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Abstract
Objective—We examined cortical auditory development and behavioral outcomes in children
with ANSD fitted with cochlear implants (CI).

Design—Cortical maturation, measured by P1 cortical auditory evoked potential (CAEP)
latency, was regressed against scores on the Infant Toddler Meaningful Auditory Integration Scale
(IT-MAIS). Implantation age was also considered in relation to CAEP findings.

Study Sample—Cross-sectional and longitudinal samples of 24 and 11 children, respectively,
with ANSD fitted with CIs.

Result—P1 CAEP responses were present in all children after implantation, though previous
findings suggest that only 50-75% of ANSD children with hearing aids show CAEP responses. P1
CAEP latency was significantly correlated with participants' IT-MAIS scores. Furthermore, more
children implanted before age two years showed normal P1 latencies, while those implanted later
mainly showed delayed latencies. Longitudinal analysis revealed that most children showed
normal or improved cortical maturation after implantation.

Conclusion—Cochlear implantation resulted in measureable cortical auditory development for
all children with ANSD. Children fitted with CIs under age two years were more likely to show
age-appropriate CAEP responses within 6 months after implantation, suggesting a possible
sensitive period for cortical auditory development in ANSD. That CAEP responses were
correlated with behavioral outcome highlights their clinical decision-making utility.
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Introduction
Auditory Neuropathy Spectrum Disorder (ANSD) is a relatively recently described disorder
(Starr et al, 1991, 1996), which has been shown to affect approximately 10-15% of all
children with sensorineural hearing loss (Uus & Bamford, 2006; Kirkim et al, 2008; Talaat
et al, 2009; Berlin et al, 2010; Maris et al, 2011; Roush et al, 2011; Bielecki, Horbuleweicz,
& Wolan, 2012; Mittal et al, 2012). Diagnosis of ANSD has become all but routine in many
audiology clinics throughout the world. ANSD is diagnosed by examining a combination of
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results across several traditional audiologic measures, such as present otoacoustic emissions
(OAEs), absent or grossly abnormal auditory brainstem response (ABR), which exhibits a
robust cochlear microphonic that is inverted with reversal of the polarity of the stimulus, and
abnormal acoustic reflexes (AR) (Starr et al, 1996; Berlin et al, 1998; Sininger, 2001; Berlin
et al, 2003, 2005). In addition, ANSD patients typically perform worse on measures of
speech perception than their behavioral audiograms would predict. In fact, many reports in
the literature suggest that behavioral audiometry provides little useful information in ANSD
patients (Zeng et al, 1999; Rance et al, 2002). Speech understanding in ANSD patients is
severely degraded in the presence of competing signals, such as background noise (Kraus et
al, 2000; Sininger, 2001; Rance et al, 2012).

A major physiologic deficit in ANSD is dys-synchronous firing of the auditory nerve and
auditory brainstem neural pathways (Berlin et al, 1998; Kraus et al, 2000; Starr, Picton, &
Kim, 2001). Such a neural dys-synchrony apparently leads to significant perceptual deficits,
particularly in the area of temporal processing (i.e., temporal resolution) (e.g., Zeng et al,
1999, 2004, 2005; Rance et al, 2004, 2005; Michaelewski et al, 2005; Zeng et al, 2006;
Rance et al, 2008; Hassan, 2011), which in turn leads to poor speech perception, especially
in noisy situations. In addition, the abnormal pattern of neural firing in the subcortical
auditory pathways can disrupt normal central auditory maturation (Kraus et al, 2000; Rance
et al, 2002; Sharma et al, 2011; Cardon et al, 2012).

Given these physiologic and perceptual vulnerabilities, it is imperative that interventions
that ameliorate the negative effects of ANSD be designed and validated. Some investigators
have advocated the use of CIs in children with ANSD (Miyamoto et al, 1999; Trautwein,
Sinninger, & Nelson, 2000; Shallop et al, 2001; Mason et al, 2003; Peterson et al, 2003;
Buss et al, 2002; Rance & Barker, 2008; 2009; Berlin et al, 2010; Teagle et al, 2010;
Carvalho et al, 2011, Breneman, Gifford, & Dejong, 2012). However, cochlear implantation
may not be an optimal treatment for all children with ANSD given that there are several
reports of children with ANSD exhibiting poor outcomes after cochlear implantation
(Miyamoto et al, 1999; Rance & Barker, 2008; 2009; Neary & Lightfoot, 2012).

