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Abstract

Families of infants who are congenitally deaf now have the option of cochlear implantation at a
very young age. In order to assess the effectiveness of early cochlear implantation, however, new
behavioral procedures are needed to measure speech perception and language skills during
infancy. One important component of language development is word learning—a complex skill
that involves learning arbitrary relations between words and their referents. A precursor to word
learning is the ability to perceive and encode intersensory relations between co-occurring auditory
and visual events. Recent studies in infants with normal hearing have shown that intersensory
redundancies, such as temporal synchrony, can facilitate the ability to learn arbitrary pairings
between speech sounds and objects (Gogate & Bahrick, 1998). To investigate the early stages of
learning arbitrary pairings of sounds and objects after cochlear implantation, we used the
Preferential Looking Paradigm (PLP) to assess infants’ ability to associate speech sounds to
objects that moved in temporal synchrony with the onset and offsets of the signals. Children with
normal hearing ranging in age from 6, 9, 18, and 30 months served as controls and demonstrated
the ability to learn arbitrary pairings between temporally synchronous speech sounds and dynamic
visual events. Infants who received their cochlear implants (CIs) at earlier ages (7—15 months of
age) performed similarly to the infants with normal hearing after about 2—6 months of ClI
experience. In contrast, infants who received their implants at later ages (16—-25 months of age) did
not demonstrate learning of the associations within the context of this experiment. Possible
implications of these findings are discussed.

Introduction

Over the past two decades, cochlear implantation has become a successful treatment for
children and adults diagnosed with profound hearing loss. Cochlear implantation has
facilitated the acquisition of spoken language for thousands of children who were
prelingually deaf. However, though many children with prelingual deafness acquire
language after receiving a cochlear implant (Cl), there is enormous variability in outcomes
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and benefit. Not all children succeed in acquiring spoken language after implantation.
Several demographic, audiological, and cognitive factors have been found to contribute to
individual variability in speech and language outcomes (Pisoni, 2000; Pisoni, Cleary, Geers,
& Tobey, 2000; Sarant, Blamey, Dowell, Clark, & Gibson, 2001).

Mounting evidence suggests that age at implantation is a strong predictor of language
outcomes. Children who receive cochlear implants at younger ages tend to outperform
children who receive cochlear implants later in speech perception, speech production, and
language measures (Fryauf-Bertschy, Tyler, Kelsay, & Gantz, 1997; Kirk, Miyamoto, Ying,
Perdew, & Zuganelis, 2002; Tobey, Pancamo, Staller, Brimacombe, & Beiter, 1991;
Waltzman & Cohen, 1998). Because of findings showing better outcomes with earlier
implantation, the U.S. Food and Drug Administration (FDA) has expanded the criteria for
implantation to include children as young as 12 months of age. At some ClI centers, children
are receiving implants at even younger ages when the CI team determines that the infant is
not receiving sufficient benefit from conventional amplification. Also, the average age of
identifying hearing loss is dropping as increasingly more hospitals adopt universal newborn
hearing screening (UNHS) policies (White, 2003). Because of these recent developments,
cochlear implantation is now a viable option for many families who have young infants with
profound hearing loss.

As cochlear implantation during infancy becomes more common, it is important to assess
the speech perception and language skills that infants develop after implantation. However,
the current clinical tests for assessing children’s speech perception and language skills were
designed for children who are old enough to follow verbal instructions—typically by 2 years
of age. Thus, it is important to develop new behavioral methodologies that will allow
clinicians and researchers to assess the speech perception and language skills of children
who are deaf or hard of hearing, who are under 2 years of age, and cannot follow verbal
instructions. These types of assessment tools would be useful for determining the
effectiveness of cochlear implantation during infancy and could help clinicians and families
decide whether very early implantation is worth possible additional risks associated with
surgery on infants, such as increased anesthetic risk (Young, 2002). Developing new
behavioral measures that can track speech perception and language during infancy also will
enable clinicians and researchers to measure very early the spoken language development of
infants with cochlear implants and compare these results with the typical language
development of infants with normal hearing. Early identification of basic speech perception
skills is also important because delays in the development of these skills may have
cascading effects throughout the course of language acquisition.

In a recent study, Houston, Pisoni, Kirk, Ying, and Miyamoto (2003a) measured attention to
speech and speech discrimination skills of infants with normal hearing and infants with
profound hearing loss before and after cochlear implantation. The authors used a modified
version of the Visual Habituation (VH) procedure, which has been used extensively by
developmental scientists to study speech discrimination in infants with normal hearing
(Best, McRoberts, & Sithole, 1988; Polka & Werker, 1994; Werker, Shi et al., 1998).
During a habituation phase, infants were presented with a visual display of a checkerboard
pattern on a TV monitor and a repeating speech sound (e.g., “hop, hop, hop”) on half of the
trials (“sound trials”) and the same visual display with no sound during the other trials
(“silent trials”). The amount of time the infants looked to the visual display was recorded for
each trial. After infants decreased their looking time to the two types of trials and reached a
pre-determined habituation criterion, they were presented with one trial in which the visual
display was paired with the old sound (“old trial””) and one trial in which the same visual
display was paired with a novel sound (“novel trial”). Houston et al. (2003a) predicted that
infants would look longer during the sound trials than the silent trials if the speech sound
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engaged their attention, and that they would look longer during the novel trial than the old
trial if they could discriminate the sounds and, thus, detect the presentation of the novel
auditory stimulus.

