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Congenital deafness leads to atypical organization of the auditory nervous system.
However, the extent to which auditory pathways reorganize during deafness is not well
understood.We recorded cortical auditory evoked potentials in normal hearing children and
in congenitally deaf children fitted with cochlear implants. High-density EEG and source
modeling revealed principal activity from auditory cortex in normal hearing and early
implanted children. However, children implanted after a critical period of seven years
revealed activity from parietotemporal cortex in response to auditory stimulation,
demonstrating reorganized cortical pathways. Reorganization of central auditory
pathways is limited by the age at which implantation occurs, and may help explain the
benefits and limitations of implantation in congenitally deaf children.
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1. Introduction

Development andorganization of sensory pathways in the cortex
is dependent on sensory experience. A lack of sensory input, such
as indeafness, impedes thenormalgrowthandearly connectivity
needed to form a functional sensory system — in some cases
irretrievably (Wiesel and Hubel, 1965). Evidence from animal
models of congenital deafness has revealed abnormal formation
ofauditorynerve fibers that terminate in the lowerbrainstem(Lee
et al., 2003; Ryugo et al., 2005). Other animal models have shown
reduced synaptic activity in the sensory deprived auditory cortex
in response to acute electrical stimulation (Kral et al., 2002). In
layer specific recordings fromauditory cortex in congenitally deaf
cats, supragranular layers showed less synaptic activity with
decreased response amplitudes and increased response latencies
compared to normal-hearing cats, while infragranular layers
showed very little synaptic activity at all (Kral et al., 2000).
Moreover, the synaptic currents had significantly reduced sink
amplitudes, suggesting deficient corticothalamic and corticocor-
u (P.M. Gilley).
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tical projections. The reduced responsiveness of these physiolo-
gicalmechanismsmaybedue to adeteriorationof the supporting
anatomical structures during deprivation, to a reorganization of
those structures, or to a combination thereof.

In humans, the cortical auditory evoked potential (CAEP)
provides information about maturation of auditory pathways
terminating in auditory cortex, and reflects recurrent cortical
activity mediated by corticothalamic loops (Eggermont, 1992;
Kral et al., 2002). These recurrent loops mediate sub-
sequent corticocortical projections (Winguth and Winer,
1986) that may be disrupted after auditory deprivation.
Restoring function to these modulatory projections may be
possible with cochlear implantation, as long as the central
auditory system (CAS) remains maximally plastic and the
effects of degeneration have not completely taken effect.
Indeed, evidence from animal data reported by Klinke et al.
(1999) have found that at least some deprivation effects can
be reversed with chronic electrical stimulation to the auditory
pathways. However, while early-implantation in a maximally
.
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Fig. 1 – Stacked, butterfly plots of the CAEP from 64 scalp
electrodes for (A) normal hearing children, (B) early
implanted children, (C) and late implanted children. The
vertical black line in each plot represents time 0ms; the onset
of the stimulus. The time window for each plot includes a
100 ms pre-stimulus interval and a 600 ms post-stimulus
interval. The vertical gray box over each plot represents the
region of the P1 CAEP, on which the source analyses were
performed.
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plastic CAS restores maturation of the auditory pathways,
providing auditory input after prolonged deprivation may not
initiate stimulus driven reorganization with the same success.

The latency of the P1 CAEP has been used to examine CAS
maturation in children with cochlear implants. Sharma et al.
(2002a,b,c) and Ponton et al. (1996) examined P1 latencies in
children with CIs and revealed prolonged latencies compared
to normal-hearing children. Further analysis revealed that P1
latency appears to continue a developmental progression after
implantation. Moreover, Sharma et al. (2002a,b,c) showed that
age of implantation was a critical factor in P1 latency
maturation. Children implanted after age 7 years did not
show age appropriate P1 latencies, while children implanted
prior to age 3.5 years showed P1 latencies within the normal
developmental limits. Further examinations of P1 latencies in
children with CIs compared to a group of age-matched
normal-hearing peers, revealed no significant differences in
P1 latency between the early-implanted and normal hearing
children (Sharma et al., 2002a). Collectively, these data suggest
a sensitive period of about 3.5 years for which auditory
stimulation is necessary to promote normal maturation of
the CAS as revealed by the P1 CAEP.

Children who are implanted after the age of seven years
almost always show evidence of abnormal central auditory
maturation when examining the latency of the P1 response
(Sharma and Dorman, 2006; Sharma et al., 2002b, 2005).
However, if implantation occurs very early in childhood,
then the P1 latency will typically follow a normal develop-
mental trajectory (Sharma et al., 2002a,b). Furthermore, it is
well established that the earlier in life a deaf child receives a
cochlear implant, the better their development of natural
language skills (Colletti et al., 2005; Connor et al., 2006; Francis
and Niparko, 2003; Kang et al., 2004; Kirk et al., 2002). Taken
together, these results support the conventional wisdom that
early stimulation is necessary to support normal sensory
development. Understanding the physiological mechanisms
associated with both normal and abnormal sensory develop-
ment may help us better understand and plan for successful
rehabilitation in children with cochlear implants.