Recent reports of the use of cortical auditory evoked potentials (CAEP) in children with
ANSD have yielded promising results, in terms of providing prognoses and validating
treatment options in children with ANSD (Rance et al, 2002; Campbell et al, 2011; Cardon
& Sharma, 2011; Sharma et al, 2011; Alvarenga et al, 2012; Cardon et al, 2012). The
obligatory CAEP is mainly comprised of the P1 component—a large positive-going peak
occurring between approximately 90-300 ms—in infancy and early childhood. Because the
P1 decreases in latency with age in the normal system, it has proven a useful biomarker of
central auditory maturation in children with normal hearing, sensorineural hearing loss
(SNHL), and ANSD (Eggermont, 1988; Ponton et al, 1996, 2000; Ceponiene et al, 2002;
Sharma et al, 1997, 2002a, 2002b; 2005; 2011; Rance et al, 2002). Previous studies have
shown that CAEPs can be recorded in approximately 50-85% of children with ANSD
despite the inability to record useful ABRs in the same subjects (Starr et al, 1996; Kraus et
al, 2000; Rance et al, 2005; Sharma et al., 2011; Alvarenga et al, 2012), because the dys-
synchronos neural activity that completely degrades the rapidly occurring, high frequency
ABR waveform peaks in ANSD doesn't have the same effect on slower, broader CAEP
peaks (Kraus, 2000). In addition, there is growing evidence that CAEP results are strongly
correlated with behavioral auditory skill development and speech perception outcomes in
children with ANSD who use hearing aids (Rance et al, 2002; Campbell et al, 2011; Cardon
& Sharma, 2011; Sharma et al, 2011; Cardon et al, 2012). For instance, Rance and
colleagues (2002) showed that CAEPs could be recorded in approximately 50% of their
ANSD pediatric patients fitted with hearing aids and that those children who exhibited
CAEP responses showed better speech perception performance than those who had absent
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CAEP responses. Similarly, Sharma et al., (2011) reported that replicable P1 CAEPs could
be recorded in approximately 71% of children with ANSD who wore hearing aids and the
developmental status of the P1 response was strongly correlated with behavioral outcome in
the ANSD patients. The results of these studies suggest that CAEPs may be useful in
evaluating central auditory maturation in children with ANSD and in predicting behavioral
outcome. Additionally, these reports suggest that hearing aids may be a viable treatment for
a small subset of, but certainly not for all, children with ANSD. Therefore, the clinical trend
to provide pediatric ANSD patients with cochlear implants is growing rapidly (e.g.,
Breneman, Gifford, & Dejong, 2012). The current study aims to explore central auditory
maturation and behavioral outcome in children with ANSD who use CIs, and thereby
comment on the effectiveness of this intervention for this population.

Materials & Methods
Subjects

Retrospective review of the audiological records of 24 children clinically diagnosed with
ANSD was carried out. Participants included 15 females and 9 males that ranged in age
from 1.4 to 12.6 years at the time of P1 testing (mean = 3.8 years of age). All participants
were fitted with cochlear implants. On average, participants were fitted with their devices at
3.1 years of age (SD = 2.6 years) and had 0.8 (SD = 0.57) years of experience with their CIs
at the time of P1 testing. Additionally, the children had a mean unaided pure tone average
(PTA) of 81 dB HL (SD = 18.76 dB HL). None of the participants had a diagnosis of
cochlear nerve deficiency. Pertinent patient history information can be found in Table 1. All
procedures were approved by the Institutional Review Boards of the University of Colorado
at Boulder and the University of Texas at Dallas.