Houston et al. (2003a) found that 6- and 9-month-old infants with normal hearing looked
significantly longer during the sound trials than the silent trials and looked significantly
longer during the novel trial than the old trial. Infants who were 8.7-29.9 months of age and
who had 1-6 months of Cl experience also looked longer during the novel trial than the old
trial, suggesting that they could detect the change in speech sounds. However, the infants
with cochlear implants did not look significantly longer during the sound trials than the
silent trials, even after 6 months of Cl experience. In other words, during the habituation
phase, infants with cochlear implants were equally interested in a novel checkerboard
pattern with no sound as they were with the same checkerboard pattern with a repeating
speech sound. In contrast, after habituating to the checkerboard pattern and speech sound,
they dishabituated (i.e., looked longer) upon the introduction of a novel sound. Thus, though
the infants with cochlear implants demonstrated the ability to detect and respond to novelty,
their overall attention to the stimulus materials did not increase significantly by the presence
of a repeating speech sound in contrast to the results found with infants with normal hearing.
This latter finding suggests that the infants with cochlear implants’ attention to speech was
reduced relative to infants with normal hearing.

Although infants in the Houston et al. (2003a) study demonstrated discrimination of gross-
level differences in speech sounds, we know very little about the speech perception skills of
infants with cochlear implants. It is possible that the reduced attention to speech sounds they
exhibited may have cascading effects on other speech perception and language skills, such
as the ability to learn about the organization of speech sounds in the ambient language, how
to segment words from fluent speech, and learn the meaning of spoken words (Houston et
al., 2003a).

One aspect of language acquisition that the infants with cochlear implants might have
difficulty with is word learning. If a language learner’s attentional system is not highly
engaged by listening to speech sounds, then he or she might be delayed or require more
repetitions to learn pairings of speech sounds and objects as compared with a language
learner who attends well to speech sounds and seeks out their significance. In the present
study, we investigated the ability of infants with normal hearing and infants with cochlear
implants to associate repeating speech sounds with objects whose motions were temporally
synchronized with the repeating speech sounds. By testing infants’ ability to learn arbitrary
pairings when there is intersensory redundancy, we may tap early stages of association skills
that are important for word learning.

Word learning involves a sophisticated array of skills in which speech sounds are arbitrarily
related to objects and events and then to more abstract concepts (Golinkoff et al., 2000). The
ability to learn arbitrary relations between speech sounds and visual events and objects is
typically not evidenced until about 12—14 months of age (Golinkoff, Hirsh-Pasek, Cauley, &
Gordon, 1987; Hollich, Hirsh-Pasek, & Golinkoff, 2000; Schafer & Plunkett, 1998; Werker,
Cohen, Lloyd, Casasola, & Stager, 1998; Woodward & Markman, 1997), but the skills
needed to perceive some correspondences between auditory and visual events appears to be
in place much earlier in development in infants who have intact sensory systems.

In a well-known study, Spelke (1979) investigated 4-month-olds’ ability to perceive
temporal synchrony in bimodally specified events (i.e., events involving the auditory and
visual modalities). Infants were presented with a repeating sound, a video of an object
bouncing in temporal synchrony with the sound, and, at the same time, another video of an
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object that was not bouncing in synchrony with the sound. Spelke (1979) found that infants
displayed more first looks to the object bouncing in temporal synchrony with the sound,
suggesting that infants can perceive bimodal correspondences by 4 months of age. Using
similar procedures, several other investigators also have found that infants with normal
hearing are quite good at perceiving temporally and spatially based auditory-visual
redundancies (Bahrick, 1983, 1987; Lawson, 1980; Lewkowicz, 1992; Pickens, 1994;
Spelke, 1979; Walker-Andrews & Lennon, 1985).

Infants with normal hearing also are very adept at perceiving correspondences between
acoustic-phonetic information and visual articulatory information. In a recent study,
Patterson and Werker (2003) investigated intermodal correspondences in 2-month-olds. On
each trial, they presented the infants with one vowel sound (either /a/ or /i/) and two videos,
side-by-side, of a person articulating the two vowels. The infants looked longer and more
often at the video that corresponded with the vowel they heard, suggesting that at a very
young age infants with normal hearing perceive intersensory relations between vowel
sounds and their articulations. Likewise, Barker and Tomblin (in press) investigated this
same perceptual skill in infants with hearing loss before and at several intervals following
cochlear implantation. Preliminary findings suggest that some of the infants showed
evidence of matching phonetic information in the lips and voice post-implantation. The
authors also found considerable variability between participants.