There is evidence from animal and human studies to
suggest at least some level of cross-modal reorganization from
one sensory modality when another modality is deprived of
input (Armstrong et al., 2002; Doron andWollberg, 1994; Lee et
al., 2001; Yaka et al., 2000). Restoring auditory input to a
reorganized system may mean that functional access to the
cortex is limited to those pathways still available after a
prolonged period of deprivation. It is likely that the time
course of deterioration and reorganization of the deprived
auditory pathways limits the success of restoring auditory
input with a cochlear implant (CI). Therefore, restoring input
very early to a highly plastic auditory systemwill likely lead to
an improved chance of typical auditory function.

In research reported here, we used current source recon-
struction and dipole source analyses derived from high
density EEG recordings to estimate generators for the P1
response in three groups of children: Normal hearing children,
congenitally deaf children who received a cochlear implant
before the age of four years, and congenitally deaf children
who received a cochlear implant after the age of seven years.
At issue was whether cortical organization as reflected by the
generators of the P1 response was the same for the three
groups of listeners.
2. Results

2.1. P1 CAEP

Fig. 1 shows the grand mean CAEPs from each of 64 scalp
electrodes as butterfly plots in each of the three groups tested.
CAEP responses in all subjects revealed morphologies consistent
with thosedescribedpreviouslybySharmaandothers (2002a).The
morphology of the grandaverage responses in thenormal hearing
(NH) children and in the early implanted children are nearly
identical. However, the late implanted children revealed different
morphologies, with generally lower amplitude responses.

P1 CAEP latencies and amplitudes were each treated as the
response variable in a one-way ANOVA. Results of the ANOVA
revealed a significant main effect for P1 latency [F(2,23)=35.52,
pb0.0001]. A post-hoc comparison of means (Duncan’s test)
revelednosignificantdifferencebetweenNHandearly implanted
children, but did find a significant difference between late
implanted children and each of the other two groups (pb0.05).
Results of the ANOVA for P1 amplitude revealed no significant
effects between any of the three groups [F(2,23)=1.23, p=0.31].

2.2. Current source reconstructions

Current source reconstructions were performed using the
sLORETA algorithm as presented in the Curry 6.0 software.
Results of source reconstructions are shown in Fig. 2 and
Table 1. Fig. 2A shows themean source activity for the P1 CAEP
in NH children as projected to a representation of the cortical
surface. In NH children the sLORETA solutions place the
primary source of activity around the right inferior temporal
gyrus (ITG), and bilaterally in the superior temporal sulcus
(STS). Current source reconstructions for the early implanted



Fig. 2 – Current density reconstructions of the P1 cortical auditory evoked potential projected to the cortical surface in (A) normal
hearing children, (B) early implanted children, and (C) late implanted children. Activity is represented as a normalized
probability of cortical activity from the inverse solution; a distributed F-value. F-distribution values are labeled in the color bar
for each group. Deep layer activity at the superior temporal sulcus in normal hearing and early implanted children is not visible
in the surface projections, but can be seen in the cut-plane slices of temporal cortex in the lower panel of each figure section.
Electrode positions for children with a right implant were mirrored on the scalp for visualization of contralateral sources.

Table 1 – Center of mass activity for sLORETA solutions

MNI coordinates
(mm)

Cortical region

X Y Z

Normal hearing 46.2 −20.4 −28.2 Right ITG
66.8 −24.5 −0.8 Right STS

−55.1 −8.7 4.1 Left STS
Early implanted 63.6 −8.7 −0.8 Contra MTG/STS
Late implanted 56.3 −26.5 24.2 Contra PCG

Note.
ITG=inferior temporal gyrus, STS=superior temporal sulcus,
MTG=middle temporal gyrus, PCG=post-central gyrus,
Contra=contralateral to CI.
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children are shown in Fig. 2B. Similar to the NH children, early
implanted childrenwith an implant in the left ear show peak P1
CAEP activity over the right ITG and in the STS just at the
junction of themiddle temporal gyrus (MTG) contralateral to CI
stimulation. Early implanted children with an implant in the
right ear show activation in the contralateral STS and in the
right ITG, but with less focal activity, likely caused by decreased
power in the reconstructions due to less accurate noise
estimations (i.e., smaller sample size). In addition to the activity
in the right inferior temporal gyrus, the early implanted
children reveal some source activity at the contralateral
parietotemporal cortex, however this finding is purely descrip-
tive in nature.

