word segmentation;
breaking the input signal into smaller, more man-
ageable sound patterns allows infants to notice the
internal organization of segments and other lan-
guage-specific properties (e.g. phonotactic and
allophonic properties) at different locations within
words. As infants integrate multiple cues and learn
to segment words from fluent speech, they begin
the process of learning words and acquiring a
grammar of the language. In order to do this,
they must not only hear the speech in their
immediate environment and surroundings, but
they must also attend to speech patterns so they
can encode its organization and structure and
begin to recognize the repetition of similar pat-

terns on different occasions. NH infants automati-
cally attend to and learn about the organization of
sounds and sound patterns in their native language
naturally, without any formal or explicit training.
However, the same might not be true for congeni-
tally deaf infants who have received Cls after some
period of deafness. Since the early part of their
development occurred with little if any auditory
input, the neural mechanisms involved in speech
perception, attention and learning may be quite
different from those of NH infants.

3. Consequences of early auditory
deprivation on development of speech
perception skills

The absence of sound during the first few months
of life may affect neurobiological development at
several points along the peripheral auditory path-
way as well as other higher-level cortical areas. In
a recent paper, Shepherd and Hardie [45] reviewed
findings relating to changes in the auditory path-
way caused by deafness. At the level of the
cochlea, deafness leads to degeneration of spiral
ganglion cells as well as a reduction in the
efficiency, spontaneous activity and temporal re-
solution of auditory nerve fibers [45]. At the level
of the central auditory pathway, bilateral hearing
loss results in reduction of synaptic density in the
inferior colliculus. It is possible that auditory
deprivation may affect auditory acuity post-co-
chlear implantation. Leake et al. investigated this
possibility using cats that were deafened for
different lengths of time and then given cochlear
implants [46,47]. They found that spatial selectiv-
ity of electrode impulses in the inferior colliculus
was affected by the length of deafness and the
amount of degeneration of the spiral ganglion cells.

At higher cortical levels, numerous studies over
the last 40 years have shown that early sensory
experience plays a critical role in the organization
of the sensory cortices (see [48] for a review).
When input from one sensory modality is unavail-
able, regions in the brain that normally subserve
that modality appear to become more responsive
to inputs from other sensory modalities [49]. Helen
Neville et al. have investigated neural reorganiza-
tion in humans using a variety of neural imaging
techniques. They have found that some regions of
the auditory cortex that only respond to auditory
information in NH individuals respond to some
types of visual information in deaf individuals
who have learned sign language [50].
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Intercortical projections also appear to be af-
fected by sensory deprivation. In deaf cats, Kral et
al. recorded responses from different layers of the
auditory cortex. They found reduced synaptic
activity in the infragranular layers, which output
to the other cortical regions [51]. Ponton and
Eggermont [52] collected auditory evoked poten-
tials from children who had a history of early onset,
profound bilateral hearing loss and who use co-
chlear implants. They found responses that are
consistent with immature superficial cortical
layers, which are important for intracortical and
interhemispheric communication [52]. Taken to-
gether, these findings on neural development
suggest that early auditory deprivation may impair
or attenuate the development of neural pathways
connecting the auditory cortex to other cortical
areas of the brain. Connections between the
auditory cortex and other cortices, particularly
the frontal and prefrontal cortices, are important
for establishing higher-level attentional and cogni-
tive neural networks linked to auditory processing.
Thus, to understand the effects of auditory depri-
vation on language development in young prelin-
gually deaf infants, it is important to investigate
not only auditory acuity after Cl but also processes
involved in perception, attention, learning, and
other cognitive skills that may be affected by the
absence of sound during early development.

4, Assessing speech perception skills of
deaf infants after cochlear implantation

Infants’ attention to and discrimination of
speech sounds are crucial for further language
acquisition. To assess these skills in infant Cl users,
we have constructed a new research laboratory
within the ENT Clinic at the Indiana University
School of Medicine (IUSM) to assess the speech
perception and language skills of deaf infants
before implantation and at regular intervals fol-
lowing cochlear implantation. One of the proce-
dures we have adapted for this research program is
the visual habituation (VH) procedure, which has
been used extensively for the past three decades to
assess the linguistic skills of NH infants [11,53,54].
Our goals in this initial research were to: (1)
validate VH with this population of deaf and hard-
of-hearing infants, and (2) use VH to track and
assess infants’ attention to speech and measure
their speech discrimination skills before and after
receiving a cochlear implant.

