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Abstract

Cortical development is dependent on extrinsic stimulation. As such, sensory deprivation, as in
congenital deafness, can dramatically alter functional connectivity and growth in the auditory
system. Cochlear implants ameliorate deprivation-induced delays in maturation by directly
stimulating the central nervous system, and thereby restoring auditory input. The scenario in
which hearing is lost due to deafness and then reestablished via a cochlear implant provides a
window into the development of the central auditory system. Converging evidence from
electrophysiologic and brain imaging studies of deaf animals and children fitted with cochlear
implants has allowed us to elucidate the details of the time course for auditory cortical maturation
under conditions of deprivation. Here, we review how the P1 cortical auditory evoked potential
(CAEP) provides useful insight into sensitive period cut-offs for development of the primary
auditory cortex in deaf children fitted with cochlear implants. Additionally, we present new data
on similar sensitive period dynamics in higher-order auditory cortices, as measured by the N1
CAEP in cochlear implant recipients. Furthermore, cortical re-organization, secondary to sensory
deprivation, may take the form of compensatory cross-modal plasticity. We provide new case-
study evidence that cross-modal re-organization, in which intact sensory modalities (i.e., vision
and somatosensation) recruit cortical regions associated with deficient sensory modalities (i.e.,
auditory) in cochlear implanted children may influence their behavioral outcomes with the
implant. Improvements in our understanding of developmental neuroplasticity in the auditory
system should lead to harnessing central auditory plasticity for superior clinical technique.
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1. Introduction

Appropriate development of the auditory cortex is largely dependent on sufficient and
appropriate auditory input. In development, periods of increased neuroplasticity — termed
sensitive periods — have been well described (Knudsen, 2004). Because of the increased
ability of the cortex to be altered during sensitive periods, either auditory stimulation or
deprivation can significantly impact the development of cortical infrastructure and
associated behavioral abilities. Deprivation of auditory input during sensitive periods has
adverse effects on many aspects of cortical maturation, leading to degraded behavioral
performance. Thus, clinical management of children with hearing loss can be greatly
augmented by considering the status of their central auditory maturation. For example, if a
congenitally deaf child receives the necessary auditory stimulation within a sensitive period,
appropriate cortical maturation occurs. That is, the connections and framework critical to
age-appropriate auditory and spoken language skills are formed (Knudsen, 2004; Kral, 2013;
Kral and Sharma, 2012). On the other hand, if for the same child auditory stimulation is
withheld until after the close of this period of heightened neuroplasticity, the very
organization of the auditory cortex can be severely altered. In many cases, these cortical
modifications allow multisensory cortices to recruit available auditory regions for enhanced
visual and/or somatosensory processing, at the expense of auditory processing abilities
(Kral, 2013; Kral and Sharma, 2012).

Using cortical auditory evoked potentials (CAEPS), it is possible to non-invasively
determine the maturational status of the auditory cortex in a given patient using various
biomarkers. In deaf children, these biomarkers provide a tool for gauging whether auditory
stimulation via hearing aids is appropriate or if cochlear implantation should be pursued. In
addition, these biomarkers reflect various stages of sensitive periods during which auditory
input must be provided. In this report we will review the P1 CAEP biomarker of primary
auditory cortex development in deafness, as well as present new data describing the N1
CAEP as a biomarker of higher-order auditory cortical development. Cortical reorganization
and functional outcomes related to auditory stimulation provided within and outside the
sensitive period for central auditory development will also be discussed. Finally, we will
explore the notion that cross-modal compensatory plasticity (from visual and somatosensory
modalities) may underlie some of the variability in behavioral outcomes seen in cochlear
implanted children.

2. Normal development of the central auditory pathways

Normal development of auditory cortex has been described in detail, with marked changes
in thalamo-cortical and cortico-cortical pathways occurring well into the second decade of
life (Ceponiene et al., 2002; Ponton et al., 2000b; Sharma et al., 1997). In initial stages,
development relies on intrinsic factors, which are genetically controlled, such as
synaptogenesis. However, extrinsic factors (i.e., auditory stimulation) drive the refinement
of cortical connections, via pruning and stabilization of synaptic connections and
myelination (Fields, 2005; Huttenlocher and Dabholkar, 1997; Kral and Sharma, 2012). For
example, animal data have revealed that much of the feedforward neural connections in the
central auditory system is genetically pre-determined and set in place at early stages of
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development (Hartmann et al., 1997; Kral and Eggermont, 2007). In contrast, cortical
feedback projections, important to modulation of cortical and subcortical structures, are
dependent primarily upon auditory input and experience (Kral, 2007; Kral and Eggermont,
2007; Kral et al., 2000, 2001, 2005). The heightened plasticity that operates during sensitive
periods allows for rapid formation of synaptic connections, neural synchronization, and
stabilization of cortical connections (Pallas, 2001). This plasticity results in intense
adaptation to the surrounding environment and important refinement of the cortical
pathways.

