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Abstract
OBJECTIVE—The purpose of the current study was to longitudinally assess the development of
automatic sound feature discrimination and compare it to behavioral discrimination in late-implanted
cochlear implant users.

METHODS—Scalp-recorded auditory evoked potentials (AEPs) and behavioral discrimination of
frequency, duration and intensity differences within an odd-ball paradigm using complex stimuli
were recorded in three late-implanted Cochlear implant subjects beginning on turn-on day.

RESULTS—Variable results were obtained in behavioral and AEPs that were consistent with the
amount of pre-implant auditory experience each subject had. The best user showed rapid development
of neurophysiologic indices of change detection along with improvement in behavioral and real-
world auditory skills. In contrast, there were no recordable AEPs in the poorer CI user and there was
little change in behavioral outcomes.

CONCLUSION—There is evidence of utilization of usual auditory processing pathways in the AEPs
of some children who receive cochlear implants late in their childhood. Some plasticity in the auditory
cortical pathways may be present despite prolonged auditory deprivation in school-aged children
who are late-implanted cochlear implant recipients
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Introduction
The option of multichannel cochlear implantation for patients who have sensory hearing loss
has been available for the last two decades. This advanced clinical technology provides a unique
opportunity to explore neural plasticity of the human auditory system following sensory
deprivation and subsequent cochlear implantation. The objective of a cochlear implant (CI) is
to stimulate central auditory system activity, in order to aid in the acquisition, use or
maintenance of aurally based speech and language. Although it is optimal to implant children
in early childhood [1,2,3,4], it is not always possible to do so. Therefore, it is important to
evaluate the efficacy of implantation at various stages of human development. One way to do
this is to assess changes in the neurophysiological brain responses as a function of experience
with sound, starting with the initial stimulation of the central auditory pathways via a CI.

Research supports the notion of a “sensitive period”, in which the greatest chance for benefit
is when a CI is placed during that period [3,5,6]. However, some children who are implanted
past the ‘sensitive period’ also receive significant benefit [7,8], although much greater variation
in auditory performance (and thus benefit) in late-implanted children as a group has been
reported [9,10,11,12,13]. Performance variation may be due to the individual auditory
experience of the implant candidate, in that some children have had little to no auditory
experience, while others have some initial hearing and have benefited from long-term use of
high-powered hearing aids. One goal of the current study was to determine whether such
auditory experience prior to implantation might be related to efficacy of implant use in late-
implanted children.

The reorganization and utilization of auditory cortex by other sensory modalities in adults with
pre-lingual deafness is well documented [14,15,16]. Reorganized auditory cortical pathways
following congenital deafness may be explain why efficacy of a CI is low in many pre-lingually
deafened late-implanted adults, adolescents [17,18], and children [19].

The activation of primary and secondary auditory cortical areas after cochlear implantation
indicates preservation of some of the critical pathways for audition despite re-organization. In
deaf cats, tonotopic preservation in auditory cortex has been shown with novel input via
cochlear implants, despite long periods of deafness [20]. Additionally, implanted cats
maintained some temporal and binaural processing pathways [20,21]. However, as the period
of deafness extended past a critical period, the implanted cats showed a reduced area of cortical
activation when compared to cats implanted before the end of that critical period [22]. In
contrast, increased metabolic activity in primary auditory cortex has been shown in fMRI
studies comparing pre- and post-cochlear implantation in humans (both children and adults)
[23]. This indicates that there is either re-direction of cortical areas back to the auditory
modality through a CI’s input or some residual availability of the auditory cortical pathways
for auditory processes despite prolonged periods of auditory deprivation. Auditory processing
is thought to mainly occur in traditional cortical areas in early-implanted children and post-
lingually deafened adults [23]. It is largely unknown whether the traditional auditory pathways
can be effectively activated in late-implanted CI children.