Measuring and tracking the perceptual and lin-
guistic development of young prelingually deaf

infants who receive Cls are important for both
clinical and theoretical reasons. From a clinical
perspective, it is essential that new behavioral
techniques be developed to assess the benefits of
implanting deaf infants with Cls at very young ages
and to measure changes in benefit and outcomes
over time after implantation. From a theoretical
perspective, this research provides a unique op-
portunity to compare language development of
normally hearing infants to deaf infants who have
been deprived of auditory input and then have their
hearing restored at a later age via a Cl. Do these
deaf children follow the same developmental time
course as NH infants, even though their early
auditory experience was radically different? Also,
how does the initial absence of auditory informa-
tion affect infants’ subsequent ability to attend to
and acquire spoken language? These are important
fundamental questions that address neural devel-
opment and behavior.

5. Experiment: visual habituation
procedure

The VH procedure has been used extensively over
the years to assess NH infants’ ability to discrimi-
nate speech contrasts [11,53]. In the standard
implementation of VH, infants are first habituated
to several trials of a repeating speech sound
presented simultaneously with a visual display
(e.g. a checkerboard pattern) during a habituation
phase. The same stimuli are presented on each
trial, and the infant’s looking times to the visual
display are measured. When the infant’s looking
time decreases and he or she reaches a pre-
determined habituation criterion, a novel auditory
stimulus is presented with the same visual display
that was used during habituation. An increase in
looking time to the visual display when the novel
auditory stimulus is presented is taken as evidence
that the infant was able to detect the difference in
the speech stimuli and respond to the novelty of
the new sound pattern.

We have modified the VH procedure to assess
infants’ attention to speech as well as their speech
discrimination skills. During the initial habituation
phase, half of the trials include an auditory
stimulus (‘sound trials’). On the other half of the
trials, the infants are presented with only the
visual display (‘silent trials’). By comparing infants’
looking times to the visual display on sound and
silent trials, we can obtain an objective measure of
their attention to speech. In this study, both NH
infants (6- and 9-month-olds) and deaf infants
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before and following cochlear implantation were
tested to assess their attention to sound and to
measure their speech discrimination skills. We
believe that these basic skills are clinically relevant
and important for understanding deaf infants’
potential for perceiving speech and learning spo-
ken language. Another important goal of this
investigation was to validate the VH procedure to
determine if is a viable tool to use with a clinical
population of infants whose speech perception and
language-processing skills are completely un-
known.

6. Method

6.1. Participants

To date, we have tested 16 prelingually deaf
infants (eight female, eight male) who were
enrolled in the IUSM’s cochlear implant program.
Eleven deaf infants used the Nucleus 24 Cl system,
three used the MedEl Cl system, and one used the
Clarion CI system. Inclusion criteria: profound
bilateral hearing loss, cochlear implantation prior
to 2 years of age, and evidence of auditory
detection at pure tone average of 50 dB within
the first 3 months after Cl (measured by visual
reinforcement audiometry). The data from two
infants (one female, one male) were excluded
because they did not demonstrate auditory detec-
tion within 3 months after Cl. Of the remaining
fourteen infants, eight of the infants were tested
prior to cochlear implantation, seven were tested
at least once at approximately 1 month post-Cl,
eight were tested at least once at approximately 3
months post-Cl, and eight were tested at approxi-
mately 6 months post-Cl. The deaf infants’ mean
ages and age ranges are displayed in Table 1. One
participant, (Cl01), who was the youngest cochlear
implant recipient at IlUSM received a Cl at 6 months
of age. We have followed CI01 closely and will
report his individual data collected across multiple
testing sessions. Finally, for comparison, we have

Table 1 Age of deaf infants at test intervals
Interval (n) Age at testing

Mean (months) Range (months)
Pre-implant (8) 10.9 5.8-20.7
1 month post-Cl (7) 16.4 8.7-24.6
3 months post-Cl (8) 18.4 9.6-27.3
6 months post-Cl (8) 20.4 13.9-29.9

also tested 24 NH 6-month-olds and 24 NH 9-month-
olds.

6.2. Apparatus

The testing was conducted in a custom-made,
double-walled IAC sound booth. As shown in Fig. 1,
infants sat on their caregiver’s lap in front of a
large 55" wide-aspect TV monitor, which was used
to present all of the visual and auditory stimuli.
The experimenter observed the infant via a hidden
closed circuit TV camera and coded how long and in
which direction infants looked by pressing keys on a
computer keyboard. The experiments were imple-
mented on the computer using the HaBIT software
package [55].

6.3. Stimulus materials

To validate VH with this population of infants, we
selected two very simple speech contrasts. These
particular speech sounds are used clinically and
have been found to be among the first sound
contrasts that hearing-impaired children can de-
tect and discriminate. One stimulus contrast was a
4 s. continuous vowel (‘ahh’) versus a 4 s. dis-
continuous CVC pattern (‘hop hop hop’) contrast.
The other contrast was a 4 s. rising vowel /i/ versus
a 4 s. falling vowel /i/ intonation contrast. At each
testing session, the infant was presented with one
of the two contrast pairs. All of the stimuli were
produced by a female talker and recorded digitally
into sound files. The stimuli were presented to the
infants at 70+ 5 dB SPL via loudspeakers on the TV
monitor. A computer representation of a red and
white checkerboard pattern was created to serve
as the visual display. Using VH, we assessed the
ability to detect and discriminate these simple
speech sounds in a group of congenitally deaf
infants with Cls and a group of typically developing
NH infants.