Cortical auditory evoked potentials (CAEPS) are non-invasive EEG measurements that can
chart the maturation of the central auditory system via changes in latency and amplitude (see
Steinschneider et al., 2011 for a review). For instance, the latency of the first component of
the obligatory CAEP, or P1 — a positive-going peak reflecting the sum of the accumulated
synaptic delays and neural conduction times as an auditory signal travels from the ear to the
primary auditory cortex — decreases with age in normal hearing children (Eggermont, 1988;
Eggermont et al., 1997; Liegeois-Chauvel et al., 1994; Sharma et al., 1997, 2002b). The
distinction between the Pa, Pb, and P50 has more commonly been made in adults (e.g.,
Liegeois-Chauvel et al., 1994). However, in the literature regarding children, the classifier
“P1” is used to denote the large broad positivity that is seen in the cortical auditory evoked
potentials (CAEPs) of infants and young children (see, for example, Ceponiene et al., 2002;
Liegeois-Chauvel et al., 1994; Ponton et al., 1996a,b, 2000b, 2002; Sharma et al., 1997).
The P1 is typically first observed to occur in newborns and infants with normal hearing at a
latency of around 300 ms post-auditory stimulation. The P1 undergoes a rapid decrease to
approximately 100 ms at two years old, and then a more gradual decrease in latency to 50—
70 ms in adulthood. This systematic drop in latency has been quantified with 95%
confidence intervals, providing normative data for central auditory development (Sharma et
al., 2002a,b,c). Gilley et al. (2008) demonstrated that the cortical generators of the P1 CAEP
component in normal hearing children are comprised of the auditory cortex.

Another obligatory CAEP waveform component emerges with increasing age in childhood:
the N1. In younger children, the N1 first emerges as a bifurcation in the P1 waveform. In
older children, adolescents, and adults, the N1 is seen as a separate negative-going peak that
follows the P1 component (Sussman et al., 2008). The appearance of the N1 as an
invagination of the CAEP waveform is reliably observed after 6-7 years old (Sharma et al.,
1997; Gilley et al., 2005; Sussman et al., 2008). However, if stimulus presentation is
considerably slowed during CAEP recording, the N1 can be seen earlier in life (Ceponiene
et al., 1998; Gilley et al., 2005). This phenomenon is due, in part, to the development of
refractoriness of the neurons underlying the N1 response, suggesting that maturation of
component 1 as described by Naatanen and Picton (1987) underlies the presence of the N1
in children (Ceponiene et al., 1998; Gilley et al., 2005; Sussman et al., 2008). Though many
cortical auditory components contribute to the N1 CAEP peak, intracranial
electrophysiological recordings in humans have determined that these all originate from
secondary auditory cortical regions, with the result of scalp EEG recording the main N1
generator, planum temporale (Godey et al., 2001; Liegeois-Chauvel et al., 1994; Yvert et al.,
2005). The N1 CAEP has also been shown to be a neurophysiological correlate of activation
in supragranular layers and higher-order auditory cortex, including intra-hemispheric
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cortico-cortical connections (Eggermont and Ponton, 2003; Makela and Hari, 1992; Makela
and McEvoy, 1996; see Naatanen and Picton, 1987 for a review).

The obligatory nature of the P1 and N1 CAEP waveform components means that no
attention to auditory stimuli is required for elicitation of these cortical responses. Rather,
they occur automatically in response to sound. Thus, these purely physiologic responses are
optimal objective biomarkers of central auditory development. Additionally, due to their
varying underlying generators and unique developmental time courses, the P1 and N1
CAEPs provide reliable biomarkers for maturation of both primary and higher-order
auditory cortices, respectively. In practice, these biomarkers have become useful in
chronicling central auditory development and plasticity when extrinsic auditory input is
absent or degraded because of deafness and related conditions like Auditory Neuropathy
Spectrum Disorder (ANSD), and then ameliorated via a cochlear implant (Cardon and
Sharma, 2013; Eggermont and Ponton, 2003; Gordon et al., 2008; Kral and Sharma, 2012).

3. Central auditory development in deafness

3.1. The P1 CAEP biomarker

Cortical auditory evoked potentials recorded in congenitally deaf children describe a brief
period in early childhood when developmental plasticity of the central auditory system is at
its peak. Studies by Ponton, Eggermont, and colleagues compared waveform morphologies
and latencies of CAEP responses from deaf children to those from age-matched normal
hearing persons and showed that deafness essentially halts central auditory development,
resulting in an immature auditory cortex (Eggermont, 1988; Eggermont and Ponton, 2002,
2003; Ponton and Eggermont, 2001; Ponton et al., 1993, 1996a,b, 1999a,b, 2000a,b, 2002).
This immaturity is a direct result of a lack of extrinsic driving factors spurring on the
generation and stabilization of neural connections. Eggermont et al. (1997) hypothesized
that their results suggest that the auditory brain is ‘frozen in time’ as a result of sensory
deprivation. However, after cochlear implantation, maturation proceeds at a normal rate, i.e.,
a rate roughly equivalent to that of a normal hearing newborn. As a consequence, they
concluded that P1 latencies reflect the ‘time in sound’ experienced by the implanted child.
These studies provided the first critical evidence that the potential for normal development
of the auditory system is maintained in deaf children during their years of sensory
deprivation.