Some developmental scientists have hypothesized that the perception of intersensory
redundancies may provide the foundation for the development of early word-learning skills
(Gogate, Walker-Andrews, & Bahrick, 2001; Sullivan & Horowitz, 1983; Zukow-Goldring,
1997). Gogate et al. (2001) proposed that infants’ detection of redundant information across
sensory modalities helps guide their detection of arbitrary relations needed for word
learning. Indeed, there is evidence that temporal synchrony can facilitate the learning of
some arbitrary pairings between speech sounds and objects.

In a recent study, Gogate and Bahrick (1998) used a habituation/switch task to investigate 7-
month-olds’ use of temporal synchrony to associate spoken labels with objects. During a
habituation phase, infants were presented with several repetitions of one vowel paired with
one object and another vowel paired with another object. After the infants habituated to the
pairings, they were presented with a sequence of test trials that consisted of two trials with
the same pairings that were used during habituation and two trials with the pairings
switched. It was predicted that if the infants learned the pairings of the vowels with the
objects during the habituation phase, then during the test phase they would look longer when
presented with the switched pair than when presented with the original pairings. In one
condition, the objects were presented using back and forth movements in temporal
synchrony with the vowels sounds. In a second condition, the objects were presented out-of-
sync with the vowels sounds. And, in a third condition, the objects were presented stationary
without any movement. Infants looked longer to the switch trials than to the control trials in
the condition with temporal synchrony, suggesting that they learned the associations
between the vowels and the objects. However, under the experimental conditions where the
objects were still or moved out-of-sync with the vowels, the infants failed to demonstrate
that they learned the vowel-object associations.

The findings by Gogate and Bahrick (1998) suggest that infants are able to use intersensory
redundancy to learn arbitrary pairings between object-in-mation and speech sounds by about
7 months of age—much earlier than what is found when infants are tested on their ability to
learn arbitrary word-object associations without any intersensory redundancy (Golinkoff et
al., 1987; Hollich et al., 2000; Schafer & Plunkett, 1998; Werker, Cohen et al., 1998;
Woodward & Markman, 1997). Thus, infants’ ability to learn pairings between auditory and
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visual events when there is intersensory redundancy between the pairings may mark a very
early stage of word-learning skills. Moreover, assessing infants’ ability to learn such
pairings may be predictive of later word-learning skills.

Although intersensory perception and word-learning skills may develop very early in infants
with normal hearing, infants who are profoundly deaf and then receive cochlear implants
may not develop these skills in the same way or at the same rate. First of all, intersensory
perception cannot begin to develop in infants with profound hearing loss until they have
access to sound. But even after cochlear implantation, the development of intersensory
speech perception and word-learning skills may be delayed for several reasons. They may
continue to have a reduced attention to speech post-implantation. Also, the auditory input
from an implant is not as rich as it is from a normally hearing ear. Both of these factors may
lead to atypical speech perception skills, which may in turn affect infants’ intersensory
perception and word-learning skills. In the present investigation, we assessed the ability to
associate speech sounds to visual events in infants with profound hearing loss at several
intervals post-implantation and compared these results to several groups of infants with
normal hearing. The infants with normal hearing ranged in ages from 6 to 30 months in
order to have comparisons with younger infants who have a similar amount of experience
with hearing and with older infants who are similar in chronological age.

Infants were tested using the split-screen version of the Preferential Looking Paradigm
(Hollich et al., 2000). The PLP was originally developed to investigate word-learning skills
in infants with normal hearing, and has been used extensively to test infants’ ability to learn
novel words under a variety of conditions (Golinkoff et al., 1987; Hollich et al., 2000;
Hollich, Rocroi, Hirsh-Pasek, & Golinkoff, 1999; Naigles, 1998; Schafer & Plunkett, 1998;
Swingley, Pinto, & Fernald, 1999). The theoretical basis for the PLP is grounded on findings
from the behavioral sciences that when an association is formed between two perceptual
cues, the presence of one will trigger increased attention to the other (Allport, 1989; James,
1890). Thus, this experimental paradigm differs from the habituation/switch paradigm used
by Gogate and Bahrick (1998) and leads to a different set of predictions. In a habituation/
switch experiment, it is predicted that after habituating to stimulus pairs, the infant will
dishabituate and look longer to the novel combination. By contrast, with the PLP, it is
predicted that when presented with a sound and two objects, infants will look longer to the
object that was previously associated with that sound than to another object.

In the present investigation, the PLP was used to present infants with two pairings of videos
showing objects in motion and repeating speech sounds, which were temporally
synchronous with the motion of the objects. Each speech sound—object pairing was
presented on one side of a split-screen display TV monitor. During testing, both videos were
displayed along with one of the repeating speech sounds. We predicted that if infants were
able to learn to associate the visual event with the repeating speech sound, then during the
test trials they should look longer to the video associated with speech sound than to the other
video.