6.4. Procedure

The procedure we used was similar to the
standard VH speech discrimination experiment.
There was a habituation phase followed by a test
phase. During the habituation phase, two types of
trials were presented. Sound trials consisted of a
pairing of the visual display and one of the sound
stimuli (e.g. ‘hop hop hop’ or ‘ahh’). Silent trials
consisted of the visual display only with no sound
presented. Two sound and two silent trials were
presented, in random order, in each block of four
trials. Infants’ attention was initially drawn to the
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TV monitor using an ‘attention getter’ (i.e. a small
dynamic video display of a laughing baby’s face).
Each trial was initiated when the infant looked to
the visual display. The trial continued until the
infant looked away from the visual checkerboard
display for 1 s or more. The duration of the infant’s
looking time toward the checkerboard was mea-
sured for each trial. During the habituation phase,
the blocks of trials continued until the infant’s
average looking time to the visual display across a
block of four trials (two sound, two silent) was 50%
or less than the average looking time across the
first block of four trials. When this habituation
criterion was met, the infant was then presented
with two more trials, an old trial and a new trial
(order of trials was counterbalanced across parti-
cipants) during a test phase. The old trial was
identical to the sound trials that the infant heard
during the earlier habituation phase. The novel
trial consisted of the other speech sound (e.g.
‘ahhh’) of the pair and the same visual display.
Based on previous research with NH infants, we

Apparatus. During the VH, the caregiver wears headphones playing masking music. The visual stimuli for the VH

predicted that if speech sounds elicited infants’
attention then they would look longer to the visual
display during the sound trials than during the
silent trials. We also predicted that if the deaf
infants could discriminate differences between
speech sounds, they would exhibit longer looking
times during the novel trial than during the old
trial.

7. Results

We obtained two measures of performance.
Attention was measured as the difference in the
infants’ looking times to the sound versus the silent
trials. Speech discrimination was measured as the
difference in the infants’ looking times to novel
versus old trials. NH infants were only tested one
time each, at either 6 or 9 months of age. Deaf
infants who received Cls were tested at several
intervals before and after implantation. Data were
grouped into 3 post-Cl intervals: ‘1 month’ (1 day, 2
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week, and 1 month post-Cl intervals), ‘3 months’ (2
and 3 month post-Cl intervals), and ‘6 months (5
and 6 month post-Cl intervals). Some of the deaf
infants were tested more than once during a single
interval group. In the final data analyses, each
session was treated as an independent sample,
rather than averaging across sessions within a post-
Cl interval group.

7.1. Attention to speech sounds

The looking times to the sound and silent trials
were averaged separately for each infant. The
average looking times were then subjected to a
3-way repeated-measures analysis of variance (AN-
OVA) with Auditory Condition (sound vs. silence) as
a within-subjects factor and Stimulus Condition
(‘ahh’, ‘hop hop hop’, rising /i/, and falling /i/)
and Group (Pre-implantation, post-Cl, and NH)' as
between-subjects factors. There was no main
effect of Stimulus Condition (F < 1) and no inter-
actions of Stimulus Condition with any of the other
factors (all Fs < 1), suggesting that the infants’
looking times were similar across the different
stimulus conditions in the experiment. Based on
these findings, we combined the data across the
four stimulus conditions and re-analyzed the data
using a 2-way repeated-measures ANOVA. Fig. 2
displays the average difference in looking times
(and 95% confidence intervals) to the sound versus
silent trials for the NH 6- and 9-month olds (solid
bars) shown on the left, the deaf infants pre-Cl
shown in the middle (striped bar), and the deaf
infants at the 1-, 3-, and 6-month post-Cl intervals
(patterned bars) shown on the right. Bars above the
line at zero represent longer looking times to the
sound trials than the silent trials.

Overall, infants looked longer during the sound
trials than during the silent trials (F(1, 90) = 6.79,
P < 0.05). There was no main effect of Group (F(5,
90) < 1), but there was a significant Group X
Auditory Condition interaction (F(2, 90) = 13.21,
P < 0.001), indicating that not all of the groups
looked significantly longer to the sound than to the
silent trials. Additional analyses were conducted to
determine the nature of the Group X Auditory
Condition interaction. Comparing the two deaf
groups, a 2-way repeated-measures ANOVA re-
vealed no statistically significant interaction be-
tween Deaf Group (pre-Cl vs. post-Cl) and Auditory

'For this analysis, the data from the 6- and 9-month-old NH
infants were grouped together into the ‘NH’ group. Also, the
data from the deaf infants at the three post-Cl intervals were
grouped together into the ‘post-CI’ group.

