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Abstract

Objective—First, we review the development and plasticity of the central auditory pathways in
infants and children with hearing loss who are fitted with cochlear implants (Cls). Second, we
describe case studies demonstrating the clinical utility of the P1 central auditory evoked potential
(CAEP) for evaluating cortical auditory maturation in the rapidly increasing number of cochlear-
implanted children who have multiple disabilities.

Study Desigh—Children who receive Cls provide a platform to examine the trajectories of
deprivation-induced and experience-dependent plasticity in the central auditory system. We
review the evidence for, and time limits of sensitive periods for cortical auditory maturation
framing an optimal period for cochlear implantation. Finally, we evaluate the use of the P1
biomarker as an objective assessment tool in the special case of children with multiple disabilities.

Results—The P1 response was useful in assessing central auditory maturation in patients with
CHARGE association, ANSD, and Pallister-Killian Syndrome concomitant with hearing loss.

Conclusion—The presence of co-existing disabilities in addition to hearing loss poses unique
challenges regarding both pre-intervention evaluation and post-intervention rehabilitation for
children with multiple disabilities. When combined with a standard audiological test battery, the
P1 CAEP biomarker has a useful role in objectively evaluating the maturation of central auditory
pathways to determine the effectiveness of various intervention strategies in hearing-impaired
children with multiple disabilities.
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Introduction

I. Sensitive periods for central auditory development in cochlear implanted children

Cortical auditory evoked potentials (CAEPS) are acoustically evoked and non-invasively
recorded components of the electroencephalogram (EEG) that reflect long-term changes in
auditory cortical maturation. Normal development of the central auditory pathways is likely
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a necessary but not sufficient condition for development of speech and oral language skills.
The P1 component of the CAEP response reflects function of the thalamo-cortical pathways
and auditory cortex (1). The latency of the P1 response has been shown to systematically
vary as a function of age and, as such, can be used as a biomarker of cortical auditory
development (2-7). The P1 biomarker has been utilized extensively to assess the
development and plasticity of the central auditory system in normal hearing children and
children with hearing loss (6, 8-10). Our laboratory has established 95% confidence
intervals for the developmental trajectory of P1 latency in normal hearing subjects 0.1 years
to 20 years (11). These confidence intervals provide normative data useful for assessing
cortical auditory maturation in hearing-impaired children (11).

Large scale studies of congenitally deaf children fit with Cls have allowed us to establish the
existence and time limits for a sensitive period for central auditory development in humans.
Research from our laboratory demonstrated that from a total of 245 children who received
stimulation via Cls, children who were implanted prior to age 3.5 showed P1 CAEP
responses with normal latency and morphology while children implanted after age 7
demonstrated abnormal P1 latency and morphology (12-14). Children receiving stimulation
between ages 3.5 and age 7 demonstrated highly variable cortical responses, with only 50%
of these children having normal P1 latencies regardless of age of implantation within that
range. Another study of 231 implanted children from our laboratory showed that when
stimulation via the implant was delivered by age 3.5 years, then latency and morphology of
the P1 reached age-appropriate values within 3—6 months following the onset of stimulation,
on the other hand, implantation after age 7 years resulted in abnormal P1 responses even
when measured years after years of experience with the implant (13, 15). Taken together,
outcomes from these studies indicate a sensitive period of approximately 3.5 years in which
central auditory pathways are maximally plastic. These findings also converge with
demonstration of a brief, sensitive period in animal models (16-19).

The sensitive period coincides with the peak of intrinsically regulated synaptogenesis which
occurs at about 3—4 years in human children (20). Since this period of synaptic overshoot is
independent of auditory experiences it appears to have a protective effect on the central
auditory pathways. Implantation within this sensitive period provides the external
stimulation needed for synaptic pruning and refinement of the central auditory pathways
(26). Language outcomes for congenitally deaf children implanted within the sensitive
period for development demonstrate significantly better speech perception and language
skills in comparison to late-implanted children (21, 22). In a large scale study of 117
cochlear implanted children, Tajudeen and colleagues (2010) compared speech performance
of children implanted in the first year, second year and third year of life. When evaluated as
a function of experience rather than chronological age at implantation, average speech
performance was almost equivalent between groups of children implanted at various times
under the age of 3 years (21).