Kral et al. suggest that there are three phases of adaptive plasticity in cochlear implantation,
which can be extended from their animal data to young children with cochlear implants [24].
In the first few weeks of implantation, the changes within auditory cortex occur, with increased
activity and recruitment of additional cortical regions for auditory processing. The pace of
these early changes varies for early versus late implant recipients, but occurs in most, regardless
of the length of deafness. During the first few months after implantation, further auditory
cortical changes occur with larger amplitudes and increased areas of activation in auditory
cortex. These changes are most pronounced when the implant is placed within the critical
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period. In the last and longest phase, higher order processing pathways are activated in response
to auditory input. In addition, Kral et al. proposed that a reduction in the amplitudes of the late
potential neurophysiologic responses seen in cats implanted after the critical period indicate
that functional development of auditory processing pathways depends on the degree of auditory
experience within the critical period [25]. They suggest that, after the critical period, some
decoupling of primary auditory cortex from higher order auditory processing pathways occurs
due to the re-organization by other sensory modalities, which may inhibit access to these
pathways by the primary auditory cortex after cochlear implantation [25,26].

Despite such reported and proposed physiological constraints due to reorganization of auditory
processing pathways, Waltzman et al. [11] demonstrated clinical benefits for most late-
implanted children, with continued improvement in performance in auditory discrimination
tasks for pre-teen and teenaged implant recipients who were educated in oral or total
communication environments. Although continued capacity for plasticity in the central
auditory pathways in mature mammals and adults has been shown in acquired hearing
impairments [27,28,29], such plasticity is usually the result of disruption of the normal input
(e.g., lesion-induced changes) or, as seen in animal training (learning-related plasticity) [30,
31,32]. The efficacy of a late-implanted CI may be influenced by the degree of cortical
reorganization, which may in turn be altered by the degree of auditory input present in early
childhood. Thus, information on higher auditory processing and potential plasticity of such
processes in late-implanted CI recipients with different pre-implant auditory experiences is
needed to determine the best way to maximize the auditory potential in such individuals.

Scalp-recorded auditory evoked potentials (AEPs) provide a non-invasive measure of cortical
brain activity that has been shown to reflect the neurophysiological changes occurring during
cortical maturation in childhood [2,6]. The cortically generated AEPs in normal hearing
individuals continue to show maturational changes up to 15 years of age [2,33], determined by
latency and amplitude of the responses, and can therefore be used to assess cortical plasticity
following implantation. Moreover, the cortically generated mismatch negativity (MMN) and
the P3a components of AEPs can provide neurophysiological indices of auditory change
detection [34,35] and passive orienting to sounds in the environment [36,37], respectively. For
the current study, the MMN and P3a components were used to index when changes in the tone
frequency, duration, or intensity were passively detected, and when the changes were salient
enough to involuntarily capture attention during the first three months after implantation.

Thus, the goal of this preliminary study was to determine whether early auditory experience
in late-implanted pre-teenage children impacted on plasticity and maturation of central auditory
processes. We evaluated late cortical auditory-evoked potentials in three children who received
cochlear implants between the ages of nine and twelve years, each of who had different auditory
experiences prior to implantation (see Methods section for full participant history description).
Passive and active discrimination of sound features were tested using electrophysiological and
behavioral measures, respectively. Additionally, to assess the time course of plasticity,
measurements were taken on the first day (Day 1), four weeks (Month 1) later, and three months
(Month 3) after initial stimulation. Physiological indices of sound onset detection (e.g. P1, N1,
N2), deviance detection (MMN), and involuntary orienting (P3a) were assessed and compared
with behavioral measures (hit rate and reaction time) at each time point. Identifying whether
prior auditory experience in late-implanted children leads to differential outcomes in behavioral
and neurophysiological indices of sound detection and feature discrimination may provide
useful information to help direct rehabilitation efforts for late implanted children.
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Materials and Methods
Subjects

Three children (hereafter called “S1”, “S2”, and “S3”) participated in the study from the day
their cochlear implant was turned on (approximately one month after surgery), through the first
three months of implant use. All subjects were prelingually deafened. Informed assent was
obtained from the children after the experimental protocol and procedures were explained in
signed English, and informed consent, was obtained by their parents (in English or Spanish),
in accordance with the human subjects’ research protocol approved by the Committee for
Clinical Investigations at the Albert Einstein College of Medicine (AECOM). Testing was
conducted at the Kennedy Center Cognitive Neurophysiology Laboratory at AECOM.