Condition (F(1, 43)=1.89, P > 0.1). In contrast,
comparing the looking times of the NH infants with
deaf infants post-Cl revealed a significant Group
(NH, post-Cl) X Auditory Condition interaction (F(1,
83) = 17.55, P < 0.001). This finding indicates that
the difference in looking times between sound
and silent trials was significantly greater for the
NH infants than for the deaf infants who received
Cls.

Further analyses were conducted to assess dif-
ferences in performance between subgroups within
the post-Cl group (i.e. month 1, 3, and 6 post-Cl)
and within NH group (i.e. 6- and 9-month-olds) and
to determine which groups (pre-implantation,
post-Cl, and NH) attended reliably longer to the
sound than to the silent trials. The looking times to
the sound and the silent trials were compared for
each group separately. For deaf infants before
receiving a Cl, the looking times were subject to
a paired t-test. The analysis revealed that the
difference in looking times to sound and silent
trials did not approach statistical significance
(t(7)= —1.17, P> 0.2). The looking times of the
deaf infants after Cl were subjected to a 2-way
repeated-measures ANOVA with Audition Condition
as the repeated measure and Post-Cl interval
(month 1, 3, and 6) as the between-subject factor.
Following Cl, deaf infants did attend longer to the
sound than to the silent trials, but the looking time
difference did not reach statistical significance
(F(1, 34)=1.79, P> 0.1). Also, the interaction
between Auditory Condition and Post-Cl Interval
did not approach statistical significance (F(2,
34) < 1), suggesting that the pattern of looking
times to the sound versus the silent trials was
similar across the post-Cl intervals. The looking
times of the NH infants were subjected to a 2-way
repeated-measures ANOVA with Auditory Condition
as the repeated measure and Age Group (6 and 9
months) as the between-subjects factor. The ana-
lyses revealed that NH infants attended signifi-
cantly longer to the sound than to the silent trials
(F(1, 46) = 62.51, P <0.001), and there was no
interaction with Age Group (F(1, 46) < 1).

Fig. 3 displays the data from deaf infant CI01. He
was tested three different times between 1 and 3
months after receiving his cochlear implant. Over
this time period, he showed very little difference in
his looking times for sound versus silent trials.
However, he was also tested five times between 6
and 15 months after cochlear implantation. Over
this period, he displayed a trend to look longer
during the sound than silent trials that approached
statistical significance (t(4) = 2.30, P= 0.08).

In summary, NH infants exhibited a strong pre-
ference for sound trials over silent trials. Before Cl,
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Fig. 2 Attention to speech sounds. The mean difference in looking times (and 95% confidence intervals) to the sound
vs. silent trials for NH 6- and 9-month olds (solid bars), deaf infants pre-Cl shown (striped bar), and deaf infants at the
1-, 3-, and 6-month post-Cl intervals (patterned bars). The number of observations is given for each interval. Some deaf
infants after implantation were tested more than once, yielding more observations than number of participants.

deaf infants showed no such preference. After Cl,
deaf infants attended longer to the sound trials
than the silent trials but the difference was not
statistically reliable, and their preference for the
sound trials was significantly smaller than the NH
infants’. In contrast, the deaf infant who was
implanted at 6 months of age, CI01, showed a
preference for sound trials at his later Cl intervals
that was similar in magnitude to the NH infants’
preference.

7.2. Speech discrimination

The looking times to the novel and old trials were
subjected to a 3-way repeated-measures ANOVA
with Discrimination Condition (novel vs. old) as a
within-subjects factor and Stimulus Condition
(‘ahh’ vs. ‘hop hop hop’ and rising vs. falling /i/)
and Group (Pre-Cl, post-Cl, and NH) as between-
subjects factors. Fig. 4 displays differences in
looking times to the novel versus old trials for the

Infant CIO1

] (Average across 3
8] test sessions)

6 T

(Average across 5
test sessions)

Average Looking Time Difference (s)

Months 1-3

Months 6-15

Test Intervals

Fig. 3 ClO01 attention to speech sounds. Looking time differences to the sound vs. the silent trials for participant CIO1.
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Fig. 4 Speech discrimination. The mean differences in looking times to the novel vs. old trials for the NH infants (solid
bars); the deaf infants pre-Cl (striped bars), and the deaf infants following Cl (patterned bars). The looking times are
further divided by stimulus condition with the looking time differences for the ‘hop hop hop’ vs. ‘ahh’ conditions
indicated by the left bar in each panel (A) and the rising vs. falling /i/ indicated by the right bar within each panel (B).
The number of observations is given for each interval. Ninety five percent confidence interval bars are displayed in

cases where there were 6 or more observations.