Responses in late implanted children revealed source
activity focused in parietotemporal cortex at the post-central
gyrus contralateral to the CI stimulation as shown in Fig. 2C. In
the case of the children with implants in the right ear, the
dispersion of activity was broader, indicating less specificity of
the source localization, likely due to the less accurate noise
estimations.

2.3. Dipole source analyses

Fixed coherent dipoles were fitted to the peak P1 CAEP
responses in each of the three groups based on the sLORETA
reconstructions and a priori hypotheses of P1 source activity
(Khosla et al., 2003; Scherg and Von Cramon, 1985, 1986).
Dipole source modeling is an adequate supplementary
analysis to current source reconstruction, as the analysis
increases the accuracy of the temporal point source localiza-
tionwhen spatio-temporal smearingmay occur to overlapping
peaks seen across the scalp recorded potential (Waberski et al.,
2001). The best fit results for NH children revealed bilateral,
symmetric dipoles at the transverse temporal gyri, medially
(MNI coordinates: X=+/−47.7 mm, Y=−16.3 mm, Z=13.8 mm).
Fig. 3A shows the dipole source reconstructions for NH
children.

For early implanted children, the best dipole fit was
revealed as a single dipole source originating from the right
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transverse temporal gyrus, medially (MNI coordinates:
X=42.6 mm, Y=−30.0 mm, Z=8.0 mm) explaining 86.59% of
the variance (normalized). For the late implanted children, the
best dipole fitwas revealedas a singledipole source originating
from the right parietotemporal cortex, just at the dorsal
portion of the posterior cingulate cortex (MNI coordinates:
X=30.2 mm, Y=−54.0 mm, Z=28.7 mm) explaining 88.38% of
the variance. Dipole source reconstructions for early and late
implanted children are shown in Fig. 3A and B, respectively.
To verify solutions on grand average data, dipole solutions
were computed for the P1 CAEP in each individual subject.
Table 2 lists the MNI coordinates for each subject’s dipole fit.
The solution error for each subject was considered as the
Euclidian distance from the individual’s dipole to a reference
dipole in auditory cortex, in this case the group dipole solution
fromnormal hearing children. Fig. 4 shows a representation of
the solution error for each subject group. Error distances were
treated as the response variable in a one-way ANOVA, with
hearing group as the between subject variable. Results of that
analysis revealed a significant main effect of distance error
[F(3,30)=5.09, p=0.0057]. A post-hoc comparison of group
means (Duncan’s test) revealed a significant difference in
error distance between the late implanted group and all other
groups (pb0.05). No significant differences were found
between the NH group and the early implanted group.

Two normal hearing subjects revealed solutions in post-
central gyrus, just superior to the superior temporal sulcus.
Individual solutions in the early implanted children revealed
dipoles in temporal cortex contralateral to the implant in six of
the eight subjects. One early implanted subject revealed a
solution in the contralateral insular cortex, a deep structure
separating temporal and parietal cortices, and one subject
revealed a dipole in the contralateral post-central gyrus. As
expected, individual dipole solutions for the late implanted
group revealed a large degree of variability for P1 sources, all
outside of auditory regions (see Table 2). Sources for all but one
late implanted subject were localized to the contralateral
cortex. One late implanted subject revealed a dipole fit to the
ipsilateral, pre-central gyrus.

Dipole sources in both the early and late implanted
children were fit only to the hemisphere contralateral to CI
stimulation, and each explained less than 90% of the data. To
Fig. 3 – Regional dipole source solutions for the P1 cortical
auditory evoked potential in each of three groups. Dipoles are
shown at the location of best fit in each of three views:
sagittal, coronal, and transverse. Dotted lines that surround
the dipoles represent the 95% confidence ellipsoids for the
solution. (A) Normal hearing children revealed bilateral,
symmetric dipoles at the transverse temporal gyri, medially
(MNI coordinates: X=−47.7 mm/47.7 mm, Y=−16.3 mm,
Z=13.8 mm) with dipole strengths of q=27.9 μAmm and
q=25.3 μAmm, respectively, and explaining 98.09% of the
variance in the data. (B) Early implanted children revealed a
single dipole contralateral to the ear of stimulation
(represented by the yellow arrow and C.I. label;
“C”=contralateral, “I”=ipsilateral) at the transverse temporal
gyrus, medially, and slightly posterior to that of the normal
hearing group (MNI coordinates: X=42.6 mm, Y=−30.0 mm,
Z=8.0 mm) with a dipole strength of q=9.29 μAmm and
explaining 83.67% of the variance in the data. (C) Late
implanted children revealed a single dipole contralateral to
the ear of stimulation (represented by the yellow arrow and
C.I. label) at the parietotemporal lobule, medially, just dorsal
to the posterior cingulate cortex (MNI coordinates:
X=30.2 mm, Y=−54.0 mm, Z=28.7 mm) with a dipole
strength of q=17.4 μAmm and explaining 73.3% of the
variance in the data.