Following long-term auditory deprivation there is evidence of a partial or total decoupling of
higher-order areas from primary auditory cortex (18, 23). Because higher-order cortex
fundamentally involves multimodal processing, such a decoupling of higher order areas
from primary auditory cortex may allow recruitment of other sensory modalities or may
allow other sensory input to take over in the higher-order cortex (27). In late-implanted
children, absence of the N1 cortical auditory evoked potential, reflecting input from higher
order cortex, indicates improper activation of auditory cortex and restricted development of
inter- and intra- cortical connections, consistent with the decoupling hypothesis proposed by
Kral and colleagues (18, 28). Hence, when cochlear implantation occurs after the end of the
sensitive period, the stimulation may be introduced into a re-organized central auditory
system such that the bottom up auditory information delivered by the implant to primary
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auditory cortex may not receive appropriate top-down modulation from higher order cortex
necessary for attaching the meaning and context needed for oral language learning (12, 18,
29). PET studies in prelingually deaf children implanted after the sensitive period also
demonstrate increased blood flow and glucose hypometabolism correlated with poorer
auditory and language outcomes, indicative of cross-modal reorganization in auditory cortex
(30). Overall, the research on typically developing children with cochlear implants clearly
indicates the benefits of early implantation, under age 3 years, but best by age 1 year, to take
advantage of the highly plastic central auditory system in early childhood.

Il. Cochlear implantation in children with multiple disabilities

Children with multiple disabilities account for a significant portion of hearing-impaired
children (31). The most prevalent co-morbid disabilities among children with hearing loss
include learning difficulties (11.2%), visual impairment (7.45%), developmental delay
(2.31%), cerebral palsy (3.62%), speech and language problems (2.46%), neuromotor issues
(2.35%), psychosocial issues (2.19%), cognitive problems (2.16%), brain abnormalities
(2.0%), and other disabilities (4.56%) (31). While children with significant disabilities
concomitant with hearing loss have been traditionally excluded from CI candidacy, the rate
of implantation for this population has steadily increased in recent years (32, 33). Today,
children with additional co-existing disabilities are estimated to account for 30% to 40% of
pediatric implanted patients (34, 35). Interestingly, significantly fewer profoundly deaf
children with a cochlear implant have multiple disabilities compared to profoundly impaired
children who do not have an implant (31, 36). This may indicate lower incidence of cochlear
implantation among children with multiple handicaps (31, 36).

Because many children with additional disabilities who receive implants are not likely to
perform as well as typically developing CI children, candidacy procedures in the special
case of multiple disabilities varies widely between clinics (36). The amount of benefit
received and the developmental trajectory of speech and language skills in an implanted
child with multiple disabilities may not be as favorable as typically developing hearing-
impaired children with Cls (36). For example, in a study by Birman and colleagues (2012),
the majority of typically developing cochlear-implanted children were able to achieve age-
appropriate language levels at normal rates of language acquisition, whereas children with
developmental delay were only able to achieve limited speech sound discrimination and no
verbal language after twelve months of Cl use (35). That said, nearly half of the children
with additional disabilities in the study were implanted after the sensitive period of
approximately 3.5 years. Anecdotally, we have observed that children with additional
handicaps may be implanted at later ages (compared with typically developing deaf
children), likely due to the focus on more serious medical conditions than deafness at
conditions and likely due to difficulty in evaluating CI candidacy. Delayed implantation
represents an additional contributing factor to the poorer outcomes observed cochlear
implanted children with multiple disabilities. Clearly, the determination of whether a child
with multiple disabilities will benefit from a cochlear implant is a multifaceted decision that
must be based upon realistic expectations and close examination of the complex needs of the
child.