Twenty-one infants with prelingual hearing loss (8 female, 13 male) who received a
cochlear implant at the Indiana University Medical Center participated in this study.
Inclusion criteria were the presence of profound, bilateral hearing loss, cochlear
implantation prior to 2 years of age, and evidence of a Cl pure-tone average threshold of 50
dB HL or better at 3 months after initial stimulation of the device (measured by visual
reinforcement audiometry). Testing was conducted prior to the 3-month interval, but the
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data were subsequently excluded if an infant did not meet the audiological criteria at the 3-
month post-stimulation interval. The data from two infants (1 female, 1 male) were excluded
for this reason. Data from one of the infants (female) could not be used in the repeated-
measures analyses because only one data point was obtained from that infant.

Because we were interested in investigating how age at implantation would affect
performance, the remaining 18 infants were divided into two groups based on the mean age
of initial CI activation (mean = 16.05 months). The “earlier implanted” group consisted of 8
infants whose implants were activated between 7 and 15 months of age (mean = 11.88
months). The “later implanted” group consisted of infants whose implants were activated
between 16 and 25 months of age (mean = 19.41 months). The chronological ages of the
subjects at all of the testing sessions ranged from 10.8 to 30.5 months for the “earlier
implanted” group and from 16.2 to 35.7 months for the “later implanted” group. Table 1
provides a summary of information about the age at implantation, type of implant,
processing strategy, and communication mode. The table also displays each of the stimulus
conditions the infants completed or did not complete (15 due to crying and 1 due to falling
asleep) within each interval period. In the table, “none” indicates that no testing was
attempted during that interval period because the infant had either not yet reached that
interval period when the data were analyzed (E05, E06, E08, L06-L10), had already passed
that interval period before the study began (E01, E03, L05), or discontinued participation
(LO2). Finally, for comparison purposes, we also tested 4 groups of infants with normal
hearing: 25 6-month-olds, 26 9-month-olds, 24 18-month-olds, and 12 30-month-olds.
Twenty-eight additional infants were tested but did not complete testing due to crying (20),
experimenter error (3), extreme side bias (3), parental interference (1), and falling asleep (1).

The testing was conducted in a custom-designed double-walled IAC sound booth. As shown
in Figure 1, infants sat on their caregiver’s lap in front of a large 55 wide-aspect TV
monitor. The visual stimuli were displayed as left and right picture-in-picture (PIP) displays
on the TV monitor at approximately eye level to the infant, and the auditory stimuli were
presented through both the left and right loudspeakers of the TV monitor. The experimenter
observed the infant from a separate room via a hidden, closed-circuit TV camera and
controlled the experiment using the Habit software package (Cohen, Atkinson, & Chaput,
2000) running on a Macintosh® G4 desktop computer.

Stimulus Materials

Speech Stimuli—The purpose of the present experiment was to assess infants’ ability to
learn to associate speech patterns with visual events. Infants would not be able to associate
different speech sounds to different events if they were unable to discriminate the speech
sounds. The stimuli consisted of highly contrastive speech sounds that are used clinically
and have been found to be discriminable by infants with profound deafness after only 1
month of CI experience (Houston et al., 2003a). One stimulus contrast consisted of 4
seconds of the continuous steady-state vowel /a/ (“ahhh”) versus 8 repetitions over 4
seconds of the CVC pattern /hap/ (“hop”). The second contrast was 4 seconds of the vowel /
i/ (“ee”) with a rising intonation versus 4 seconds of the same vowel /i/ with a falling
intonation. 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.

Visual Stimuli—Each speech sound was paired with a dynamically changing visual event.
Examples of the visual events are displayed in Figure 2. The steady-state /a/ was paired with
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a 4-second video of a toy airplane moving horizontally from left to right across a table. The
repetitions of /hap/ were paired with a 4-second video of a toy kangaroo hopping up and
down. The rising /i/ was paired with a 4-second video of a bubble rising in a lava lamp. The
falling /i/ was paired with a 4-second video of a ball rolling down a spiral ramp.

The videos were created by first recording the events using a digital video camera. Then
with a digital editing software package (EditDV), the videos were edited to be temporally
synchronous with the speech sounds and appear as PIP displays within a blue background.
In the toy airplane video, the airplane began at the left edge and moved to the right edge.
The objects in the three remaining videos were centered in the PIP display.

Each video and sound file was duplicated and the two copies were pasted together so that
they were presented twice during each trial. The speech sounds were temporally
synchronous with the videos such that the onset of the speech sounds co-occurred with the
start of the motion of the objects, and the offsets of the videos and speech sounds were also
simultaneous. For all trial types except the familiarization trials, a 1-second still-frame
picture of the first frame of the video was inserted at the beginning of the video. The still
image was presented to provide the infants a chance to briefly become acquainted with the
visual information before hearing the speech sounds in order to avoid overloading them with
information all at once.

During the testing sessions, we measured the infants’ ability to learn two contrasting
pairings of speech sounds and visual events. The infants with normal hearing were tested
only once and were presented with only one set of the stimuli (the horizontally moving
airplane with steady-state /a/ and the bouncing kangaroo with repeating /hap/ or the bubble
rising with rising /i/ and the ball rolling down with falling /i/). The infants with cochlear
implants were presented with one set of stimuli at each test session, which alternated from
set to set across sessions. Before each trial, the infants’ attention was initially drawn to the
TV monitor by using an “attention getter” (i.e., a small dynamic video display of a laughing
baby’s face).