Measures
A variety of measures were considered for each participant in the present investigation.
Tests included standard clinical audiological tests such as pure tone average (PTA; 500 Hz,
1kHz, 2kHz), otoacoustic emissions (TEOAE, DPOAE, or both), and click evoked auditory
brainstem response (ABR). See Table 1 for audiological test results. Additionally, the Infant
Toddler Meaningful Auditory Integration Scale (IT-MAIS) (Zimmerman-Phillips, Robbins,
& Osberger, 2000) was administered to each subject. Finally, the P1 CAEP was used to
assess central auditory maturation in all participants. Details concerning the IT-MAIS and
P1 CAEP procedures are provided below.

IT-MAIS
The Infant Toddler Meaningful Auditory Integration Scale (IT-MAIS; 2000) is an adaptation
of the Meaningful Auditory Integration Scale (MAIS) (Robbins, Renshaw, & Berry, 1991)
designed to focus on infants and young children. The administering clinician measures
auditory skill development through the IT-MAIS by completing a structured interview with
the patient's parent(s). The IT-MAIS targets three main areas of auditory development: 1)
vocalization behavior; 2) alerting to sounds; 3) deriving meaning from sounds (Zimmerman-
Phillips, Robbins, & Osberger, 2000). These areas of development are assessed in ten open-
ended questions. After listening to the parents' response to each test item, the clinician-
interviewer assigns a score, from one (lowest) to four (highest), to each question, for a total
of 40 points. The IT-MAIS has been used for studies concerning auditory skill development
in children with normal hearing (Kishon-Rabin et al., 2001) and hearing loss (e.g.,
McConkey Robbins et al., 2004), including ANSD (Peterson et al., 2003; Sharma et al,
2011). While somewhat general and not a true measure of speech perception, the IT-MAIS
has proven clinically effective, for several reasons. For example, behavioral results can be
obtained even for infants and young children who, due to developmental delay or other
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physical limitations, could not otherwise perform behavioral tests, which is often the case in
working with a group of children with ANSD. Furthermore, the IT-MAIS can be completed
in any language.

P1 CAEP Recordings
Stimuli—CAEPs were recorded in response to a synthesized speech syllable /ba/. The
duration of the speech sound was 90 ms. The stimulus was identical to the one used in
Sharma et al. (1997, 2002a, 2002b). The five-formant CV stimulus was generated using the
Klatt speech synthesizer (Klatt, 1980). The starting frequencies of F1 and F2 were 234 and
616 Hz, respectively. The center frequencies for the formants of the vowel /a/ were 769,
1232, 2862, 3600 and 4500 Hz for F1, F2, F3, F4, and F5, respectively. F3, F4, and F5 were
steady-state formants. The amplitude of voicing was constant for 80 ms and fell linearly to 0
in the last 10 ms of the stimuli. The fundamental frequency began at 103 Hz, increased
linearly to 125 Hz over 35 ms and then decreased to 80 Hz over 55 ms.

The stimulus was presented at an offset-to-onset interstimulus interval of 610 ms. Stimuli
were presented to the participants via two loudspeakers, each placed at 45° azimuth
approximately three feet from the participants' heads, in a sound-attenuating booth.
Typically, stimuli were presented at 75dB SPL and all participants were tested with their CIs
on and set to their usual settings. Audibility was verified by reviewing audiological records
and by patient observation during testing.

Electrophysiologic Recording Process—Subjects were seated comfortably in a
reclining chair or on their parent's lap during testing. They watched a movie on a flatscreen
monitor placed approximately four feet in front of them in the sound booth. The audio levels
of the movie were muted during recording of the CAEPs. This has been shown to be an
effective way of engaging youngsters (Kraus et al., 1995). Evoked potentials were collected
using a Compumedics Neuroscan evoked potentials system. Silver/silver chloride cup
electrodes were used for the recordings. P1 responses have been collected using an identical
setup and stimuli in studies examining central auditory development in children with normal
hearing and children with sensorineural hearing loss who are fitted with cochlear implants
(e.g., Sharma et al., 2002a, 2002b). In order to minimize the electrical artifact produced by
CIs, we recorded responses along the isopotential contour and minimized the artifact using
common mode rejection cancellation techniques. An active electrode was placed at Cz and
several reference electrodes were placed at locations around the forehead, nasion, orbits and
mastoids. A ground electrode was placed on the forehead. Details of this procedure are
discussed in detail in a previous publication by our group (Gilley et al., 2006)

Averaging of the CAEP waveforms was automatically suspended by the recording computer
when eye blinks were detected. The recording window included a 100 ms pre-stimulus and
600 ms post-stimulus time. Responses were sampled at 1.0 kHz. Incoming evoked responses
were analog filtered from 0.1 to 100 Hz. At least two runs of approximately 300 response
sweeps were collected for each subject. The typical test session including electrode
application and evoked response recordings lasted about 60 minutes.