The specific associated disability and its influence on the regulation of sensitive periods may
also contribute to the variability in speech and language outcomes post-implantation among
children with multiple disabilities, though there is little research regarding this topic (36). In
fact, there is little or no information regarding central auditory development in children
whose hearing loss is concomitant with additional disabilities. It is likely that aspects of
developmental plasticity such as sensitive periods will be influenced differently depending
on the nature of the disability. For example, genetic disorders that affect regulation of
synaptic development, like Fragile X syndrome or Rett syndrome, may result in an alteration
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of the sensitive period time frame due to a disruption of the underlying synaptic growth/
development processes (37, 38). Disorders affecting neural aspects of central auditory
development may similarly alter central auditory plasticity (37, 38). For example, Auditory
Neuropathy Spectrum Disorder (ANSD) is a disorder of neural dys-synchrony in the
auditory nerve, brainstem, and central pathways which is concomitant with sensorineural
hearing loss and has been found to adversely affect the sensitive period for cochlear
implantation. In a recent study, we examined P1 latencies in 24 children with ANSD who
received Cls (39). Children with ANSD who received Cls under age 2 years showed a
greater distribution of normal P1 latencies compared with children who received implants
after age 2 years. These findings provide preliminary evidence for a sensitive period of
approximately 2 years for central auditory development in ANSD. Thus, Cardon and
Sharma’s results suggest that the sensitive period for central auditory plasticity in deafness
may be decreased for children with ANSD. In future studies, children who have deafness
concomitant with other disorders might provide a unique population in which to observe
different various outcomes of sensitive period regulation in deafness, given that these
children have inherently different genetic and extrinsic variables mediating their auditory
development.

Evaluating and monitoring progress pre- and post-intervention proves to be a particular
challenge for clinicians since behavioral audiometric results are often variable and difficult
to measure objectively (40). In many cases, obtaining reliable auditory threshold information
for children with multiple conditions is difficult or impossible to obtain using visual
reinforcement audiometry (VRA) when the child cannot condition to the stimulus and
assessing speech perception proves difficult given that many of these children never develop
closed set or open set speech discrimination (40). Additionally, for a portion of these
children with multiple disabilities, serious health conditions prevent the children from
sedation under anesthesia, making Auditory Brainstem Response (ABR) thresholds difficult
to obtain (41). Since the P1 CAEP biomarker is easy to record, non-invasive (no anesthesia),
it provides an objective measurement of cortical maturation and can serve as a useful
clinical tool for assessing efficacy of intervention with hearing aids or Cls and/or
establishing Cl candidacy in this special population. In the next section we describe case
studies demonstrating the clinical utility of the P1 CAEP biomarker in hearing impaired
children without additional disabilities and in children for whom hearing loss was
concomitant with other handicaps.

Material and Methods

Subjects

Procedures

CAEPs recorded in 5 hearing-impaired children at various ages are described in this study.
Two of the subjects had no disabilities in addition to their hearing loss. We describe results
from these children to demonstrate the efficacy of the P1 CAEP biomarker in a typical
clinical setting. Three of subjects had additional disabilities including a child with Auditory
Neuropathy Spectrum Disorder (ANSD), CHARGE syndrome, and Pallister-Killan
Syndrome.

Standard electrophysiological and/or behavioral audiometric techniques were used to
evaluate hearing losses by each subject’s managing audiologist. Hearing aids or Cls were
implemented based on the standard criteria and fitting protocols at the clinics in which each
child was fitted.
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CAEPs were recorded in response to the speech syllable /ba/. The stimuli used in this study
are identical to those described in previous studies in our laboratory (4, 8, 12). The stimulus
was delivered via a loudspeaker located at 45 degrees azimuth or through insert earphones.
The stimulus was presented at a comfortable loudness level for implanted subjects and at
least 10-20 dB above threshold for children wearing hearing aids.

Evoked responses were recorded with Cz as the active electrode, an electrode placed on the
mastoid as the reference, and a ground electrode placed on the forehead. Eye movements
were monitored using a bipolar electrode montage placed on lateral outer canthus referenced
to superior outer canthus. For children with cochlear implants, in order to minimize the
electrical artifact produced by Cls, 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 (42).

CAEPs were collected using a 100 ms pre-stimulus interval and a 600 ms post-stimulus
recording window and an analog filter setting of 0.1 to 1000 Hz. At least 300 sweeps were
collected for each subject. Sweeps greater than £100 uV were rejected offline, after which
remaining sweeps were averaged. Grand average waveforms for each subject are shown in
the figures in the results section below. The P1 was defined as the first robust positive
component in the waveform. P1 latency was computed at the peak of P1 response.