Subjects—Relevant medical, auditory, family, and educational histories are presented in
Table 1.

S1 was implanted at 11 years, 6 months of age. She had bilateral profound deafness prior to
implantation. Her family reported that she did not orient to sound from her first few months of
life and estimated her length of deafness (LOD) at 11. 5 years. She moved to the U.S.A. from
Guyana approximately one year prior to implantation. Once in the U.S.A., she was diagnosed
with Waardenberg Syndrome. She was found to have no additional disabilities and normal
intelligence. Because her family did not have access to a deaf educator, she had no formal
educational training until she arrived in the U.S.A., having previously used rudimentary signs
to communicate. She used high-powered hearing aids for about 8 months prior to implantation
and had no lip-reading or spoken speech skills. Her CI was implanted on the right.

S2 was implanted at 9 years, 1 month of age. She was born in the U.S.A., and wore hearing
aids inconsistently from age 16 months around the time when her family identified her as having
hearing impairment. Her estimated LOD was 7 yr 11 mo. She was educated in a Total
Communication (TC) school from age 3 and had normal intelligence with no additional
disabilities. She communicated primarily in signed English. Prior to implantation, she had good
lip-reading skills in both English and Spanish; poor environmental sound recognition; and was
not able to identify sound patterns with hearing aid amplification in the auditory-only modality.
Her audiogram showed bilateral profound hearing losses prior to implantation. Her CI was
implanted on the right.

S3 was implanted at 11 years, 8 months of age. He was born in the U.S.A. His family suspected
a hearing impairment at age 21 months and he used hearing aids consistently since age 4, when
he was formally diagnosed with bilateral moderate to profound hearing loss, with a rapid down
slope that progressed over the following 2 years, LOD was 7 years or greater. Even with hearing
aids and auditory therapy, he did not develop auditory-based language, and was educated in a
TC school from age 4. He had normal intelligence and no additional disabilities. His hearing
history was complicated by multiple episodes of otitis media, and a need for tympanostomy
tubes at ages 7 and 10. He communicated primarily in signed English. Prior to implantation,
he had good lip-reading skills, in both English and Spanish. He was able to distinguish
differences between sounds of musical instruments, but had poor aided auditory-only
discrimination for speech or vowel-consonant pairs. His CI was implanted on the left.

Stimuli and Procedures
Stimuli—Complex tone stimuli were created and presented at a stimulus-onset-asynchrony
(SOA) of 550 ms using Neuroscan Stim hardware and software (Compumedics, Corp., El Paso,
TX), through one loudspeaker placed two meters away from the subjects (0° along the azimuth,
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and 30 cm above ear level). Sound level at the speaker was calibrated using a Brüel & Kjær
sound level meter.

Behavioral and electrophysiological measures were obtained separately using three auditory
oddball conditions (Frequency, Intensity, and Duration) to measure passive and active indices
of auditory change detection. The standard tone had an f0 of 500 Hz (with two harmonic partials
above f0), was 50 ms in duration, and intensity level of 90 dB SPL. ‘Oddballs’ (deviants) were
randomly presented with 10% probability, separately in each condition (Figure 1). For EEG
recording, 1100 stimuli (110 deviants) were presented per condition, in three blocks (367 tones
per block, nine blocks in total). In the behavioral testing, 220 sounds, containing approximately
20 pseudo-random deviants (two deviants did not occur successively), were presented for each
sound feature tested.

Procedures—Signed English was used as the primary form of communication during the
experimental procedures. Prior to each testing session, each subject had fresh batteries placed
in their CI. Each subject confirmed sound sensation from his or her CI prior to beginning of
each test. Subjects sat in a comfortable chair, in a sound attenuated IAC booth (Bronx, NY).
EEG was recorded on all three sessions, and was always conducted first. Subjects watched a
closed-captioned video of their choice during EEG recording, and had no task with the sounds.
Behavioral tests were conducted in the second (Month 1) and third (Month 3) testing sessions,
after the EEG recording session on the same day, also in the IAC booth. For the behavioral
testing, subjects listened to the sounds and were instructed to press the response key whenever
they heard a sound change. Instructions and a practice run were given prior to the test session,
using larger deviant-to-standard ratios for the three features in practice than were used in the
test session. If a child was unable to perceive the differences during practice (e.g., no correct
button pushes after presentation of 50 tones, 5 deviants), then further behavioral testing was
not conducted that day. Total session time, including electrode cap placement, snack and
breaks, was 1.5 hours.