Over the last decade, Sharma and colleagues have conducted large-scale studies examining
cortical development in congenitally deaf children fitted with a cochlear implant at different
ages (e.g., Sharma et al., 2002a,b,c, 2007, 2009). Sharma and colleagues (Sharma and
Dorman, 2006; Sharma et al., 2002b) examined P1 latencies in 245 congenitally deaf
children fit with a cochlear implant and reported that children who received stimulation via
an implant early in childhood (<age 3.5 years) showed normal P1 morphology and latency,
while children who received cochlear implant stimulation late in childhood (>age 7 years)
had abnormal cortical response latency and morphology. Children receiving implants
between 3.5 and 7 years revealed normal P1 latencies only 50% of the time, regardless of
age of implantation within that 3.5-7 year age range. In another study, Sharma and
colleagues examined individual developmental trajectories for the P1 response after cochlear
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implantation in 231 children (Sharma et al., 2007). Although all children showed delayed P1
latencies prior to implantation, children implanted under age 3.5 years showed normal P1
response latencies within 6-8 months after implantation. Though children implanted after
age 7 also showed latency decreases over time, their developmental trajectories were
abnormal, with P1 latencies never reaching normal limits even after years of implant usage.
Based on these studies, Sharma and colleagues concluded that there is a sensitive period of
3.5 years in childhood during which sensory stimulation must be introduced if the central
auditory system is to develop normally. In all likelihood, the sensitive period ends by age 7
years, resulting in a re-organized auditory cortex that is unable to effectively process the
stimulation provided by the cochlear implant.

3.2. The N1 CAEP biomarker

Thus far, most of the data describing sensitive periods for cortical development in children
with cochlear implants is based on the P1 CAEP (Ponton and Eggermont, 2001; see Sharma
etal., 2011 for a review). However, as development proceeds in childhood, the CAEP
undergoes extensive changes in morphology. As the P1 component decreases in latency and
amplitude, the N1 CAEP, which emerges at about 67 years old as an invagination in the P1
response, begins to dominate the waveform in the second decade of life and in adulthood.
The development of the N1 CAEP component coincides with structural refinements in
auditory cortical maturation such as increased cortico-cortical coupling and enhanced
auditory processing and language abilities (Eggermont and Ponton, 2003; Moore and Guan,
2001). Given that the N1 is a dominant CAEP component in typically hearing older children
and adults, and has primary input from higher order auditory cortex, it would be useful to
examine longer-term development of the central auditory pathways in cochlear implanted
children using the N1 CAEP. In this section, we will report on new data where we recorded
and analyzed the N1 CAEP in children with normal hearing and deaf children who received
cochlear implants at different ages in childhood.

Participants included 41 typically developing children with normal hearing, aged newborn to
15 years (mean age = 6.15 years, S.D. = 4.49 years) and 80 children with cochlear implants,
aged 2.27 to 16.48 years (mean age = 8.02 years, S.D. = 4.14 years). CAEPs were collected
using a Compumedics Neuroscan® EEG system from the Cz vertex electrode, elicited by a
speech syllable/ba/, and presented at an interstimulus interval of 610 ms (Sharma et al.,
1997, 2002a,b,c). At least two runs of 300 sweeps each were recorded for each participant
and all data recording and analysis procedures, including the removal of the scalp-recorded
artifact from the cochlear implant, were identical to those reported in our previous studies
(Gilley et al., 2006; Sharma et al., 2002a,b,c). Finally, subjects’ grand averaged waveforms
were band pass filtered at 4 to 30 Hz to enhance the presence of the N1 peak component
(Ceponiene et al., 2002; Gilley et al., 2005; King et al., 2008).

As can be seen in Fig. 1A, the N1 began to emerge in the normal hearing children around 3-
6 years old. In children ages 0-3 years, 18% demonstrated the presence of the N1
component in this age range. Detectability of the N1 increased to 60% in the 3-6 year old
group, 71% in the 6-9 year old group, and 100% in the 9-12 and 12-15 year old age groups.
This pattern of detectability of the N1 as a function of age in typically developing children is
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consistent with previous studies (Ceponiene et al., 2002; Gilley et al., 2005; King et al.,
2008).

We then divided 80 children with cochlear implants into 3 groups to examine the trajectory
of N1 development in cochlear implanted children as a function of age. These groups
consisted of early implanted children, mid implanted children and late implanted children.
The early implanted group was implanted under the age of 3.5 years (n = 41, age of
implantation: mean = 2.23 years, S.D. = 0.57 years, implant experience: mean = 2.98 years,
S.D. =2.17 years) and ranged in age from 0 to 12 years (mean = 5.21 years, S.D. = 2.35
years) at the time of testing. The mid implanted group received a cochlear implant between
the ages of 3.5 to 7 years (n = 20, age of implantation: mean = 5.03 years, S.D. = 0.83 years,
implant experience: mean = 3.41 years, S.D. = 2.62 years) and ranged in age from 3 to 15
years (mean = 8.44 years, S.D. = 2.58 years) at the time of testing. The late implanted group
received a cochlear implant after the age of 7 years (n = 19, age of implantation: mean =
10.75 years, S.D. = 2.19 years, implant experience: mean = 2.91 years, S.D. =2.03 years)
and ranged in age from 9 to 20 years (mean = 13.67 years, S.D. = 2.02 years) at the time of
testing.