Data Analysis for Electrophysiological Recordings—Sweeps greater than ±100μV
were rejected offline, after which the remaining sweeps were averaged to compute an
averaged waveform. Individual subjects had at least two averaged CAEP waveforms of 300
sweeps each. If the waveforms were judged replicable based on visual inspection, then the
waveforms were averaged together to create a grand average waveform for individual
subjects. The P1 peak was defined as the first robust positivity in the waveform. Peak
latencies were measured in milliseconds (ms). The participants' P1 latencies were compared
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to the 95% confidence intervals for normal P1 latency development (Sharma et al, 2002a,
2002b). Absolute peak amplitudes were also computed. These were defined as the
magnitude of positive deflection from zero, measured in microvolts (μV).

Results
P1 Morphology and Latency

All children in the current study presented with replicable CAEP waveforms with
identifiable P1 peaks. These waveform characteristics were determined by waveform
evaluation performed by two independent and experienced clinicians (authors AS & GC).
To be considered typical, a P1 response must be replicable between two or more CAEP
recording runs and must have a characteristic positive-going CAEP component during the
characteristic P1 time window for children according to their age (e.g., within the
approximate 100-300 ms range; e.g., Sharma et al. 1997; Ponton et al, 1996; Ceponeine et
al, 2002). Previous studies in children with ANSD have shown that P1 CAEP responses
were only present in 50-70% of children with hearing aids (Rance et al 2002, Sharma et al,
2011). Sharma et al. (2011) described children who did not show age-appropriate or
replicable P1's as having ‘abnormal’ P1 responses. However, in the current study, P1 peak
latency and amplitude could be reliably computed in 100% of children with ANSD. P1
latencies were compared against the 95% confidence intervals for normal P1 latency
development for each child's age (Sharma et al, 2002b). Based on this analysis, the children
in the current study fell into two groups: 1) Children with normal P1 latency (n = 11); and 2)
Children with delayed P1 latency (n = 13). Differences in P1 CAEP status between these
two groups were not explained by factors such as experience with the CI and unaided PTA.
For experience with the CI the means were 0.84 and 0.77; SD = 0.42 and 0.69 years for
children with normal and delayed P1 CAEP responses, respectively (F=0.08, p=0.78). For
unaided PTA the means were 85 and 79 dB HL; SD = 23 and 16 dBHL for children with
normal and delayed P1 CAEP responses, respectively, (F=0.48, p=0.49)

Each subject's grand average waveform can be seen in Figure 1. Waveforms are arranged
from oldest at time of testing (top) to youngest (bottom) in each group—children with
normal P1 responses (Figure 1A) and children with delayed P1 responses (Figure 1B).

P1 CAEP Amplitude
Absolute peak amplitude, or the difference between the baseline and the P1 peak, was
calculated for each child's grand average waveform. When the groups' amplitude
measurements were compared using a one-way ANOVA, we found no statistically
significant result (p = 0.11; F = 2.74). However, the groups exhibited a trend in their mean
amplitudes, such that the group of children with normal P1 responses showed greater P1
peak amplitudes overall than the group of children with delayed P1 responses. The mean
amplitude for the children with normal P1 CAEP responses was 3.54 μV (SD = 1.75 μV),
while those who presented with delayed P1 CAEP responses had a mean peak amplitude of
2.50 μV (SD = 1.34 μV).