Electroencephalogram (EEG) Recording—EEG was recorded with an electrode cap
using a subset of ten electrodes in the configuration of the 10–20 international system (Fz, Cz,
F3, F4, C3, C4, Pz, P3, P4) and a mastoid electrode placed on the opposite side of the implant
used. Vertical electro-oculogram (VEOG) was recorded between FP1 or FP2 and an external
electrode placed below the eye opposite the implant. The tip of the nose was used as the
reference electrode. Impedances were kept below 5 kOhms. The EEG was obtained with a
Nicolet SM2000 amplifier at a gain of 1000 using a sampling rate of 500 Hz (band pass 0.05–
40Hz), on a dedicated PC computer using Neuroscan Scan 4.1 software (Compumedics, Corp.,
El Paso Texas). EEG was monitored for movement artifacts, excessive eye blinks, and sleep
spindles. The experimenter also monitored EEG for regular eye saccades that indicated that
participants were reading the captions of the video.

Data Analysis
Behavioral: Hit rate (HR), false alarm rate (FAR), d′, and reaction time (RT) were measured
in each condition separately. The measure d′ is derived from signal detection theory [38],
measuring the separation between two classes of stimuli on a hypothetical inner perceptual
dimension upon which the subject’s decision is based. In the present experiment, we calculated
d′, using a yes/no model [39], as a measure of the subject’s ability to detect frequency, duration,
and intensity deviants within the oddball sequences. ‘Hits’ were correct button presses to
deviants when responded to within a time window of 200–1500 ms; ‘misses’ were the absence
of a button press to deviant tones. “Correct rejections” were correct “no-go” responses to
standard tones, and “false alarms” were any button presses to standard tones. The result was a
number for each subject in each condition, on a scale from 0 – 4.65, where 0 indicates no ability
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to distinguish between the two sound features, and 4.65 indicates high sensitivity to
discriminate the features.

EEG: EEG was analyzed off-line using Neuroscan Edit 4.1 software (Compumedics Corp.,
El Paso Texas). EEG data was filtered 1–15 Hz (24 dB/octave) with zero phase shift. Epochs
were 600 ms, from 100 ms pre-stimulus onset to 500 ms post-stimulus onset. Epochs were
baseline corrected, and then epochs with signals exceeding +/− 100 μV on any channel were
rejected from further analysis. Additionally, the first 10 responses from each block were
removed prior to analysis (to avoid including the possible orienting response to the onset of
each new run), and the responses to the tone following a deviant stimulus were removed (to
avoid potential carryover effects). The remaining epochs were sorted by stimulus type
(standards and deviants), for each subject separately, in each condition. There were over 3400
standard epochs and over 190 deviant epochs, for each subject on each testing day.

To delineate the obligatory response to sound onsets, the AEP elicited by the standard tones
were averaged across all oddball conditions and a grand-mean waveform was created, as the
standard tone in all conditions was the same. To delineate the MMN and P3a components, a
difference waveform was created by subtracting the grand-mean standard auditory evoked
potential (AEP) waveform from the grand-mean deviant AEP waveform.

Results and Discussion
The behavioral results are presented in Tables 2–4, and the AEP results are displayed in Figures
2–5. Implant-generated electrical artifact in the AEPs can be observed on the implanted side
of all subjects, whereas the side opposite to the implant showed little artifact.

S1
Behavior and AEP’s—S1, who had little previous auditory experience prior to implantation,
was unable to behaviorally detect sound changes in the first behavioral test session (M1, Table
2). In the second session, (M3, Table 2), she was able to reliably distinguish between the
standard and deviant, only for tone duration (d′=1.43). This reflects a potentially emerging
ability to discriminate some temporal characteristics of sound after three months of implant
use.