NH infants shown on the left, the deaf infants pre-
Cl shown in the middle, and the deaf infants
following Cl shown on the right. The looking times
are further divided by stimulus condition with the
looking time differences for the ‘hop hop hop’
versus ‘ahh’ conditions indicated by the left bar in
each panel and the rising versus falling /i/ in-
dicated by the right bar within each panel in the
figure.

As a whole, the three groups of infants did not
look significantly longer to the novel trials than the
old trials (F(1, 85) < 1). However, there was a
significant Group X Discrimination Condition inter-
action (F(2, 85) = 3.45, P < 0.05), suggesting that
one or more of the groups may have discriminated
the contrasts. There was also a significant interac-
tion between Stimulus Condition and Discrimina-
tion Condition (F(1, 85)=5.49, P <0.05),
reflecting a larger difference in discrimination for
the ‘hop hop hop’ versus ‘ahh’ condition than the
rising versus falling /i/ condition. Further analyses
comparing groups of infants revealed that the
effect of discrimination was significantly different
for the pre-Cl and post-Cl groups (F(1, 39) = 4.98,
P < 0.05) and between the pre-Cl and NH groups
(F(1, 52)=8.63, P <0.01), but the interaction
between post-Cl and NH groups did not approach
significance (F(1, 79) < 1). These results suggest
that NH infants and deaf infants who received Cls
discriminated the sound contrasts to similar de-

grees while the deaf infants pre-Cl were unable to
discriminate any differences reliably.

Additional analyses were conducted for each
group to determine which groups exhibited discri-
mination of the two different speech contrasts and
to analyze for differences between subgroups
within groups. The looking times of the deaf infants
before Cl was subjected to a 2-way repeated-
measures ANOVA with Discrimination Condition as
the repeated measure and Stimulus Condition as
the between-subjects factor. The analyses re-
vealed that the deaf infants before Cl looked
longer to the old than to the new trials, but this
difference did not reach significance (F(1, 6) =
3.22, P>0.1). Also, there was no significant
main effect of Discrimination Condition (F(1,
6) < 1), and the interaction of these factors did
not reach statistical significance (F(1, 6) = 3.66, P
0.1). In contrast, a 3-way repeated-measures
ANOVA of the looking times of deaf infants at the
three intervals after CI (month 1, 3, and 6) showed
significantly longer looking times to the novel than
to the old trials (F(1, 29) = 5.85, P < 0.05) and no
significant interactions with post-Cl interval (F(1,
29) < 1) or with Stimulus Condition (F(1, 29) =
1.80, P > 0.1). Likewise, a 3-way repeated-mea-
sures ANOVA revealed that the NH infants attended
significantly longer to the new trials than to the old
trials (F(1, 44) = 13.57, P < 0.001). There was no
significant interaction with Age Group (F(1, 44) <
1). However, the interaction between Discrimina-
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tion and Stimulus Condition approached statistical
significance (F(1, 44) = 3.31, P < 0.08), reflecting
a larger discrimination effect in the ‘hop hop hop’
versus ‘ahh’ stimulus condition.

Fig. 5 displays the looking times of deaf infant
Cl01 during early (1-3 month) and later (6-15
month) post-implantation intervals. Infant CIO1
showed no preference for the novel stimulus during
the early test intervals, but he did display a trend
to look longer during the novel trials at later post-
implantation intervals (t(4) = 2.34, P= 0.08).

7.3. Mean looking times

The difference scores used to assess looking
times to the sound and silent trials plotted in Fig.
2 provide a simple way to see the stimulus
preferences of infants in the VH procedure. How-
ever, difference scores do not reveal how much
time the infants actually looked to the visual
displays for the two types of trials. To gain another
perspective on the results, Fig. 6 displays average
looking times (and standard errors), rather than
difference scores. In each panel, the bar shown on
the left bar displays the average looking time to
the sound trials, while the bar shown on the right
displays the average looking time to the silent
trials. This figure reveals that while the NH infants
and deaf infants’ overall looking times were gen-
erally quite similar, the pattern of looking times
differed in several important ways. First, NH
infants looked longer to the sound trials than the
deaf infants did. In contrast, NH infants looked less
to the silent trials than the deaf infants did. These
two results show that the overall looking times of

the NH infants and deaf infants during the habitua-
tion trials were similar but that the NH infants
looked longer during the sound trials and shorter
during the silent trials than the deaf infants who
use Cls. During the test phase, when both trials
were ‘sound’ trials, NH infants’ exhibited a trend
to look longer during both the novel and old trials
than the deaf infants, although this trend did not
reach statistical significance. The infants’ mean
looking times during the test phase are displayed in
Fig. 7.