Age at Implantation
The age at which each child received his or her CI was compared using a one-way ANOVA.
Results revealed a significant difference regarding age at implantation between the group of
children with normal P1 responses and the group of children with delayed P1 responses (p =
0.05). The mean age at implantation was 1.88 years (SD = 1.09 years) and 4.07 years (SD =
3.15 years) respectively, for the children with normal and delayed P1 responses. This
suggests that, in general, the children who showed normal P1 responses were fitted with a CI
at an earlier age than the children with delayed P1 responses (see Figure 2A). Figure 2B
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shows P1 latencies for all participants plotted in relation to the 95% confidence intervals for
normal P1 latency development. While 72% (8/11) of participants that received their CI
before the age of 2 years fell within the 95% confidence intervals for P1 latency
development, only 23% (3/13) of those fitted with a CI at or after the age of 2 years had
normal P1 latencies. A Difference in Proportions test indicated that these percentages were
significantly different from each other (p < 0.05). Again, experience with the CI use was not
significantly different between these two groups.

IT-MAIS Score
In order to explore the relationship between central auditory maturation and behavioral
outcome, we compared the IT-MAIS scores between children with normal P1 responses
(mean IT-MAIS = 32; SD = 9.79) and delayed P1 responses (mean IT-MAIS = 16; SD =
11.61). A one-way ANOVA showed a statistically significant difference between the groups
for IT-MAIS scores (p < 0.01; see Figure 3A). Regression analysis demonstrated a
significant negative relationship between IT-MAIS score and P1 latency (r = -0.55; p < 0.05;
see Figure 3B). Overall, children with earlier P1 latencies tended to have higher IT-MAIS
scores. This result is consistent with our previous finding of a negative correlation between
IT-MAIS scores and P1 latencies in children with ANSD who are fitted with hearing aids
(Sharma et al., 2011).

Longitudinal Results
In a subset of 11 children, on whom we had longitudinal data, we were able to examine
CAEP responses before and after cochlear implantation, to allow us to evaluate the effect of
implantation on the progression of central auditory maturation. All children in this portion of
the study had been fitted with hearing aids prior to implantation and, following implantation,
had been using their CI for at least 6 months at the time of P1 testing (mean CI experience =
1.08 years; SD = 0.48 years).

We examined data comparing the P1 responses from both pre- and post-implant testing
sessions. Pre- and post-implant data are categorized according to their status relative to the
95% confidence intervals for typical P1 latency development (Sharma et al, 2002b). That is,
‘normal’ refers to P1 latencies that fell within the normal limits for P1 latency development
at the age at which the P1 CAEP was recorded. Following this pattern, ‘delayed’ P1 CAEPs
were those that were identifiable and replicable, but happened to fall outside the normal
limits. Finally, ‘absent or ‘abnormal’ P1 CAEP findings were those waveforms which didn't
exhibit an identifiable or replicable P1 CAEP, or in which the P1 was of grossly abnormal
morphology, respectively (Sharma et al, 2011). In 10 out of the 11 children, the status of P1
latencies were normal or showed improvement after implantation. Three out of 11 children
(27%), exhibited normal P1 status when using hearing aids, which stayed the same
following implantation. In 7 out of 11 children (63%), the status of the pre-implantation P1
(delayed or abnormal) improved after implantation by at least one status category (e.g.,
delayed to normal; abnormal to normal; abnormal to delayed). In one case, a child who
exhibited a normal P1 response with hearing aids actually progressed to have a delayed P1
response with a CI. This child also showed poor behavioral outcomes with his cochlear
implant. Overall, these data suggest that when examined longitudinally, all (but one)
children with ANSD show normal and/or improved central auditory maturation after
cochlear implantation when they had been given sufficient experience (at least 6 months)
with their devices. However, even though all in the current study sample presented with
identifiable P1 CAEP responses, there could be implanted children who would not show
CAEPs when a larger data set was considered.
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Discussion
The current study examined central auditory maturation, behavioral outcomes, and their
relationship, in children with ANSD who were fitted with CIs. Our investigation yielded
several noteworthy results. First, we found replicable P1 CAEP responses in all pediatric
ANSD patients fitted with CI's. This is in contrast to previous studies by our group (Sharma
et al., 2011) and others (Starr et al, 1996; Rance et al, 2002; Alvarenga et al, 2012) where P1
CAEP response have been documented for only 50-70% of children with ANSD fitted with
hearing aids and 85% of children with CIs. Furthermore, in our study, ANSD participants
fitted with implants fell into 2 distinct categories based on their P1 latencies: Children who
showed age-appropriate cortical maturation and children with delayed cortical maturation.
Again, this result is in contrast to our previous study (Sharma et al., 2011) where we
reported that children with ANSD who were fitted with hearing aids were divided into 3
distinct categories of P1 responses, i.e., normally developing, delayed and abnormal cortical
maturation. Sharma et al. (2011) suggested that the cortical maturational status described by
the P1 CAEP (i.e., normal, delayed or abnormal) underscored the severity of underlying
neural-dys-synchrony. Taken together, results from the current study and the Sharma et al.,
(2011) study, suggest that abnormal cortical responses (and by inference the most severe
disruptions in neural synchrony) are seen in ANSD participants who were fitted with hearing
aids, but not with cochlear implants. Thus, it would appear that CIs are more effective at
providing the auditory stimulation needed for central auditory maturation in children with
severe disruptions in neural synchrony, while hearing aids may only benefit children with
milder cases of dys-synchrony. This notion is in keeping with previous studies, which
interpret positive post-implantation outcomes as improvements or even restoration of neural
synchrony by electrical stimulation in a large portion of children with ANSD (Buss et al,
2002; Sinninger & Trautwein, 2002).