Infants with cochlear implants were tested on the same days they were scheduled to have
their implants re-programmed after the initial stimulation of the implants (1 day, 1 week, 1
month, 2 months, 3 months, 6 months, 9 months, 12 months, and 18 months). To program
the devices as best as possible for hearing, audiologists used a combination of behavioral
observation audiometry and visual reinforcement audiometry to set the threshold and
comfort levels. In many cases, neural response telemetry was also measured to confirm the
settings. The exact method used for each infant at each appointment depended on the types
of responses the audiologists could obtain from the infant. For the first few testing sessions,
it was difficult to know for sure how much, if any, auditory information infants were
receiving via their implants. This possibility is considered further in the Discussion section.
Prior to testing, parents were encouraged to set their infants’ cochlear implants to the
settings they felt would be best for enabling their child to hear speech sounds. The
experimenter and parents checked the device prior to testing to make sure it was turned on
and properly attached throughout the testing session.

The experiment consisted of four types of trials: familiarization trials, training trials, and test
trials. The experiment began with two familiarization trials. On each familiarization trial, the
two videos were presented simultaneously on the split-screen display without any sound.
One PIP display appeared on the left side and the other appeared on the right. This
arrangement gave the infants an opportunity to become familiarized with the visual displays
before the presentation of the speech sounds.
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The infants were then presented with eight training trials: four of each of the two video-
speech sound pairings. Each training trial consisted of a presentation of one of the two
pairings. At a given testing session, one pairing was always presented on the left side and
the other pairing was always presented on the right.

After the infants completed the training phase, their ability to associate the speech sounds to
the visual events was assessed with four blocks of four test trials. On each test trial, both
videos were presented simultaneously on the split-screen display, with each video on the
same side as during the familiarization and training phases. Infants also were presented with
one of the speech sounds during two of the test trials and with the other speech sound during
the other two test trials, in random order. During the final second of each trial, the video that
was associated with the speech sound (i.e., the “target”) moved up and down to reinforce
infants’ looking to the target video rather than to the non-target video. It was predicted that
if infants were able to learn the associations between the visual displays and the speech
sounds during the training, then they would, on average, look longer to the target than to the
non-target on the test trials.

Between each block of test trials, infants were presented with two additional training trials,
which provided additional reinforcement to the infants as to which speech sounds were
paired with which videos. Infants were presented with one of each of the two types of
training trials.

Data Collection

Results

A digital video camera was used to record the infants’ looking behaviors during testing. An
assistant manned the camera so that the recording was as close-up as possible in order to see
the eye gazes of the infants. The digital video recordings were used for frame-by-frame
analyses of the infants’ looking behavior. These analyses were performed offline by research
assistants who were blind to the experimental condition and to the location of the target and
non-target videos. The digital video recordings were transferred to a MacIntosh® G4
computer and converted into QuickTime™ 4.0 videos. The beginning of the trials, the
initiation of the left and right looks, and initiation of looking away from the left and the right
were determined by the research assistants who recorded the frame numbers onto an
electronic spreadsheet using a software program designed for that purpose (Hollich, 2001).
The assistant was able to determine the exact frame of the trial beginning by noticing the
sudden onset of light in the testing room radiating from the TV monitor onto the infant’s
face. After the frame numbers of the infant’s looks and trial onsets throughout the
experimental session were entered into a spreadsheet, the order of stimulus presentation was
entered into the spreadsheet. From this information, the mean looking times to the target and
non-target videos were calculated using macros written to take into account each trial type,
the duration of each trial, and the location of the target stimulus on each trial. The macros
also discarded the looks that occurred during the first second (when there was a still frame
and no sound) and the last second (when the target video moved up and down) of each trial.
The mean looking times to the target and non-target videos were calculated separately for
each infant and then compiled in a separate spreadsheet that was used for statistical analyses.

The average looking times across blocks of test trials to the target and to the non-target was
calculated for each infant. The ability to learn the association between the speech sounds and
the videos was measured as the difference in the infants’ looking times to the target versus
the non-target videos. Of the 77 infants with normal hearing, 67 infants were tested only
once and 10 of them participated in two testing sessions at different ages. For the infants
with cochlear implants, data were grouped into three post-stimulation intervals: 0-1 months
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(1-day, 2-week, and 1-month post-stimulation interval), 2—6 months (2, 3, and 6-month post-
stimulation intervals), and 9-18 months (9-, 12-, and 18-month post-Cl intervals). Eighteen
infants who received implants were tested successfully at least twice after initial stimulation.
Within any interval, an infant may have been tested from not at all to three times under the
same or different stimulus conditions.