Figure 2 displays the grand-mean AEP waveforms for S1. The presence of obligatory AEP
components is negligible. The small positive peak occurring around 100 ms at Month 1, and
the small negative peak occurring around 200 ms at Month 3 may provide an indication that
tone onsets were being detected.

S1 was the poorest performer in this study. She had little to no auditory experience for the first
ten and a half years of life. After being fitted with high-powered hearing aids at age 10.7, she
wore them consistently until age 11.5, the time of CI turn-on. She was motivated to hear, and
was thus also a consistent user of her implant throughout the testing period. However, her
progress was slow. By Month 3 of implant use, she still relied exclusively on signing for
communication. And although she demonstrated some ability to hear environmental sounds
(head-turning to loud sounds), she could not subjectively distinguish between them.

Behavioral indices of simple sound feature discrimination were superior to neurophysiological
indices. She began to show signs of tone duration discrimination by the third month; there was
no corresponding neurophysiological index of sound change discrimination (no MMN).
Moreover, there was almost no AEP index of sound onset detection. The absence of a
neurophysiological response to sound onsets may be explained by re-organization of auditory
cortex in pre-lingually deafened individuals that results in inadequate availability of the normal
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pathways for auditory processing after implantation [14–19,22,24]. Another possibility is that
there is a significant delay in early phase plasticity in late-implanted users, as described by
Kral et al. [24].

S2
Behavior and AEP’s—S2, who had some auditory experience prior to implantation, was
able to behaviorally discriminate tone duration differences by Month 3 (Table 3). Thus, S2
showed greater ability than S1 at discriminating temporal characteristics of the sound after
three months of implant use. She was somewhat able to discriminate intensity. However,
discrimination of frequency and intensity sound features did not progressively improve by
month 3.

Figure 3 displays the grand means AEPs for S2. The waveforms recorded on Day 1 of implant
turn-on for S2 are not displayed due to a technical error in recording on that day. A positive
peak around 50 ms (P1) and a negative peak around 200 ms (N2) appear to be emerging in the
waveform in Months 1 and 3. This is characteristic of obligatory responses and may indicate
that sound onsets were detected. Although duration could be discriminated behaviorally at
Month 3, no MMN was elicited.

S2’s behavioral results reflect emerging discrimination ability of intensity at Month 1, with
considerable improvement in duration discrimination at Month 3. However, there was no
neurophysiological indication of sound change discrimination (no MMNs), even though sound
onsets appeared to be detected (indexed by P1/N2 components). There appeared to be a slight
increase in the amplitude of the “P1” component from Month 1 to Month 3, but no other
indicator of a change in obligatory AEP response.

S2 was fitted with high-powered hearing aids at an early age, but was an inconsistent hearing
aid user and showed little progress with auditory skills prior to implantation. She expressed
herself exclusively signed English. She was also a somewhat inconsistent implant user,
reporting use of the implant about 85% of the time in school (by her teacher’s report), and
intermittently at home. She continued to use sign as a primary mode of expressive language
during the three-month testing period. Overall, there was some progress in auditory abilities,
but progress may have been slowed by initial inconsistent implant use and a possible lack of
motivation to communicate orally. Although Kral et al. suggests that late-implanted CI users
may have an extended “early phase of plasticity”; this potential may also have been limited by
inconsistent implant use.

S3
Behavior and AEP’s—S3 had the most auditory experience prior to implantation. S3 was
able to reliably distinguish frequency and duration differences between standard and deviant
tones remarkably well at Month 1 (M1, Table 4). Moreover, both performance accuracy (d′)
and RT improved from Month 1 to Month 3. Moreover, by Month 3, intensity deviants were
also reliably discriminated (M3, Table 4).