Overall, our findings are consistent with the literature, which suggests that many children
with ANSD tend to have good outcomes with CI's. For instance, an early study by Shallop et
al (2001) demonstrated that CIs were successful in improving communicative ability in 5
children with ANSD. Similarly, a recent study by Breneman, Gifford, & Dejong (2012)
showed that the expectations for children with ANSD, in terms of cochlear implant
outcomes, should be no different than for children with SNHL. Several other studies have
presented similarly positive results for cochlear implantation of children with ANSD (e.g.,
Buss et al, 2002; Mason et al, 2003; Peterson et al, 2003; Teagle et al, 2010).

The longitudinal findings of the current study illustrate that most children (10/11) who had
worn their CI for at least 6 months exhibited normal or improved central auditory
maturation, as compared to the status of their auditory cortical development with hearing
aids. These findings echo a recent behavioral longitudinal investigation of cochlear
implantation in children with ANSD by Teagle et al (2010), in which a majority of the
participants analyzed, who had worn their CIs for more than six months, showed significant
improvement on either measures of auditory skill development (IT-MAIS) or speech
perception (Phonetically Balanced Kindergarten; PBK; Haskins, 1949). On the other hand,
several children in the cross-sectional portion of the current study persisted with delayed
central auditory development even after cochlear implantation. Though we are unable to
unequivocally indicate the reason for these continual delays, it is reasonable to conjecture
that they are due to factors such as very severe forms of dys-synchrony that might result
from factors such as demyelination, limiting outcomes with a cochlear implant. These
findings are consistent with studies which assert that expectations may need to be lower for
children with ANSD who use CIs, as opposed to their peers with SNHL (Miyamoto et al,
1999; Rance & Barker, 2008; 2009; Neary & Lightfoot, 2012). In fact, a recent review of the
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ANSD literature pointed out that up to 27% of children with ANSD who had received CIs
presented with open-set speech perception scores of less than 30% (Roush et al, 2011).

A possible sensitive period for cortical maturation in ANSD
A second important result of our study was that children with ANSD who had normal
central auditory maturation (as evidenced by normal P1 responses) were fitted with their CIs
significantly earlier than those who had delayed cortical maturation (See Figure 3). This
finding is in keeping with reports that have focused on early cochlear implantation in
children with SNHL. For instance, previous investigations performed by our group (Sharma
et al, 2002a, Sharma et al, 2002b, Sharma et al, 2005, Sharma et al, 2007, Sharma et al,
2009; Sharma & Dorman, 2006) have shown that the vast majority of children fitted with a
CI before the age of 3.5 years, showed age-appropriate P1 responses within 3-6 months after
implant experience. On the other hand, those who were fitted after the age of seven years of
age rarely developed a normal P1 response even after years of implant usage. Combined
with PET brain imaging studies, which reveal similar age cut-offs (Lee et al, 2001; Oh et al,
2003; Lee et al, 2007), our studies point to the existence of a sensitive period for central
auditory maturation after cochlear implantation in deaf children. Restoration of appropriate
and sufficient auditory stimulation during the sensitive period seems to lead to improved
development of synaptic connections throughout the central auditory system, since
neuroplasticity is at its maximum during that time (Hammes et al, 2002; Harrison et al,
2005; Kral et al, 2005; Tomblin et al, 2007).