8. Discussion

The attrition rates observed in the VH task were
similar across both groups of deaf and NH infants—
about 20-25%. These rates are low-to-average
compared with other speech perception experi-
ments with NH infants [9]. Hence, it appears that
the VH procedure is a viable behavioral technique
that can be used with deaf infants before and after
cochlear implantation to assess benefit and mea-
sure change in auditory attention and speech
discrimination skills over time.

In the present investigation, deaf and NH infants’
attention to speech sounds was assessed during a
habituation phase. One of four repeating speech
sounds was paired with a checkerboard pattern on
half of the trials while the other half of the trials
consisted of the checkerboard pattern with no
sound. We observed no significant effect of stimu-
lus type for any of the groups of infants, suggesting
that when compared with silence, the infants were
similarly interested in each type of speech stimu-
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a0 ] sessions)
£ 5
2 Y]
S J
S
T
S 07 T T
s
> ]
<5
Months 1-3 Months 6-15

Test Intervals

Fig. 5 Cl01 speech discrimination. Looking time differences to the novel vs. the old stimulus trial for participant CIO1.
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Fig. 6 Attention to speech sounds. Mean looking times to the sound and the silent trials for NH controls, for deaf
infants before cochlear implantation, and for deaf infants at several intervals after Cl. This figure represents the same
looking time data as in Fig. 2 but shows mean looking times rather than mean difference in looking times.

lus. Preference for the sound trials over the silent
trials differed across groups, however. Both 6- and
9-month-old NH looked significantly longer to the
checkerboard pattern when accompanied by a
repeating speech sound. Before implantation,
deaf infants did not look longer during the sound
trials. In contrast, after implantation, deaf infants
did look longer during the sound trials, although
the difference in looking times between sound and
silent trials did not reach statistical significance?.

The NH infants’ preference for the sound trials
was significantly greater than that of the deaf
infants’ with Cls, even though the deaf infants’
auditory detection thresholds (measured using
visual reinforcement audiometry) were far below
the intensity level of the stimuli (70+5 dB). In
other words, although both groups of infants can
detect the repeating speech stimuli, the NH infants
increased their attention (i.e. looking times) much
more in the presence of speech sounds than the
deaf infants did following Cl. These findings sug-
gest that while deaf infants’ attention to speech
may increase slightly during the first 6 months
following Cl, it does not reach the levels observed
in NH infants. However, deaf infant Cl01’s prefer-

2We expect that with a larger sample size, the deaf infants’
who use cochlear implants difference in looking times between
sound and silent trials would reach statistical significance.
However, their preference for sound trials would still be
significantly smaller than the NH infants’, if the pattern of
looking times was consistent with what has been observed so far.

ence for the sound trials at later intervals after Cl
was similar to the NH infants’, suggesting that age
at implantation and duration of Cl use may con-
tribute to the development of attention to speech.
Infant Cl01 was our youngest Cl recipient. He
received his Cl at 6 months of age.

During the test phase of the VH experiment, we
assessed infants’ discrimination of two gross-level
speech contrasts. NH infants looked significantly
longer to novel sound trials than the old sound
trials, validating this version of the VH procedure
for use as a way of measuring speech discrimina-
tion. Similarly, deaf infants who received Cls
demonstrated evidence of speech discrimination
as well. Before receiving a Cl, deaf infants did not
look longer during novel sound trials than old sound
trials. However, after receiving Cls, deaf infants
did show a difference, suggesting that deaf infants’
discrimination of some speech patterns improves
with access to sound within the first few months
after Cl. For both the NH and deaf infants with Cls,
the continuous (‘ahh’) and discontinuous (‘hop hop
hop’) speech contrast appeared to be much more
salient than the rising versus falling intonation
pattern of /i/. Further investigations will examine
if deaf infants who have received Cls also demon-
strate discrimination when the acoustic differences
in speech sounds are smaller, such as minimal pairs
of words, which will provide more detailed infor-
mation about the acuity of their speech perception
skills for discriminating fine phonetic details in
speech and spoken words.
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Fig. 7 Speech discrimination. Mean looking times to the novel and the old trial for NH controls and for deaf infants
before and at several intervals after Cl. This figure represents the same looking time data as in Fig. 4 but shows mean
looking times rather than mean difference in looking times, and, in this figure, looking times are combined across

stimulus conditions.
9. Attention to speech

Comparing two different speech perception skills
in deaf infants before and after Cl with NH infants
provides valuable new information about the im-
mediate benefits deaf infants will likely gain from
their Cls. These comparisons may also help re-
searchers and clinicians understand the nature of
the challenges these infants will face when acquir-
ing spoken language. The results from this initial
investigation provide some clues about deaf in-
fants’ speech perception skills after receiving their
Cl. The looking time response to gross-level
changes in speech sounds after Cl was similar to
NH infants but was different from deaf infants pre-
Cl, demonstrating the development of fundamental
attention and speech discrimination skills. In con-
trast, the pattern of looking behavior to sound
versus silent trials in the deaf infants after Cl was
significantly different from NH infants. Impor-
tantly, the looking-time differences do not appear
to be due to differences between the groups in
general arousal or attention; the results are more
selective in nature and are based on stimulus
differences (Fig. 6). These findings suggest that
even after receiving a Cl, deaf infants do not
appear to be as interested in speech as NH infants
were in the VH procedure. However, several factors
may be responsible for the findings that deaf
infants post-Cl did not respond similarly to NH
infants in the attention task.