Figure 4 displays the grand-mean AEP waveforms for S3. There is some indication of a P1
component that is overlapped with implant-generated artifact, and a fairly consistent negativity
peaking around 200 ms (N2) seen in all three recording times. No major changes occurred from
Day 1 to Month 3 in the obligatory response to sound onset. In contrast, there was improving
evidence of sound feature discrimination across the three time points. Already on the first day
of CI turn-on, MMN was clearly elicited by duration deviants peaking around 300 ms (Fig. 5).
As MMN is delineated by subtracting the AEP elicited by the standard, from the AEP elicited
by the deviant, the resulting difference waveform subtracted out the artifact that was present
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in both waveforms. By Month 1, both frequency and duration deviants elicited clear MMNs,
but no MMN was yet elicited by intensity deviants. Most interesting at Month 3, in addition
to MMNs being elicited by all three feature deviants, P3a was also elicited for frequency and
duration (Fig. 5). P3a is an index of involuntary orienting to salient sounds in the environment
[37]. Thus, the presence of P3a in the third month indicates that these feature changes were
now salient enough to evoke an orienting response. Given that behavioral detection of intensity
differences only appeared in Month 3 along with the first appearance of MMN, P3a had not
yet emerged probably indicating the intensity difference was not yet salient to S3’s passive
auditory systems.

S3 consistently used high-powered hearing aids since the age of 4. He was able to distinguish
some environmental sounds, but performed poorly in language-based auditory tasks prior to
implantation. Of the three subjects, he had the most prior auditory experience with initial low
frequency hearing at the moderate level for 125 Hz and 250 Hz and was able to utilize his
implant for auditory discrimination more rapidly than the other subjects. He was able to learn
to respond to auditory signals and to use his own voice for expressive communication by Month
3 of implant use. He showed evidence of sound onset detection and sound feature
discrimination from the first day of implant use and began to increase the use of his voice to
communicate by Month 1. By Month 3, his family reported he could distinguish his mother’s
from his father’s voice when they were calling him from another room.

Unlike S1 and S2, behavioral and electrophysiological indices of sound discrimination were
largely concordant in S3. The feature deviants that elicited MMN were the same feature
deviants that were discriminated with a sensitivity index (d′) value greater than 2. As behavioral
performance increased, evidence of involuntary orienting to the sound changes to those features
appeared (P3a component). That is, greater acuity for feature discrimination evidenced by
increased behavioral performance was likewise indicated by correlative neurophysiological
changes. The acuity of feature discrimination, the ability to distinguish smaller feature
differences than were tested in the current study, may have been developing. The appearance
of the MMN on Day 1, and P3a at Month 3, may also indicate that the auditory experience
prior to implantation made use of traditional auditory pathways. These results are consistent
with Kral et al.’s theory of early plasticity [24], in which changes occur in a relatively rapid
time frame of three months. There may have been preservation and plasticity within normal
auditory pathways for sound processing due to use of hearing aids in this subject.

Limitations
This report has several limitations. With only 3 subjects, it is not possible to extrapolate to the
wider range of auditory-related characteristics of pre-lingually deafened late-implanted
children. Differences in the medical history and in educational environments make
comparisons between the children in this study problematic. An expanded study looking at
more children with similar profiles would strengthen our conclusions. Additional longitudinal
data would be beneficial for assessing plastic changes that develop over longer time periods,
which were not apparent within the three months of testing in the current study. The time course
of auditory cortical plasticity in late-implanted prelingually deafened children is yet unknown.

Conclusion
Prior to implantation, each of the subjects participating in the study had different auditory
experiences, from virtually none (S1) to relatively consistent (S3). Each had 7 or greater years
of pre-lingual deafness prior to implantation. After the CI was turned on, subjects demonstrated
variable success in improving communication skills, which was fairly consistent with the
amount of pre-implant auditory experience each of our three subjects had. Variability in late-

Dinces et al. Page 8

Int J Pediatr Otorhinolaryngol. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



implanted children is commonly reported [9], however, the impact of pre-implant auditory
experience on central auditory processing skills and on AEPs has not been well characterized.
The results of the current study seem to relate the three subjects’ early post-implant behavioral
discrimination skills with their previous auditory experience. The subject with the least
experience showed the least improvement in behavioral and electrophysiological measures,
despite high motivation to communicate orally. This may be partly due to differences regarding
the amount of cortical reorganization that occurs with reduced or lack of auditory input. It is
likely that S3, our best performer, had auditory pathways not completely disrupted.
Interestingly, all three children showed some ability to identify duration differences before
they could identify frequency or intensity differences. This suggests that temporal
characteristics of sound input may be easier to detect with CI use in general than spectral or
intensity features.