Given that there is ample evidence for sensitive periods for auditory cortical development in
the case of complete sensory deprivation such as deafness, its reasonable to assume that
sensory degradation (as result of neural dys-synchrony) of input to the cortex may also be
ameliorated within a sensitive period with appropriate treatment. Animal studies have
revealed that introduction of abnormal sound conditions or stimulation during early life has
the ability to change the development of the cortex. For instance, rodents that were reared in
constant noise exhibited delayed auditory cortical maturation and altered sensitive periods
for this type of development (Chang and Merzenich, 2003; Villers-Sidani et al., 2007).
Additionally, Sur and colleagues (1988) showed that an altered pattern of stimulation of the
cortex by subcortical neural pathways changed the structure and function of the auditory
cortex during development. These findings could have parallels to ANSD, in that peripheral
abnormalities causing neural dys-synchrony have the potential to lead to irregularities in
higher brain regions. It is possible that these cortical defects could, in turn, result in delayed
or abnormal CAEPs. Additionally, ongoing research has elucidated some of the important
factors in sensitive period regulation. For example, several studies have indicated that
inhibitory neural activity in the cortex (i.e., specifically in auditory cortex) is vital in the
mediation of sensitive periods (Fagiolini et al, 2000; Kral et al, 2001; Hensch, 2005;
Takesian et al, 2009). Furthermore, it seems that appropriate and consistent sensory
experience is needed to induce cortical inhibitory activity (Foeller & Feldman, 2004). These
and other studies make it readily evident that extrinsic factors applied during important
developmental periods have the ability to greatly influence the maturation of the auditory
cortex. Because abnormalities in the input to the cortex via subcortical elements has been
shown to alter, not only the structure and function of the cortex, but also sensitive periods
that mediate neuroplasticity, it is reasonable to believe that the atypical stimulation of the
cortex, caused by neural dys-synchrony, in children with ANSD could lead to variation in
the age range for maximal neural plasticity during cortical maturation. Furthermore, the high
degree of prematurity in the ANSD population could potentially contribute to the alteration
of the timing of developmental sensitive periods, possibly including their earlier initiation.
Though the details regarding the affects of neural dys-synchrony on central auditory
maturation are not fully known at this time, future research efforts should be devoted to this
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issue. What is clear, from the current findings, is that early intervention (i.e., < 2 years of
age) appears to be more beneficial for children with ANSD than later intervention (i.e., > 2
years of age), which may suggest a sensitive period for treatment in this population.