One factor that may have contributed to the
differences in looking times between NH and deaf

infants with Cls was the difference in chronological
age between the two groups of infants. All of the
NH infants used in this study were younger than the
deaf infants at their post-Cl intervals, except for
Cl01 at his month 1 post-Cl interval. Thus, the NH
infants were more closely matched to the deaf
infants based on ‘hearing age’ than on chronologi-
cal age. This allowed us to compare, for example,
NH 6-month-olds to older, deaf infants who have
had 6 months of auditory experience with a Cl.
However, older infants may not show the same
kinds of preferences for sound trials as young
infants, regardless of hearing status. Hence, we
cannot be sure if the differences in looking times
we observed between deaf infants and NH infants
were due to differences in early auditory experi-
ence or due simply to age differences. Further
comparisons with older NH infants would provide
more information about the differences between
deaf infants and age-matched NH peers. However,
the data collected so far from the deaf infants with
Cls suggest that attention to speech will not
diminish with age. In fact, infants who have used
their Cls for longer periods of time and who were,
on average, somewhat older than infants tested at
earlier intervals showed increased preference for
sound trials. Also, Cl01’s preference for sound trials
consistently increased with age and Cl experience.

Another factor that may have played a role in the
pattern of results is the deaf infants’ auditory
acuity following CI. While Cls provide deaf indivi-
duals with access to sound, they do not provide
nearly the richness of information that a healthy
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cochlea does. As a result, deaf infants who receive
Cl may not be able to detect and discriminate as
many fine-grained details in speech as NH infants.
As a consequence, the impoverished speech signal
provided by a Cl may be inherently less interesting
than the speech signals processed by a healthy
cochlea because deaf infants may not be able to
detect, discriminate, and encode fine acoustic—
phonetic features that represent the linguistically
significant sound contrasts in the target language.
Unfortunately, at the present time, very little is
known about the auditory sensitivity and acuity of
deaf infants in discriminating speech sounds.
Further studies of speech discrimination by deaf
infants with Cls will provide more knowledge of
their speech perception skills and how discrimin-
ability and distinctiveness contribute to attention
to speech sounds.

Developmental factors also may contribute to
differences observed between the groups of in-
fants. The deaf infants studied here developed
with little, if any, exposure to sound until they
received their Cls. Early sensory deprivation and
lack of auditory experience with meaningful sounds
as well as speech may have a significant impact on
how infants learn to interact with objects and
sound sources in their environment [56]. Neuro-
physiological studies provide evidence that sensory
cortices are re-organized by early sensory experi-
ence [49,50] and that intercortical projections
from the auditory cortex are affected by auditory
deprivation [51,52].

At this time, little is actually known about the
extent of neural reorganization in human infants
due to early auditory deprivation. And nothing is
known about how absence of sound during early
development might affect attention to speech
after a child receives a Cl. However, given that
infants’ ability to orient their attention to sensory
input develops during the first year of life [57], it is
quite possible that neural connections linking
sensory perception to attention and other aspects
of perception and cognition may not develop
normally after a period of auditory deprivation
and lack of stimulation. Moreover, before interven-
tion deaf infants are not likely to respond to sound
with activities such as visual orientation and vocal
imitation. This lack of active response to sound
may also affect the development of neural con-
nections between auditory and other cortices.

Infants’ attention to speech may have conse-
quences for acquiring other speech perception
skills that are important for learning spoken
language. Perception and attention to fine-grained
acoustic—phonetic details in speech are known to
be important for distinguishing spoken words.

Paying attention to the ordering of sounds in
speech may play a role in learning about the
organization of sound patterns in the native lan-
guage. Deaf infants who do not maintain the same
level of attention to speech that NH infants do may
not develop normal sensitivities to language-spe-
cific properties, such as rhythmic, distributional,
coarticulatory, phonotactic, and allophonic cues,
all of which have been shown to be important
sources of information for segmenting words from
fluent speech and acquiring the vocabulary of a
given language [8,44]. And, because infant-direc-
ted speech is typically continuous in nature
[24,25], difficulties segmenting words from fluent
speech may cascade and produce atypical word
learning and lexical development as well as mor-
phological irregularities that affect syntax and
language comprehension processes as well [58,59].