As can be seen in Fig. 1B, for early implanted children, 57% of subjects in the 3-6 year-old
group presented with the N1 peak, followed by 71% of subjects in the 6-9 year old group.
Finally, 100% of subjects in the 9-12 year old group showed the N1 component. In general,
these percentages for detectability of the N1 are similar to those for age-matched normal
hearing children described above.

Within the mid cochlear implanted group (Fig. 1C), 33% of subjects in the 0-3 year old
group presented with the N1, increasing to 40% of subjects in the 6-9 year old group. This
jumped to 75% in the 9-12 year old group, while only 33% in the 12-15 year old group
showed the N1. Compared to 100% of normal hearing and early-implanted children who
show an N1 in the 12-15 year age range, the percentage of mid-implanted children showing
an N1 is clearly lower.

In contrast to the normal hearing, early implanted and mid implanted children, very few
children in the late implanted group showed an N1 response. Zero percent of late implanted
children aged 9-12 years had an N1, 30% of late implanted children in the 12-15 year group
demonstrated the presence of the N1 and none of the children in the 15-20 year age group
had an N1 (Fig. 1D).

In a separate analysis, age 6 years was used as a criterion for reasonable detectability of the
N1 based on studies of normal hearing children (Ceponiene et al., 2002; Gilley et al., 2005;
King et al., 2008). We examined data from a group of 47 cochlear implanted children aged 6
years and older at the time of testing. A cluster analysis using Schwarz’s Bayesian Criterion
and a log-likelihood distance measure revealed two separate groups (silhouette measure of
cohesion and separation = 0.7). The first cluster included 28 children, of whom 17 showed
the N1 component, while the second group included 19 children, of whom 16 showed no
evidence of the N1 component. The clusters depended on age of implantation, such that the
first cluster consisted of children implanted between 2.02 and 6.58 years, and the second
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group of children implanted between 7.61 and 14.63 years (Fig. 2). Fig. 2 shows the two
clusters and indicates the approximate age of implantation which separated the two clusters.
Note: in Fig. 2, we further sub-divided the implanted children into one-year intervals based
on age of implantation for ease of viewing.

As Fig. 2 shows, the age of implantation at which the two clusters reflecting N1
development in cochlear implanted children separate is approximately 7 years. Thus, the
implantation age of approximately 7 years as a cut-off for the development of the N1
component is consistent with the end of the sensitive period of auditory cortical
development as documented in previous studies using the P1 CAEP response (Kral and
Sharma, 2012; Sharma et al., 2002b). Taken together, these data provide new evidence to
further validate age 7 years as the age after which auditory cortical plasticity is significantly
reduced.

The developmental trajectory of the N1 CAEP in cochlear implanted children appears to be
similar to that of the P1, in that early implantation has the best results for normal
development of the N1 response (Fig. 2). Of the late implanted subjects showing an N1, one
of the subjects had progressive hearing loss and another showed mild-moderate aided
auditory thresholds, likely providing adequate auditory stimulation to the cortex at a younger
age. Overall, the absence of the N1 component in the majority of (but not all) late implanted
children is in marked contrast to the normal hearing, early implanted, and mid implanted
children and indicates abnormal higher-level auditory cortical development (Gilley et al.,
2005). Our findings are consistent with Eggermont and Ponton (2003) who reported that the
N1 component in the CAEP was absent in cochlear implanted subjects who had been deaf
for a period of at least 3 years.

3.3. Converging evidence for sensitive periods in the central auditory system

As described above, both P1 and N1 CAEP components point to similar characteristics of
the sensitive period for central auditory development in deafness. Namely, implantation
below the age of 3.5 allows for optimal use of the heightened neuroplasticity present in the
early stages of the sensitive period, with an ending of the sensitive period occurring around?
years old. Since the current FDA approved age for pediatric cochlear implantation is 12
months, early implantation is highly possible in most cases. In all, implantation before age
3.5 years results in essentially normal development of the central auditory pathways.
Furthermore, cochlear implantation at younger ages within this period takes maximal
advantage of the high degree of developmental plasticity in the central auditory system. Of
additional note are recent findings that early bilateral implantation within this timeframe
with minimal age separation between the two implants is preferable (Gordon et al., 2011).