Testing for all subjects took place in an electromagnetically shielded sound booth. Subjects
were seated on a parent or caretaker’s lap in a comfortable reclining chair during the
recordings. Children were allowed to watch a video or cartoon of their choice on a TV
monitor that was placed in front of them in the sound booth with audio levels were muted.
The typical test session lasted for approximately 1 hour. For all testing, the subjects’” hearing
aids or Cls were set at their usual settings and functioning appropriately.

Patient 1 was a male child born full-term, without complication, and who failed his newborn
hearing screening. A severe-profound sensorineural hearing loss was confirmed with ABR
within 2 months after birth (FIG 1A). The etiology of the hearing loss was unknown. No
family history of congenital hearing loss was noted. The patient was fit with hearing aids
bilaterally at age 4 months.

In this case of a child with hearing loss and no additional disabilities, P1 responses were
used to assess whether the child’s hearing aids were providing adequate amplification for
normal cortical auditory maturation. CAEP responses using the P1 biomarker were assessed
at age 2.5 years, roughly 26 months after hearing aid fitting. As seen in Figure 1B, the P1
response was robust and normal latency and morphology are evident. Figure 1C shows the
P1 latency as a function of chronological age relative to the 95% confidence intervals for
normal development of the P1 response. P1 latencies fell within normal limits for the child’s
age, clearly demonstrating that the hearing aids were providing auditory stimulation
sufficient for normal central auditory development. The presence of the P1 with normal
latency and morphology was consistent with the patient’s aided pure-tone average threshold
(PTA) of 15 dB HL, suggesting that the hearing aids were providing appropriate audibility
necessary for the development of speech and oral language (Fig. 1A). Behavioral reports
that the child continues to perform well with hearing aids and is acquiring oral language are
consistent with these findings.
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Subject 2 was a child identified with a severe-profound sensorineural hearing loss bilaterally
using ABR. The hearing loss was secondary to Connexin 26. Subject 2 was fitted with
hearing aids at 11 weeks. Behavioral audiological testing revealed unaided pure-tone
averages (PTA) greater than 100 dB HL bilaterally (Fig. 2A). CAEP waveforms were
recorded 2 months following hearing aid fitting. We saw absent P1 responses (plotted in Fig
2C) indicating a lack of proper maturation of the central auditory pathways consistent with
the child’s diagnosis of bilateral severe-profound sensorineural hearing loss. P1 responses
indicated that that the hearing aids were not providing adequate amplification for normal
auditory development.

Due to lack of benefit during the hearing aid trial, Subject 1 met the standard audiologic
criteria of candidacy for cochlear implantation and was fit with bilateral Cls at age 7
months. The patient’s implants were activated at age 8 months. CAEP testing was repeated
11 months post-activation. A replicable CAEP P1 response with age-appropriate
morphology was present when both ears were stimulated bilaterally through Cls (Fig 2B).
The latency of the P1 response was within normal limits according to the patient’s age (Fig
2C). If the P1 latency with hearing aids is compared to the P1 latency following cochlear
implantation (Fig 2C), it is evident that the latency of this response decreased rapidly,
occurring outside normal limits prior to implantation and falling within normal limits after
11 months of CI use. These results are consistent with age-appropriate expressive language
skills and nearly age-appropriate receptive language skills observed 5 months post- cochlear
implantation, and are congruent with a pure tone average of approximately 20 dB HL. Case
2 is representative of the typical development and high degree of plasticity shown for
hearing-impaired who receive Cls within the sensitive period.

Subject 3 is a female child born 24 weeks gestational age with a complex medical history.
Multiple high-risk factors for hearing loss were evident at birth including low birth weight,
low Apgar scores, high frequency oscillatory ventilation, ototoxic medication, family history
of congenital hearing loss, and other medical complications. The patient was in the neonatal
intensive care unit for 5.5 months after birth. Subject 3 initially passed her newborn hearing
screening in the right ear. She was referred for failing the newborn screening in her left ear.
ABR test results conducted shortly after birth indicated a profound bilateral sensorineural
hearing loss. Results from polarity reversal of the ABR showed a cochlear microphonic,
consistent with a diagnosis of Auditory Neuropathy Spectrum Disorder (ANSD) in both
ears. An intact VIII nerve was present bilaterally. A hearing aid trial was initiated at age 1
month. Behavioral testing with hearing aids indicated that the child was receiving some
benefit from conventional amplification but that the hearing aids were likely not providing
sufficient access to speech sounds required for auditory discrimination and normal
development of age-appropriate language skills (FIG 3). The child met the standard
audiological candidacy criteria for cochlear implantation and was fit with a Cl in her left ear
at age 20 months.