10. Some future directions

The present investigation, using the VH proce-
dure, provides some preliminary data suggesting
that deaf infants who have received Cls are able to
discriminate gross-level speech sound contrasts,
but they appear to pay less attention to speech
than NH 6- and 9-month-olds. One deaf infant,
CI01, who was tested repeatedly over time, how-
ever, did pay more attention to sound trials than
silent trials. It is possible that deaf infants who
receive Cls at very young ages, like ClI01 who
received his Cl at 6 months of age, will also
demonstrate attention to speech that is more
similar to NH infants. We hope to be able to more
thoroughly assess the effects of age at implanta-
tion on attention and speech discrimination skills
when we have collected more data from additional
infants who have received Cls at different ages.

The sound contrasts that we studied in this
investigation were gross-level, simple discrimina-
tions used to validate the VH procedure. After
having established the VH as a viable measure of
speech discrimination, it will be important to test
deaf infants with acoustic—phonetic contrasts that
are used to distinguish words in their native
language. Measures of infants’ perceptual sensitiv-
ity and acuity of speech in addition to other speech
perception measures will be helpful in understand-
ing the relation between the quality of their
perception and how that cascades to affect other
speech perception skills.

Several speech perception skills are important
for segmenting words from fluent speech. Many of
these skills involve acquiring sensitivity to lan-
guage-specific statistical properties that are infor-
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mative about the organization of sounds in the
native language. Assessing deaf infants’ sensitivity
to these sequential properties will provide valuable
new information about the kinds of information
they attend to in speech. If attention to speech
underlies the sensitivity to language-specific prop-
erties, then we might expect infants who show
poor attention to speech to also display poor
sensitivity to language-specific properties relative
to NH peers, even when the NH infants are
matched for the amount of time they have had
access to sound. Moreover, sensitivity to language-
specific properties may be important for speech
segmentation and later word learning. Assessing
these skills in deaf infants at several intervals after
implantation and comparing individual infants’
skills using different speech perception and word-
learning measures may inform us about the links
between attention to speech, sensitivity to lan-
guage-specific properties, word segmentation, and
word learning and about the effects of auditory
deprivation on the development of these skills.

Finally, while it is important to acquire detailed
knowledge about the development of the receptive
skills necessary for segmenting and identifying
words in fluent speech, these skills alone are not
sufficient for learning language. Children must also
develop the expressive productive skills necessary
for forming and articulating intelligible utterances.
The linguistic environment plays an important role
in the development of NH infants’ early productive
skills. Investigations have shown that the particular
language NH infants are exposed to influences the
segmental [60] and the rhythmic [61] character-
istics of their babbling by the end of the first year
of life. The language learner’s ability to produce
language is also influenced by input from the visual
modality. Kuhl and Meltzoff [62] reported that 20-
week-old infants attended longer to a video display
of a speaker articulating the vowel they were
hearing than to a video of the same speaker
articulating a different vowel, suggesting that NH
infants are able to detect and use cross-modal
correspondences between the auditory and visual
properties of speech. Noticing auditory and visual
correspondences may be integral to NH infants’
imitations of sounds in their environment. Their
own vocal imitations may, in turn, provide infants
with auditory feedback that they can use to adjust
their productions to more closely resemble utter-
ances in the target language.

For profoundly deaf infants, the opportunity to
integrate auditory and visual information is absent
until auditory information is made available by ClI.
Consequently, their ability to integrate auditory
and visual information may be delayed or impaired,

which may impact their early speech production
skills. Indeed, Lachs et al. [63] recently found that
deaf children who were better at integrating
auditory and visual information of spoken words
in sentences produced more intelligible speech.
However, the participants in the Lachs et al. study
were much older children than the deaf infants we
are studying now. Investigating the audiovisual
speech perception skills of deaf infants who re-
ceive Cls would provide valuable information about
how providing Cls at an early age may affect
audiovisual integration skills and may be useful
for predicting their later speech and language
production skills [64].

11. Conclusions

We have adapted the VH procedure to assess the
speech perception skills of deaf infants who have
received Cls. So far, the results are very encoura-
ging. The attrition rates are relatively low, and
deaf infants who have received Cls are showing
trends in their looking times that are similar to
findings obtained with NH infants. This pattern of
responses was observed strongly in one participant
who received his Cl at 6 months of age and was
studied repeatedly over time. We suspect that
earlier implantation may facilitate the develop-
ment of attention to speech sounds because sound
and the information specified by sound sources in
the environment will become available at an ear-
lier point in neural and perceptual development.
Attention to speech and spoken language is an
important prerequisite for learning about the
organization of sounds in the ambient language
and developing knowledge of the sound patterns
and regularities of sounds. The initial results
obtained so far using the VH procedure are con-
sistent with the general hypothesis that early
exposure to sound, and especially exposure to
speech, underlies the development of auditory
attention and speech discrimination skills,
although more data from more deaf and NH infants
will be needed to see if these trends are reliable.
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