Restrictions on the availability of some higher auditory processing pathways due to decoupling
from primary auditory cortex [25,26] may always exist in pre-lingually deafened late-
implanted cochlear implant users. However, evidence from AEPs in the first few months of
implant use indicates some plasticity of the auditory system remains in some late-implanted
adolescents, which may precede improvement in performance measures. Children that show
electrophysiologic evidence for auditory cortical responses to sound features important for
speech understanding may be ideal candidates for enhanced therapeutic strategies to improve
their auditory modality for communication. Further studies with larger groups will help to
better characterize the patterns of central auditory pathways and plasticity in late-implanted
pre-lingually deafened children.
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Figure 1.
Tones for the randomized oddball paradigm with all deviant tones at 10% and standard tones
at 90% frequencies per block. Bold values represent changes made to the standard tone in order
to create a deviant tone for each of the 3 conditions, Duration condition, Frequency condition
and Intensity condition. Each tone consists of 3 partials (middle column) presented with its
respective duration (left column) and intensity (right column) as indicated on each line. One
deviant was presented in a condition with the standard.
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Figure 2.
The grand-mean AEP waves to the standard tone are displayed for Fz, Cz, Pz, F3, F4, C3, C4,
and the left mastoid (LM) for S1 on Day 1, (dashed gray line) Month 1, (solid gray line) and
Month 3 (solid black line). The x-axis represents time in milliseconds and the y-axis represents
amplitude in micro volts. The scale is five times larger than that shown in figures 3, 4 and 5.
This subject’s implant is on the right side and thus there is an electrical artifact manifest as a
square wave at F4 and C4.
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Figure 3.
The grand-mean AEP waves to the standard tone are displayed for Fz, Cz, Pz, F3, F4, C3, C4,
and the left mastoid (LM) for S2 on Month 1, (solid gray line) and Month 3 (solid black line).
The x-axis represents time in milliseconds and the y-axis represents amplitude in micro volts.
The scale is the same as in figures 4 and 5. This subject’s implant is on the right side and thus
there is a positive square wave artifact seen most prominently at F4 and C4.
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Figure 4.
The grand-mean AEP waves to the standard tone are displayed for electrodes Fz, Cz, Pz, F3,
F4, C3, C4, and the right mastoid (RM) for S3 on on Day 1, (dashed gray line) Month 1, (solid
gray line) and Month 3 (solid black line). The x-axis represents time in milliseconds and the
y-axis represents amplitude in micro volts. The scale is the same as in figures 3 and 5. S3’s
implant is on the left and thus there is a positive square wave seen most prominently at F3 and
C3.
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Figure 5.
S3’s difference waves at the F4 electrode for the deviant conditions in the oddball paradigm
are shown in three graphs each with its condition labeled. The three time points are plotted
together for each condition as indicated in the legend (Day 1, (dashed gray line) Month 1, (solid
gray line) and Month 3 (solid black line). The condition with a duration deviant is represented
on the top. The frequency deviant condition is in the middle and the intensity deviant condition
on the bottom. F4 was chosen as the frontal electrode furthest away from the left-sided implant
magnet to minimize the electrical artifact. The x-axis represents time in milliseconds and the
y-axis represents amplitude in microvolts. The scale is the same as for figures 3 and 4. The
mismatch negativity (MMN) is labeled with the dark up-pointing arrowheads. The P3a waves
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are labeled with open down-pointing arrowheads. A mismatch negativity to the duration of the
tone is present on day 1 (top row) and becomes earlier with implant usage. The MMN to
frequency changes is first seen at month one and becomes more pronounced by month 3. The
MMN to intensity changes is first seen at month 3 (bottom row). By month 3 a large P3a
response to frequency and duration deviants were elicited (middle and top rows) and the
suggestion of a P3a is seen for the duration deviant (top graph open arrowhead).
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