The data from the infants with normal haring and the data from the infants with cochlear
implants were analyzed separately because the infants with normal hearing were not tested
across the same intervals as the infants with cochlear implants and also because the factors
of communication mode and processing strategy could not be applied to them. One
challenge in analyzing the data is that the participants were not tested the same number of
times for each condition at each interval. This creates a problem of missing data points. A
traditional repeated-measures analysis of variance (ANOVA) eliminates all of the data of
participants who have any missing data points. To avoid throwing out data, we used a mixed
model with repeated measurements in SAS 8.02. A mixed model is similar to a repeated-
measures ANOVA, but the mixed model is able to deal with missing values without
eliminating data (Wolfinger & Chang, 1995). The mixed model calculates estimated (or
least squared means) from the variability in the data. Thus, the looking time data presented
in Figures 3 and 4 represent estimated means rather than actual means of looking times. In
all analyses, alpha level was set to be 0.05. To test the hypothesis that infants demonstrate
looking preference for the target over the nontarget video, all p-values were one-sided
adjusted.

Infants with Normal Hearing

The data were subjected to a mixed model in SAS 8.02 with target condition (target vs. non-
target), stimulus condition (/a/ vs. repeating /hap/ [A/H] and rising /i/ vs. falling /i/ [R/F]),
and age-at-implantation group (6, 9, 18, and 30 months) as fixed factors and looking time as
outcome, and with repeated measurements on the subjects tested twice. There were no
significant two-way or three-way interactions. Among the three main factors, only target
condition was significant (p < 0.001). Stimulus condition (p = 0.1) and age-at-stimulation
group (p = 0.44) were not significant. After adjusting for the two non-significant main
factors, the difference in the infants’ looking time to the target vs. the non-target video was
0.20 sec, which was significantly greater than 0 (one-tailed t-test, adjusted p < 0.001). These
results suggest that the infants with normal hearing displayed a consistent looking
preference for the target over the non-target video across stimulus conditions and across
different ages. Figure 3 displays the estimated mean looking times to the target and to the
non-target, adjusted by stimulus conditions for each age group of infants with normal
hearing. As can be seen in Figure 3, infants with normal hearing displayed a consistent
looking preference for the target over the non-target video across all ages.

Infants with Cochlear Implants

Of the 18 infants with cochlear implants, 8 received their implants at an earlier age (7-15
months of age) while 10 of them received their implants at later ages (17-24 months of age).
The data were subjected to mixed effect models with repeated measurement in SAS 8.02.
Similar to the models for the infants with normal hearing, the looking time was the
dependent variable. Target condition (target vs. non-target), age-at-implantation group
(earlier vs. later), stimulus condition (A/H vs. R/F), processing strategy, communication
mode, and post-stimulation intervals (1 month, 2-6 months, 9-18 months) were treated as
fixed factors and subject was treated as a random factor with compound symmetry variance-
covariance structure within each subject over the post-stimulation intervals.

Volta Rev. Author manuscript; available in PMC 2011 June 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Houston et al.

Page 10

The first model included all main effects (target condition, age-at-implantation group, post-
stimulation interval, stimulus condition processing strategy, and communication mode), a
three-way interaction (target condition x age-at-implantation group x post-stimulation
interval) and a two-way interaction (target condition x stimulus condition). The three-way
interaction was not significant (p = 0.48) after adjusting for processing strategy,
communication mode, and the interaction of stimulus condition and target condition. Figure
4 displays the estimated mean looking times to the target and the non-target at each post-
stimulation interval, separated by age-at-implantation group. The two-way interactions that
were not statistically significant (i.e., age-at-implantation group x interval [p = 0.29]; target
condition x interval [p = 0.15]; and target condition x stimulus condition [p = 0.102]) were
excluded from the model one at a time to systematically eliminate noise in the model. In the
reduced model with the same structure, only one two-way interaction (target condition x
age-at-implantation group) was marginally significant with the p-value of 0.06 after
adjusting for all other main effects (interval, stimulus condition, processing strategy,
communication mode), representing a marginally significant difference in patterns of
looking to the target and the non-target between the earlier- and later-implanted groups.

The third step we took was to build the mixed models with the same structure to test any
potential difference in looking time between target conditions stratified by the age at
implantation. For the later-implanted group, none of the main effects (target condition,
stimulus condition, processing strategy, communication mode, and interval) reached
statistical significance. In particular, the infants’ looking time to the target vs. the non-target
videos was not significantly different from 0 (p = 0.31). By contrast, target condition for the
earlier-implanted group was significant (p < 0.05), but stimulus condition (p = 0.38),
processing strategy (p = 0.14), communication mode (p = 0.16), and interval (p = 0.20) did
not reach statistical significance. A one-tailed t-test on the difference in the looking time to
target vs. non-target for the earlier-implanted group was performed. Adjusting for stimulus
condition, processing strategy, communication mode, and interval, the difference in the
looking time to target vs. non-target for the very early age group of infants with implants
was 0.21 sec, which was significantly greater than 0 (adjusted p < 0.05).