The results from children with cochlear implants described above are consistent with animal
studies that also describe a sensitive period for cochlear implantation. Kral et al. (2002)
showed that congenitally deaf cats that had received a cochlear implant by age ~3.5 months
exhibited increased cortical activation and decreased cortical response latencies. On the
other hand, cats that were implanted a short time later showed minimal cortical activation
that was reminiscent of congenitally deaf cats that never received cochlear implants.
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Further converging evidence for the sensitive period for central auditory maturation used
positron emission tomography (PET) brain imaging to examine cortical development in deaf
children who were cochlear implant candidates (Lee et al., 2001, 2005, 2007; Oh et al.,
2003). In these studies, the investigators assessed resting cortical metabolic rate and regional
density cerebral blood flow in children who had experienced different durations of deafness
prior to implantation. Children who had undergone shorter durations of deafness (i.e., ~3-4
years) presented with decreased spontaneous glucose metabolism in the auditory cortices
and good post-implantation behavioral outcomes. On the other hand, those who had
experienced durations of deafness exceeding 6—7 years old demonstrated normal
spontaneous metabolism in the auditory cortices and poor outcomes after implantation.
Normal metabolic rates preceding implantation in the auditory cortices of children who had
undergone long-term auditory deprivation suggested that the auditory cortices had been
appropriated for processing by other sensory modalities. In contrast, decreased metabolic
levels pointed to cortices that were available for the performance of auditory function.

A clear effect of age of implantation on functional outcome has also been borne out by
behavioral assessment of children with cochlear implants. That is, numerous studies have
established that children implanted before the age of 3—4 years tend to show superior speech
and language outcomes in relation to children implanted after age 6—7 years (Dunn et al.,
2014; Geers, 2006; Harrison et al., 2005; Holt and Svirsky, 2008; Niparko et al., 2010;
Robbins et al., 2004; Svirsky et al., 2004; Wang et al., 2008). Though these data have
proven highly informative, a more pertinent question may be whether children implanted
before the FDA approved age of 12 months significantly outperform their peers who are
implanted at or after age 1 year (but before age 3 years). Thus far, the results have been
mixed, especially when duration of implant use is considered (e.g., Dettman et al., 2007;
Havy et al., 2013; Miyamoto et al., 2008; Tajudeen et al., 2010). While age of implantation
is an important factor, there are many variables which influence outcomes in spoken
language for children with cochlear implants and these include socio-economic status,
parent—child interaction, communication modality among others (Clark et al., 2012; Cruz et
al., 2013; Niparko et al., 2010; Quittner et al., 2013).

3.4. Mechanisms that mediate sensitive periods

What is remarkable about ages 3.5 and 7 years during central auditory development in
children? The 3.5 years age cut-off reflects, at least in part, the timeline for synaptogenesis
in the temporal cortex. That is, synaptic density increases in infancy and childhood until it
reaches its height in the auditory cortex around 3.5-4 years old. This intense proliferation of
synapses is followed by a steep decline in number of synapses due to synaptic refinement
(Huttenlocher and Dabholkar, 1997). Given that early synaptogenesis is, in large part,
intrinsically driven, it appears to provide a great deal of flexibility concerning the
introduction and effects of auditory stimulation (i.e., a kind of protective effect) for the first
3-4 years of life. In contrast, later synaptogenesis has been shown to be activity-dependent.
In fact, congenitally deaf cats, which have not received cochlear implants within the
sensitive period, exhibit significant delays in synaptogenesis, especially in infragranular
cortical layers (Kral and Sharma, 2012; Kral et al., 2001, 2005). This is likely why, if
implantation is carried out within the sensitive period, it provides the external stimulation
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necessary for synaptic refinement to occur via ‘pruning’ (Kral, 2007), and why late
implantation leads to delays in maturation.

Along with synaptogenesis, myelination of long fiber tracts is another developmental
process which influences conduction times of cortical auditory evoked potentials in
development. Myelination in the temporal cortex is adult-like by age 7-8 years (Eggermont
and Moore, 2012; Su et al., 2008). Though speculative at this point, given the 7 year age cut-
off, it is plausible that the dynamics of myelination may be related to the close of the
sensitive period for central auditory development.

Structural measures reflecting auditory experience and development, such as the cortical
thickness of Heschl’s Gyrus in auditory cortex, have also been correlated with the N1
response (Fu and Zuo, 2011; Liem et al., 2012). As children age through pre-adolescence,
region-dependent decreases in gray matter volume occur, concurrent with white matter
volume increases, possibly providing a structural basis for developmental changes reported
for the N1 CAEP (Gogtay et al., 2004; Group B.D.C., 2012; Lenroot and Giedd, 2006;
Muftuler et al., 2011). Age 7 years has been implicated as an age at which major structural
changes are taking place, allowing cortical networks to form and function appropriately (Nie
et al., 2013). It is interesting to note that it is around this age (7 years) that the N1 CAEP
becomes clearly apparent in typical stimulation paradigms in normal hearing children.

Thus, it appears that by age 7 years, a turning point is reached in the development of cortical
synaptic formation and myelination when gray matter begins to decrease, cortical folding is
stable, and global cortical connections become more efficient (Nie et al., 2013). These
massive developmental cortical changes coincide with, and are likely related to, an age after
which auditory developmental plasticity, while present, is likely reduced.