P1 responses were recorded at age 31 months, approximately 11 months after left-ear
implantation. The subject’s parents were interested in pursuing future implantation of the
right ear; therefore, P1 responses were evaluated in both the implanted left ear and the
unaided right ear. Responses were recorded first with the patient’s left Cl turned on. As
shown in Figure 3B, a low-amplitude P1 response was present with a latency that fell within
normal limits given the child’s developmental age, indicating that the CI is providing
adequate stimulation of the auditory pathways. This is consistent with the child’s PTA of 25
dB HL and speech awareness thresholds of 10 dB HL 6 months post-Cl activation (Fig. 3A).
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The smaller than typical amplitude of the P1 response has been described previously for
children with ANSD (43). Normal P1 latency is also congruent with reports of progression
in spoken language by the child’s parents and speech-language pathologist as well as the
considerable improvement of the child’s score on the Meaningful Auditory Integration Scale
(from 15% pre-implantation to 95% post-implantation) and a score of 25% for one-syllable
words on the open-set Glendonald Auditory Screening Procedure (GASP) at 6 months post-
implantation. CAEPs were then recorded with the CI turned off and the level of the stimulus
increased to the maximum possible intensity for the unaided right ear in order to assess
central auditory maturation in the right ear. No replicable P1 response was recorded for the
right ear (Fig 3C). This lack of replicability of the CAEP response is consistent with the
child’s profound hearing loss in this ear, suggesting that central auditory pathways
ascending from the unaided right ear were receiving no stimulation and subsequently
showed a lack of maturation.

In this case of hearing loss concomitant with ANSD, CAEP results indicated that early
implantation (i.e., before the 2 year sensitive period cut-off for children with ANSD) and 11
months of CI use in the left ear provided sufficient stimulation for normal development of
the central auditory pathways (39). The absence of a replicable P1 response in the right ear
was consistent with the lack of adequate stimulation to the central auditory pathways on this
side. Subject 3’s parents are now in the process of pursuing a second implant for her right
ear, in part, based on the P1 CAEP results.

Subject 4 was born 4.5 weeks premature with no complications during pregnancy. The
patient displayed a history of cleft lip and palate, middle ear infections, and was diagnosed
with CHARGE association. She failed her newborn hearing screening bilaterally. ABR
waveforms obtained at age 3 months revealed replicable responses at 70 to 80 dB HL in the
left ear and at 60 to 65 dB HL in the right ear, suggesting the presence of a moderately-
severe to severe sensorineural hearing loss bilaterally. Subject 4 was fit with hearing aids
bilaterally at age 5 months. Behavioral audiometric thresholds obtained using visual
reinforcement audiometry (VRA) displayed aided PTA of 45 dB, however, the reliability of
these results was questionable at best (Fig. 4A).

CAEP responses were assessed at age 23 months to examine central auditory maturation
with conventional amplification (Fig. 4B). Stimuli were presented bilaterally via soundfield.
A robust, replicable P1 response with age-appropriate morphology was present. As shown in
Figure 3C, the latency of the P1 response was within normal limits according to the child’s
developmental age. The presence of the P1 response occurring within normal limits
indicates that the patient’s hearing aids were providing adequate benefit to allow age-
appropriate maturation of the central auditory pathways. No pre- or post-intervention speech
perception testing was possible for this child.

In this case, CAEP P1 responses were obtained to directly assess central auditory maturation
for a child diagnosed with CHARGE and fit with hearing aids. In the face of additional
handicaps demonstrated by this child preventing reliable behavioral assessment of
audiometric thresholds or speech perception performance, P1 results provided useful
information on the age-appropriate development of the central auditory pathways.