Because the testing was conducted over several intervals for the infants with cochlear
implants but not for the infants with normal hearing, it was impossible to build a model to
compare the two groups directly. However, after adjusting for all other main factors,
relevant interactions, and time intervals, the overall difference in the looking time to the
target vs. the non-target videos for the earlier-implanted group was almost identical to the
difference for the infants with normal hearing, suggesting that both groups of infants learned
the correct pairings of sounds and objects. In contrast the infants who received their implants
at older ages did not look longer to the target than the non-target, suggesting that this group
of infants did not learn the correct pairings within the context of the present experiment.

Discussion

In this investigation of pre-word-learning skills, infants with normal hearing and infants with
cochlear implants were tested on their ability to learn associations between speech sounds
and objects that moved in temporal synchrony with the speech sounds. This type of task is
easier than a typical word-learning task in which there is no intersensory redundancy to help
link the speech sounds to objects. Thus, this task may serve as an initial benchmark to assess
the foundational skills that are needed for later word learning.

The results obtained with the infants with normal hearing showed that they looked longer to
the target video than to the non-target. This finding suggests that infants with normal hearing
are able to learn the associations between the speech sounds and the objects-in-motion. The
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results did not differ significantly between age groups, demonstrating that this version of the
PLP can serve as a valuable tool for assessing intermodal learning across a wide range of
ages. Also, the results suggest that the PLP is a promising new tool that can be used to study
fundamental skills related to word learning across infants from 6 months to 30 months of
age.

We also tested infants with cochlear implants whose age range was similar to the range of
the infants with normal hearing. These infants were tested at several intervals after receiving
their implant. Difference in performance across testing intervals did not reach statistical
significance. However, a non-significant trend is present in Figure 4, suggesting larger
differences in looking times after more experience with a cochlear implant for the infants in
the earlier-implanted group. As noted in the Method section above, it was difficult to know
if during the first few testing sessions the infants were receiving any auditory benefit from
their implants. Thus, any differences in performance between the earlier and later test
periods could be due to differences in how well the implants were programmed rather than
due to amount of experience with the implants.

Like the infants with normal hearing, the infants in this study who received their cochlear
implants at a very early age demonstrated an ability to learn the correct pairings between the
speech sounds and the objects when intersensory redundancy was present. In contrast to the
infants with normal hearing and to the earlier-implanted infants, the infants who did not
receive their implants until they were older did not look significantly longer to the target
than the non-target video, even after 9-18 months experience with their implants. Taken
together, the findings suggest that the infants who received their cochlear implants later had
more difficulty learning the associations between the speech sounds and the objects-in-
motion.

Why did the infants who received their implants at a later age have more difficulty with this
task? One possibility is that the differences in chronological ages may have played a role.
Across all of the testing intervals, the infants who received their cochlear implants later were
older than the infants who received their cochlear implants earlier. Perhaps the older infants
were bored with the task and did not show any learning because of poor performance.
Although chronological age cannot be ruled out entirely, we feel this account is unlikely
because the older infants with normal hearing (30-month-olds) displayed a significant
looking preference for the target video in this task. Infants with cochlear implants between
the ages of 10.8 months and 35.7 months completed all of their testing sessions, with 4 of
the 70 testing sessions occurring when a child was older than 30 months.

Another possible reason why the infants who received implants at 12 months of age or
younger demonstrated the ability to learn associations in this particular task and the infants
who received their cochlear implants later did not is that auditory-visual association may be
influenced by the age at which infants have access to both types of sensory information as
well as the duration of auditory deprivation. The effects of early auditory deprivation due to
profound hearing loss may affect auditory system development at many different levels.
There is some evidence that auditory deprivation leads to degeneration of spiral ganglion
cells in the cochlea (Leake & Hradek, 1988; Rebscher, Snyder, & Leake, 2001) and to
reorganization of the sensory cortices (Neville & Bruer, 2001; Rauschecker & Korte, 1993;
Teoh, Pisoni, & Miyamoto, 2003, in press). There also is evidence that early auditory
deprivation impairs the development of neural pathways connecting the auditory cortex to
other cortices (Kral, Hartmann, Tillein, Held, & Klinke, 2000; Ponton & Eggermont, 2001).
Although it is not yet clear how these sensory and neurological reorganizations affect
hearing, speech perception, and cognition, there is converging evidence with children older
than in the present study that children who receive cochlear implants earlier perform better
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on speech perception and language tasks than infants who receive their implants later
(Fryauf-Bertschy et al., 1997; Kirk et al., 2002; Tobey et al., 1991; Waltzman & Cohen,
1998). The findings from the present study suggest that it would be worthwhile to further
investigate effects of age at implantation within the population of children who are all
currently considered as early candidates for cochlear implants.

At present, little is known about how a period of auditory deprivation may influence
perception and attention in different sensory modalities. It is possible that poor connections
between the auditory and visual cortices due to auditory deprivation may affect perception
of intersensory redundancy and/or the ability to learn arbitrary pairings between sound and
vision. Also, poor connectivity between the auditory cortex and other cortices may influence
how well infants are able to integrate auditory information with their general cognitive and
attentional processes. Indeed, Houston et al. (2003a) found that though infants with
profound hearing loss who received implants demonstrated detection of gross-level
differences of speech sounds, they also exhibited less overall sustained attention to repeating
speech sounds than infants with normal hearing. It is possible that reduced attention to
speech at an early age may delay the development of mechanisms used in the perception of
intersensory redundancies and ability to learn arbitrary pairings.