4. Cross-modal re-organization in the auditory cortex

4.1. De-coupling in auditory cortex

Kral et al. (2005) have described a sensitive period in congenitally deaf cats of
approximately 3.5 months. When electrical stimulation is introduced via a cochlear implant
following four months of deafness, delays are seen in the activation of supragranular layers
of the cortex, and activity at longer latencies and in infragranular layers (layers V and V1) is
virtually absent (Kral et al., 2005). In these subjects, the near-absence of afferent currents in
layers IV and 111 suggests immaturity of inhibitory synapses and an alteration of information
flow from layer 1V to supragranular layers. In typically developing cats, the higher-order
auditory cortex projects back to Al (primary auditory cortex), mainly to the infragranular
layers (V and V1), and then sends long-range feedback projections to the subcortical
auditory areas. Thus, the absence of activity in infragranular layers in congenitally deaf cats
seems to suggest a functional decoupling of primary cortex from higher-order auditory
cortex, which, in turn, affects the aforementioned feedback projections to the subcortical
auditory system (Kral et al., 2000, 2002, 2005). Kral has speculated that a similar partial or
complete decoupling between Al and higher-order cortex may occur in congenitally deaf
children at the close of the sensitive period (Kral, 2007; Kral and Sharma, 2012) due to the
lack of extrinsic input spurring development.
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The N1 CAEP provides a biomarker of higher order auditory cortical development as it is
predominantly generated in higher-order auditory cortex, with input from cortico-cortical
reciprocal loops between primary and secondary auditory cortices (Godey et al., 2001; Kral
and Eggermont, 2007; Liegeois-Chauvel et al., 1994; Wunderlich and Cone-Wesson, 2006).
As reported above, the N1 CAEP data from cochlear implanted children show that most
children who are implanted after age 7 years never develop an N1 response (consistent with
Eggermont and Ponton, 2003). This finding is in stark contrast to children implanted before
a sensitive period of 3.5 years who develop an N1 component that is similar in morphology
and latency to that found in normal hearing children (Sharma and Dorman, 2006). Given the
higher order origins of the N1, it is likely that the missing N1 wave in late implanted
children is indicative of improper activation of higher-order areas, which, taken together
with the above data from congenitally deaf cats, is likely due to partial or total decoupling of
higher-order areas from the primary auditory cortex. That three children in the late-
implanted group showed development of an N1 response (consistent with Gordon et al.,
2008) suggests that at least some late implanted children can exhibit partially developed
cortico-cortical connections, despite less than optimal timing of implant fitting. It is likely
that factors such as an early period of normal hearing, good aided hearing, and intensive
auditory rehabilitation may mitigate complete cortico-cortical and intra-hemispheric
decoupling in long-term deafness (Dinces et al., 2009; Gordon et al., 2008; Waltzman et al.,
2002).

The functional consequences of de-coupling of auditory cortices may be quite serious for
learning. That is, with longer-term deprivation of auditory input, not only does the bottom-
up capacity for information processing decrease, but there is also an inability to integrate the
afferent information with cognitive top-down modulatory influences from higher-order
cortices (Kral, 2007). Late implanted children, therefore, may have difficulty attaching
meaning to the auditory stimuli encoded by their cochlear implants, resulting in deficient
oral language learning.

re-organization

When higher-order auditory cortex, which is inherently multimodal, lacks normal auditory
input through typical neural connectivity to primary auditory cortex, it may become
dominated by other sensory input in long-term deafened children. Using current density
reconstructions, Gilley et al. (2008) reported that early implanted children showed temporal
activation that was similar to normal hearing children. On the other hand, late implanted
children (i.e. implanted after age 7 years) primarily showed activation of parietotemporal
cortex (in response to auditory stimulation). This finding points to an atypically distributed
network of brain areas that is associated with the poor auditory processing and deficient oral
language acquisition typically seen in late-implanted children.

Cross-modal plasticity is another form of cortical re-organization associated with deafness.
This form of plasticity occurs when an intact sensory modality recruits cortical resources
from a deprived sensory modality to increase the processing capabilities of the intact
modality as compensation for the effects of sensory deprivation. Converging evidence
suggests that the visual and somatosensory systems are both involved in the cross-modal
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recruitment of higher-order auditory cortex in deafness. For instance, some studies have
shown activation of the higher-order auditory cortex by visual motion stimuli in deaf adults
(Buckley and Tobey, 2011; Doucet et al., 2006; Fine et al., 2005; Finney et al., 2001, 2003;
Neville et al., 1983; Rebillard et al., 1977; Sadato et al., 2005) and adults with mild-
moderate hearing loss (Campbell and Sharma, 2014). Other investigators have presented
evidence of activation of higher-order auditory and association cortices in response to
somatosensory (i.e., vibrotactile) stimulation in similar participants (Baldwin, 2001;
Levanen, 1998; Sharma et al., 2007). Furthermore, both auditory and somatosensory stimuli
(e.g., Braille reading) activate visual cortex in blind adults (Cohen et al., 1997; Hamilton and
Pascual-Leone, 1998; Hyvarinen et al., 1981a,b; Kujala et al., 1995; Sadato et al., 1996; Uhl
etal., 1991).