Subject 5 was a male child born full-term with Pallister-Killan Syndrome characterized by
hydrocephalus, severe hypotonia, and vision problems. The child failed his newborn hearing
screening. ABR testing exhibited a profound hearing loss in the left ear and severe-to-
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profound hearing loss in the right ear. Subject 5 was fit with bilateral hearing aids at age 8
months. Aided thresholds were attempted using VRA beginning at age 8 months, but the
reliability of these responses for this child were poor due to inadequate muscle control for
head support. Behavioral testing with hearing aids resulted in pure tone thresholds of
approximately 70 dB HL, indicating that the child was receiving little benefit from
conventional amplification necessary for the development of age-appropriate auditory skills
(Fig. 5A). Speech perception testing was attempted but was not attainable for this child. Due
to lack of availability of reliable behavioral test results and in order to establish candidacy
for cochlear implantation, CAEP testing was recommended by the audiologist to assess
central auditory maturation with conventional amplification.

The patient was tested via bilateral insert earphones due to significant feedback from the
powerful hearing aids. As shown in Figure 5B, a P1 response was clearly present. However,
the latency of the P1 response fell outside of normal limits according to the child’s age (Fig.
5C). The delayed latency of the P1 response falling outside normal limits indicates that the
hearing aids were not providing adequate stimulation for the central auditory pathways to
develop normally.

In this case of multiple disabilities, P1 responses were used to assess cortical maturation and
function for which conventional audiometric techniques could not reliably assess hearing aid
benefit. While a P1 CAEP response was present, the latency of this response fell outside of
normal limits according to the child’s chronological age, suggesting that the child may be a
candidate for cochlear implantation, given that the child had already received a hearing aid
trial using powerful hearing aids.

Discussion

The case studies in this review illustrate the use of the CAEP P1 latency as a biomarker for
central auditory development in children with hearing loss with and without additional
disabilities who received intervention through conventional hearing aids and Cls. In Cases 1
and 2, we demonstrate the use of the P1 CAEP in the typical clinical setting where
amplification was initiated using traditional hearing aids. In Case 1, the latency of the P1
response fell within normal limits, providing evidence that the hearing aids were providing
adequate amplification required for normal auditory development. On the other hand, in
Case 2, the P1 latency was outside of normal limits with amplification, but rapidly decreased
to normal limits within a short period after cochlear implantation. This outcome is consistent
with our previous results (4) and with animal studies (23), demonstrating that children
implanted within the sensitive period tend to display age-appropriate cortical latencies
within 6-12 months after implantation. The P1 latency in Cases 1 and 2 provided objective
evidence that was consistent with successful use of amplification and/or electrical
stimulation.

The P1 biomarker also provides an objective way to assess the development of central
auditory pathways in children with multiple disabilities for whom behavioral audiometric
and speech measures may not reliably predict or assess benefit with intervention. Cases 3, 4,
and 5 demonstrate the utility of the P1 biomarker in the clinical decision-making process for
children with multiple disabilities. For Case 3 who had co-morbid ANSD, the P1 response
verified that the unilateral Cl was providing sufficient benefit to allow normal development
of the central auditory pathways, and that the child was a reasonable candidate for bilateral
implantation since the unaided ear showed absent P1 responses. In ANSD, audiometric
thresholds are often not consistent with behavioral outcomes, and therefore objective
verification of benefit from the CI in the left ear and lack of benefit in the unaided right ear
was useful in this case.
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In case 4, we reported on a child with CHARGE association who had received intervention
with amplification. In this instance, the child showed age-appropriate central auditory
maturation (indicated by normal P1 latency). On the other hand, in Case 5, we reported on a
child with Pallister- Killian Syndrome who showed delayed cortical maturation with
amplification (indicated by delayed P1 latency), consistent with his evaluation for ClI
candidacy.

It is of interest to compare the use of the P1 CAEP for the hearing-impaired children with
and without additional disabilities. Cases 1 and Case 4 were both fitted with hearing aids at
similar ages, i.e., 4 months and 5 months, respectively, and CAEP P1 responses were
recorded at comparable ages, i.e., 26 months and 23 months respectively. Although Case 4’s
hearing loss was part of the CHARGE association, and Case 1 had no additional disabilities,
the P1 responses were similarly robust with comparable morphology and age-appropriate
latencies for both children (Figs 1B and Fig 4B respectively). As Children with CHARGE
syndrome often show involvement of the auditory nerve and/or deficits in the central
pathways, the robust P1 responses were a particularly promising result for this patient in
whom no reliable speech perception testing was possible.