Central auditory maturation as a predictor of outcome in children with ANSD
Another relevant finding from our study is that there was a significant correlation (r = -0.55;
p < 0.05) between central auditory maturation (as measured by P1 latencies) and behavioral
outcome (as evidenced by IT-MAIS scores). These results are consistent with our previous
study Sharma et al (2011), in which we reported a strong correlation between P1 latency and
IT-MAIS score (r = -0.86; p < 0.01) in children with ANSD who used hearing aids. Our
finding is also consistent with other studies, which demonstrate a meaningful relationship
between CAEPs and behavioral speech perception performance (Rance et al, 2002;
Alvarenga et al, 2012). Taken together, these studies suggest that the P1 CAEP is an
effective predictor of behavioral outcome in children with ANSD. This is significant in that,
although invaluable in the diagnosis of ANSD, many of the conventional audiologic
assessments that are performed clinically don't provide information relevant for determining
cochlear implant candidacy in children with ANSD. For instance, many reports, including
the current investigation, have shown that behaviorally elicited auditory thresholds do not
predict speech understanding in people with ANSD, especially in the presence of
background noise (e.g., Kraus, 2001; Sininger et al, 2001) and speech perception tests are
often difficult to administer or unreliable in the population at young ages. Overall, we have
found that P1 CAEP measurements may have an important role in clinical management of
children with ANSD. Sharma et al., (2005), Cardon et al., (2012), and Cardon and Sharma
(2012) have reported on longitudinal P1 recordings and behavioral assessments in multiple
case studies of children with ANSD. Some ANSD patients benefitted adequately with
cochlear implants and these children had normally developing P1 responses and good
behavioral outcomes. On the other hand, many cases showed abnormal P1 responses even
after prolonged hearing aid use (or with no intervention). These children were considered
good CI candidates based on both P1 results and standard audiological assessment. Thus,
longitudinal P1 recordings can be a useful addition to a comprehensive audiological test
battery used for assessing CI candidacy. Similarly, the P1 CAEP can be used as an objective
measure to help evaluate the success of cochlear implantation for ANSD children in a timely
fashion. If central auditory maturation is persistently delayed after implantation, then it may
be an early indication that the child is at-risk for acquiring oral speech and language and
alternative approaches should be evaluated. Overall, the current results and recent studies
(Rance et al, 2002; Campbell et al, 2011; Cardon et al, 2011, 2012; Sharma et al, 2011;
Alvarenga et al, 2012) suggest that the P1 CAEP may have a useful role as part of a
comprehensive audiologic test battery for assessing CI candidacy in ANSD patients.
Ongoing studies from our laboratory are focused on exploring the clinical utility of CAEPs
in the evaluation of children with ANSD (see Campbell et al, 2011; Cardon & Sharma,
2011; Cardon et al, 2012).

Conclusion
We examined central auditory development and behavioral outcomes in pediatric ANSD
patients fitted with cochlear implants. Our results show that all (but one) children showed
progress in cortical maturation after being fit with cochlear implants. Although many
children showed age-appropriate central auditory maturation after implantation, several
others continued to show delayed cortical responses. However, there were no children who
showed abnormal cortical responses after implantation, a finding that was reported in
approximately a third of children after treatment with hearing aids (Sharma et al., 2011). Our
results also suggest that age at implantation may play an important role in determining the
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effectiveness of implants to allow normal central auditory development for children with
ANSD. Children implanted under 2 years of age were more likely to show normal cortical
responses compared to children implanted after 2 years of age. This finding points to a
possible sensitive period for treatment in pediatric patients with ANSD, though further
research is needed to fully understand the effects of neural dys-synchrony on sensitive
period regulation. Finally, we report a significant correlation between cortical maturation (as
measured by P1 CAEP latencies) and behavioral outcomes (as measured by IT-MAIS
scores) similar to a previous finding in children with ANSD who were fitted with hearing
aids (Sharma et al., 2011). P1 responses are a good predictor of behavioral outcomes and
therefore may be considered a clinically useful biomarker of cortical development. As such,
P1 responses may be a useful addition to the comprehensive battery of audiological tests
used in the clinical management of pediatric ANSD patients.
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AR acoustic reflexes

IT-MAIS Infant Toddler Meaningful Auditory Integration Scale

ABR auditory brainstem response

DPOAE distortion product otoacoustic emission

TEOAE transient evoked otoacoustic emission

PTA pure tone average

SNHL sensorineural hearing loss

MAIS Meaningful Auditory Integration Scale

CV consonant-vowel

CI cochlear implant
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Figure 1.
P1 CAEP waveforms for each participant in the group of children with normal P1 CAEP
responses (A) and the group of children with delayed P1 CAEP responses (B). Waveforms
are listed from oldest (top) to youngest (bottom).
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Figure 2.
Panel A – Comparison of mean age at implantation for the groups of children with normal
and delayed P1 CAEP responses, respectively. Error bars indicate the standard error of the
mean.
Panel B – P1 latencies for each participant in the current study plotted against the 95%
confidence intervals for normal P1 latency development (solid lines; adapted from Sharma
et al, 2002a). Solid black diamonds represent children who were fitted with a CI before 2
years of age, while solid grey triangles mark children who received their CI at or after the
age of 2 years.
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Figure 3.
Mean IT-MAIS scores for children with normal and delayed P1 CAEP responses (A). P1
latency plotted against IT-MAIS score for children with normal (filled circles) and delayed
(open circles) P1 CAEP responses (B).
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