Despite routine early implantation in current clinical practice, there exists tremendous
variability in behavioral outcomes for cochlear implanted children. Geers et al. (2009)
reported that less than 50% of the variability in speech and language performance of
implanted children could be accounted for, using demographic factors, such as age of
implantation. Henkin et al. (2008) described poor speech perception scores for many
children implanted within 3.5 years, which provides further evidence of the variability in
behavioral outcome in even early implanted children. Compensatory cross-modal re-
organization, which results in areas of auditory cortex being re-purposed by vision or
somatosensation, has been implicated as a factor that may further explain some of the
variable outcomes for auditory processing in children with cochlear implants.

Recent studies have described a strong correlation between cross-modal re-organization and
poor outcomes with cochlear implants in deaf adults (Buckley and Tobey, 2011; Doucet et
al., 2006; Sandmann et al., 2012). Here we present new preliminary evidence that cross-
modal plasticity may influence speech perception performance in pediatric cochlear implant
recipients. In ongoing investigations in our laboratory, we are conducting large-scale studies
of visual and somatosensory cross-modal re-organization and whether these phenomena
predict behavioral outcomes in cochlear implanted children. We use high-density 128-
channel EEG, with methods identical to Campbell and Sharma (2013, 2014).

In Fig. 3, current density reconstructions (CDRs) computed via SLORETA show activated
regions as illustrated on sagittal and coronal MRI slices. Yellow regions reflect maximal
cortical activation, while brown/black regions reflect the areas of least activation. In Fig. 3A
we show cortical activation elicited by visual stimuli in a normal hearing (NH) child (left
panel), a high-performing cochlear implanted child (middle panel), and an average-
performing cochlear implanted child (right panel). The visual stimuli used have been shown
to activate higher-order visual cortices, including both dorsal and ventral streams due to the
percept of apparent motion and shape change (Bertrand et al., 2012; Campbell & Sharma,
2014; Doucet et al., 2006; Wilkinson et al., 2000). As can be seen for the P2 cortical visual
evoked potential (VEP) component, the NH child and the high-performing cochlear
implanted child (96% speech perception score) show expected occipital activation in
response to visual stimulation, including higher-order visual cortex (middle occipital gyrus,
fusiform gyrus, and lingual gyrus). On the other hand, the average-performing cochlear
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implanted child (67% speech perception score) exhibits occipital activation and activity in
superior temporal gyrus and medial temporal gyrus.

Fig. 3B describes case results evaluating somatosensory activation in cochlear implanted
children. In response to vibrotactile stimulation of the right index finger, a NH child (left
panel) and a high-performing cochlear implanted child (94% speech perception score;
middle panel) show activation of somatosensory cortex in the post-central gyrus at 76 ms
post-stimulation (i.e., the N70 cortical somatosensory evoked potential component;
Hémaélainen et al., 1990). On the other hand, an average-performing cochlear implanted
child (72% speech perception score; right panel) presented with activity in somatosensory
cortex, superior and transverse temporal gyri, and parietal association cortical areas at a
similar post-stimulus latency. Given that superior temporal gyrus is associated with auditory
processing, results from Figure 3A and B may be suggestive of cross-modal re-organization
in the average-performing cochlear implanted children.

While the data from Fig. 3 should be interpreted cautiously, since they reflect individual
cases, they show that both visual and somatosensory stimulation can activate auditory
cortical areas in cochlear implanted children. Furthermore, it appears from these data that
such cross-modal re-organization may be related to less than optimal outcomes with the
cochlear implant. Although preliminary, these results are consistent with a recent study
showing a negative correlation between visual cross-modal re-organization and speech-in-
noise perception in adult-onset, mild-to-moderate hearing loss (Campbell and Sharma,
2014). Large-scale studies are needed to determine the extent to which cross-modal re-
organization may be a predictive factor in pediatric cochlear implant success. Future
research should also determine whether cross-modal plasticity might be utilized in a
beneficial manner, for example in a multimodal auditory training paradigm, to customize
rehabilitation for individual deaf children.

assessment of developmental plasticity for improved clinical

From determination of candidacy for cochlear implantation, to verification of the efficacy of
the implant in promoting cortical maturation, the developmental status of the auditory cortex
can be monitored and used in clinical decision-making (Carter et al., 2010; He et al., 2012;
Hossain et al., 2013; Thabet and Said, 2012). For instance, the P1 CAEP has been employed
as a tool in determining whether a patient is a candidate for a cochlear implant. That is, if a
deaf child who has been using hearing aids does not show evidence of developmental
progress (i.e., delayed or absent P1 CAEP latency) with amplification, then cochlear
implantation may be a viable option. This technique is especially useful in infants and young
children in whom the P1 is expected to be the most robust CAEP component and in whom
behavioral data, such as measures of speech and language development, are limited
(Campbell et al., 2011; Cardon et al., 2012; Cardon and Sharma, 2013; Golding et al., 2007;
Pearce et al., 2007; Purdy and Gardner-Berry, 2009; Sharma et al., 2005a,b, 2011a,b, 2013).
CAEPs can also be used following implantation to evaluate the effectiveness of this
treatment. Based on the N1 CAEP data from cochlear implanted children that we report in
this paper, it would be useful to measure the N1 in school-age implanted children to monitor
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long-term maturational status of their higher-order auditory cortex and cortico-cortical
coupling, as a function of their speech, language, academic outcomes and auditory training.
Thus, the P1 and N1 CAEPs can be used as biomarkers at different stages in childhood to
examine developmental plasticity of the central auditory system in individual patients and
guide clinical decision-making regarding treatments and rehabilitation.