Although it is possible that length of auditory deprivation may play a role in the
development of speech perception and language skills after implantation, there are other
factors that may play a role in any differences found between groups of infants with cochlear
implants. It is important to take into consideration that the nature of the input from cochlear
implants is significantly different from what is conducted through a normally functioning
ear. Also, it is difficult to obtain precise information about the auditory acuity of infants
since their behavioral responses to auditory stimuli are often inconsistent. In the present
investigation, although the speech stimuli were presented at levels that were above the pure-
tone average threshold of the infants (measured at 3 months post-stimulation), the auditory
information that each infant perceived through his or her device may have varied
considerably. Thus, any differences found between infants or groups of infants possibly was
due to differences in the quality of auditory input or another factor rather than differences in
length of auditory deprivation. More accurate and reliable measures of infants” auditory
capacities would be invaluable for helping to understand the nature and causes of any
difficulties infants might have with perceiving speech and learning language.

The present findings have several implications for understanding differences in the
development of later language skills among children who use cochlear implants. If the
infants in this study who received their implants when they were older had more difficulty
learning the associations than the infants who received cochlear implants earlier, then they
also might have more difficulty learning words at a later stage. In a recent study, Houston,
Carter, Pisoni, Kirk, and Ying (2003b, submitted) investigated name learning in children
with cochlear implants. All of the children in that study received cochlear implants after 1
year of age. Results showed that many of the children had difficulty rapidly learning names
for stuffed animals relative to children with normal hearing. However, though some children
may exhibit difficulty perceiving intersensory redundancy or learning arbitrary associations,
neither the present study nor Houston et al. (2003b, submitted) suggest that children who
receive an implant after 1 year of age will not be able to do so with sufficient experience or
repetition. Of course, many of these children go on to develop good vocabularies. However,
the results of the two studies do suggest that children with implants might need a great deal
of experience and repetition to encode new speech patterns into memory and then link them
to concrete objects in their immediate environment. The present findings further suggest that
very early cochlear implantation (i.e., at or before 1 year of age) may facilitate perception of
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intersensory redundancy and the rapid mapping of speech sounds to visual events in infants
who are congenitally deaf.

The present study represents a first attempt to assess auditory-visual association skills that
may be important prerequisites for word learning in infants with cochlear implants. While
these initial findings are of interest in their own right, they also raise more questions than
they answer. First, it is not at all clear why infants who receive implants later did not
demonstrate the ability to learn the pairings between the speech sounds and the objects. One
possible reason is that they failed to detect the intersensory redundancy between the
movement of the objects and the patterning speech sounds they heard through their implants,
and thus the intersensory redundancy did not facilitate learning the pairings. Another
possibility is that the infants did perceive the intersensory redundancy but were unable to
encode the correct pairings into memory, perhaps because of an insufficient number of
training trials. Further work exploring their intersensory perception and ability to learn
arbitrary associations independently would provide valuable information about the nature of
the delay or deficit. Fortunately, the PLP can be used as a tool for studying these skills in
infants. The results of the present study demonstrate that this paradigm can be used
successfully with a wide age range of infants with cochlear implants and infants with normal
hearing. It would also be worthwhile to use the PLP to assess these skills in infants who use
conventional amplification.

Another question that must be addressed is whether infants’ ability to learn arbitrary
relations when there is intersensory redundancy will be predictive of later word-learning and
language skills. Currently, we are following the children in this study and tracking their
auditory, perceptual, linguistic, and cognitive skills. We will compare their performance in
the present assessment to their performance on vocabulary measures, such as the MacArthur
Communication Development Inventory (Fenson et al., 1993) and the Peabody Picture
Vocabulary Test (Dunn & Dunn, 1997). These comparisons will help determine whether the
present methodology using the PLP is a valid measure of early word-learning skills and a
predictor of later vocabulary development.
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Figure 1.

Apparatus: During the Preferential Looking Paradigm (PLP), the caregiver wears
headphones playing masking music. The visual stimuli appear at the left and right stimulus
locations. The “attention getter” appears at the center. All auditory stimuli are presented
through both the left and the right loudspeakers in the monitor.
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Visual stimuli: (a) Rising bubble on the left and ball rolling down on the right; (b) airplane
moving horizontally across on the left and kangaroo bouncing up and down on the right.
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Figure 3.

Estimated mean looking times (and standard error) for the infants with normal hearing.
Mean looking times to the target are represented by solid bars, and mean looking times to
the non-target are represented by striped bars. Looking times were averaged across stimulus
conditions.
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Figure 4.

Estimated mean looking times (and standard error) for infants with cochlear implants. Bars
on the left represent infants with very early implantation. Bars on the right represent infants
with later implantation. Mean looking times to the target are represented by solid bars, and
mean looking times to the non-target are represented by striped bars.
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