We recorded P1 responses 11 months post-cochlear implantation for Cases 2 and 3. Both
children, Case 2 whose hearing loss was secondary to Connexin 26 (and in whom there was
no additional disability), and Case 3 whose hearing loss was co-morbid with ANSD showed
age-appropriate P1 latencies (although as is typical with some children with ANSD, P1
amplitude was lower for Case 3). Taken together, results for Cases 1-4 suggest that for at
least some children with multiple disabilities, if appropriate intervention is provided early,
then central auditory development can proceed in a manner comparable to that seen for
hearing-impaired children without multiple disabilities. Given previous reports of less than
favorable behavioral outcomes for CI children with multiple disabilities (31, 35, 36), the
CAEP P1 provides the ability to separate the effects of sensory stimulation from the
cognitive/intellectual deficits associated with the disability. For example, in Cases 3 and 4,
normal P1 responses provided information that the implant was appropriately fit, allowing
central auditory development to proceed normally, in turn providing the rehabilitative team
with the information they needed to focus on the more cognitive aspects of language
acquisition.

Overall, despite the fact that the rate of cochlear implantation for children with multiple
disabilities is increasing rapidly, there is very little information on cortical development and
plasticity specific to disabilities that are co-morbid with hearing loss. It is possible that there
are clinically relevant differences in central auditory system plasticity in hearing impaired
children depending on the etiology of the disorder. As previously mentioned, our team has
documented preliminary evidence of a significantly shorter sensitive period (of 2 years) for
children with ANSD, indicating a much shorter window of plasticity which could affect
clinical decision-making for children with ANSD. Future studies should attempt to
understand central auditory plasticity in children as a function of the diverse genetic or
environmental causes for their hearing loss. This evidence may help guide decisions
regarding cochlear implant candidacy for children with specific additional disabilities and
better understand variable outcomes within this special population.

In summary, given the high cochlear implantation rate worldwide for children with deafness
and co-morbid disabilities, the cases in this study highlight the clinical use of the P1
response latency as a biomarker for central auditory development in children with multiple
disabilities. When combined with a standard audiological test battery, the CAEP P1
biomarker has a useful role in objectively evaluating the maturation of central auditory
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pathways to determine the effectiveness of various intervention strategies in hearing
impaired children who demonstrate additional handicaps.
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Figure 1.

Audiogram of behavioral unaided and aided thresholds for Case 1 (1A), Grand average
CAEP response for Case 1 obtained after intervention via bilateral hearing aids (1B), and
average P1 latency as a function of child’s age plotted against the 95% confidence limits for
normal-hearing children for Case 1 (1C).
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Audiogram of behavioral unaided thresholds and aided thresholds post-bilateral cochlear
implantation for Case 2 (2A), Grand average CAEP response for Case 2 obtained post-
bilateral cochlear implantation (2B), and average P1 latency as a function of child’s age
plotted against the 95% confidence limits for normal-hearing children pre- and post-
implantation for Case 2 (2C).
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Audiogram of behavioral unaided thresholds, aided thresholds, and thresholds post-left ear
cochlear implantation for Case 3 (3A), Grand average CAEP response for Case 3 obtained in
the left ear post- unilateral cochlear implantation (3B), non-replicable grand average CAEP
responses obtained in the unaided right ear (3C), and average P1 latency for the implanted
left ear and unaided right ear as a function of child’s age plotted against the 95% confidence
limits for normal-hearing children both pre- and post-implantation in Case 3 (3D).
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Figure4.
Audiogram of behavioral unaided and bilateral aided thresholds for Case 4 (4A), Grand
average CAEP response for Case 4 obtained after bilateral hearing aid intervention (4B), and
average P1 latency as a function of child’s age plotted against the 95% confidence limits for
normal-hearing children after hearing aid intervention for Case 4 (4C).
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Audiogram of aided thresholds for Case 5 (5A), Grand average CAEP response for Case 5
obtained after bilateral hearing aid intervention (4B), and average P1 latency as a function of
child’s age plotted against the 95% confidence limits for normal-hearing children after

hearing aid intervention for Case 5 (4C).
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