6. Summary and conclusion

Optimal development of oral speech and language skills is dependent upon auditory cortical
development, which is in turn dependent on sufficient auditory experience. In children with
congenital and early-onset deafness, higher-order auditory cortices do not have the
opportunity to develop normally unless adequate auditory stimulation is received, usually
via cochlear implantation. If auditory stimulation is initiated within a brief sensitive period
early in childhood, maturation of the primary auditory cortex progresses, providing input for
higher-order auditory cortices and allowing feedback circuitry to develop. This maturation,
in turn, typically leads to improved acquisition of speech and oral language. Long-term
deafness extending beyond the early school-age years may result in significant cortical re-
organization, including a lack of connectivity between primary and higher order cortices.
Cross-modal repurposing of areas of auditory cortex by visual and somatosensory modalities
is another form of re-organization that may influence behavioral outcomes for deaf children.
Future research is needed to determine the extent to which cross-modal plasticity can be
harnessed to develop individually customized rehabilitation programs targeted at improving
clinical outcomes for cochlear implanted children.
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N1 CAEP development in cochlear implanted children. A. Cortical auditory evoked
potentials (CAEPs) recorded in normal hearing children ages 0 to 15 years. Time in
milliseconds is shown on the horizontal axis, and amplitude in microvolts on the vertical
axis. The grand average waveform per age group, number of subjects included in the grand
average, and percentage of children showing the N1 for that age group are described in the
panels to the right of the waveforms. Developmental changes in P1 and N1 latencies are
depicted by the dashed lines. B. CAEP grand average waveforms in early cochlear
implanted children (implanted under 3.5 years). C. CAEP grand average waveforms in the
mid cochlear implanted group (implanted between 3.5 and 7 years). D. CAEP grand average
waveforms in the late cochlear implanted group (implanted after 7 years). For panels B, C
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and D, the grand average waveform per age group, the number of subjects included in the
grand average, mean implant experience, fit age, and percentage of children showing the N1
for the specific age group are described for each age group.
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Fig. 2.
N1 CAEP occurrence as a function of age of implantation. A subset of children ages 6 years

and older was analyzed. Age 6 years was used as a criterion for reasonable detectability of
the N1 based on studies of normal hearing children. The red arrow indicates the age of
cochlear implantation at which cluster analysis determined two separate age clusters (ages
2.02-6.58 years; ages 7.61-14.63 years) of subjects based on their implantation age and the
presence of the N1. The vertical axis shows the number of children presenting with the N1
and the horizontal axis shows the age of implantation, divided into one-year increments.
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Fig. 3.
A. Visual cross-modal re-organization in children with cochlear implants. Visual gradient

stimulation was presented to a child with normal hearing and two children with cochlear
implants. Current density reconstructions (CDRs) of the cortical visual P2 component
computed via SLORETA show activated regions as illustrated on sagittal MRI slices. Yellow
regions reflect maximal cortical activation, while brown/black regions reflect the areas of
least activation. Left panel: a 10 year-old child with normal hearing shows activation of
higher-order occipital cortices in response to visual stimuli. Middle panel: an 8 year-old
cochlear implanted child with a speech perception score of 96% on the Lexical
Neighborhood Test, shows similar activation of higher-order visual areas, such as middle
occipital gyrus, fusiform gyrus, and lingual gyrus. Right panel: in contrast, a 7 year-old
cochlear implanted child with a speech perception score of 67% on the Multisyllabic Lexical
Neighborhood Test shows activation of occipital areas and superior temporal gyrus and
medial temporal gyrus. B. Somatosensory cross-modal re-organization in children with
cochlear implants. Vibrotactile stimulation of the right index finger was presented to a child
with normal hearing and two children with cochlear implants. Current density
reconstructions (CDRs) of the cortical somatosensory N70 component computed via
SLORETA show activated regions as illustrated in coronal MRI slices. Left panel: a normal
hearing 7 year-old child shows activation of somatosensory cortex in the post-central gyrus.
Middle panel: a 13 year-old cochlear implanted child with a speech perception score of 94%
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on the Consonant Nucleus Consonant (CNC) test shows similar activation of somatosensory
cortex in post-central gyrus. Right panel: in contrast, a 15 year-old cochlear implanted child
who showed average performance on the CNC speech perception test (76%) exhibited
activation of the somatosensory cortex, superior and transverse temporal gyri, and parietal
cortex.
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