Table 2 – Coordinates for individual dipole fits

Subj Stimulation MNI coordinates (mm)

X Y Z

N1 Binaural +/−41.7 −17.0 −10.9
N2 Binaural +/−55.2 −21.9 −7.9
N3 Binaural +/−39.0 −18.9 −10.9
N4 Binaural +/−51.0 2.6 −5.0
N5 Binaural +/−36.1 −10.1 −7.0
N6 Binaural +/−34.2 −29.7 8.7
N7 Binaural +/−44.1 −20.9 24.4
N8 Binaural +/−51.8 −18.9 13.6
N9 Binaural +/−55.9 2.6 −19.7
E1 Left CI 34.7 −21.9 13.6
E2 Left CI 65 −18 2.1
E3 Left CI 36.8 −33.6 0.9
E4 Left CI 45.5 −46.3 11.6
E5 Left CI 32.8 −23.8 7.7
E6 Right CI −27.8 −41.4 8.7
E7 Right CI −34.8 3.5 13.6
E8 Right CI −43.6 −24.8 21.5
L1 Left CI 36.4 −27.9 30
L2 Left CI 23.1 −70.4 1.8
L3 Left CI 58.4 −32.6 3.8
L4 Left CI 36.7 −0.8 9.7
L5 Left CI 27.9 −52.2 23.4
L6 Right CI −36.6 −74.6 46
L7 Right CI −43.6 −69.5 4.8
L8 Right CI 50.5 −14 42

Note.
Subj=subjects by group where "N" is normal hearing, "E" is early
implanted, and "L" is late implanted.
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test whether a second dipole source could help explain the
variance, we forced the dipolemodel to fit 2 dipoles for each of
the implanted groups to rule out any missed components. In
both cases, forcing a second dipole did not improve the
detection of brain sources, but, instead, decreased the amount
of explained variance and moved the dipole sources to
anatomical regions that were physiologically unlikely to
produce the recorded activity. Based on this information,
and the closeness of fit with the sLORETA solutions, we
accepted the single dipole fits as the most likely and most
accurate fit model.
3. Discussion

We have found differences in generator sites for the P1 CAEP
in normal hearing children, children who received a cochlear
implant early in childhood and in children who received an
implant later in childhood. We suggest that these differences
are engendered by different degrees of cortical reorganization
following different durations of deafness. It is important to
note, however, that current density reconstructions and group
dipole fits were performed on group average data, which
inherently includes some expected variability from individual
subjects. We examined this variability by estimating dipole
sources for each individual subject. Those results confirm the
general pattern of contralateral activity dominating the P1
response in implanted children, which was observed in 15 of
the 16 implanted subjects.
3.1. Current source reconstructions

The results of the current source reconstructions in NH
children revealed dominant activity in the right ITG, and
bilateral STS. The stronger activity in the right hemisphere is
consistent with the results of previous ERP studies showing
greater right than left temporal activity during early auditory
processing (Hine and Debener, 2007). However, it is important
to note that the stronger right hemisphere activity in the
present data has only been observed at a descriptive level, as
this result is reflected in the current source reconstructions of
group average data.

3.2. Dipole source analyses

To gain a clearer understanding of the underlying activity
observed by the sLORETA solutions, we performed a dipole
source analysis of the P1 CAEP activity in each group, and in
each subject. Results of that analysis for normal hearing
children revealed bilateral symmetric activations along the
superior temporal sulcus, consistent with auditory cortical
activity and with traditional findings of dipole sources for P1
activity (Ponton et al., 2002; Scherg and Von Cramon, 1985).
Early implanted children revealed only a single dipole in the
auditory cortex contralateral to auditory stimulation. These
results are consistent with converging anatomical evidence
that classical auditory pathways terminate, primarily, in the
contralateral cortex (Demanez and Demanez, 2003; Menen-
dez-Colino et al., 2007). Late implanted children revealed a
single dipole in the parietotemporal cortex, consistent with
the activity found in the current source reconstructions, and
reflecting the lack of auditory activation in individual subjects
in this group.

Of particular interest in the current results is the finding
of contralateral only activation in the implanted children.
These findings seemingly contradict evidence from adult CI
users with activity localized bilaterally to auditory cortex
(Debener et al., 2008) as well as evidence from adults with
unilateral hearing loss that also reveal bilateral activity in
auditory cortex (Hine et al., 2008; Ponton et al., 2001).
However, because subjects in those previous studies had
lost their hearing in adulthood, it is possible that auditory
pathways with both ipsilateral and contralateral projections
to auditory cortex were sufficiently preserved, thus even a
monaural signal may have input to auditory areas in both
hemispheres. In the present case, we hypothesize that
such bilateral pathways may not be sufficiently developed
during congenital deafness. If this is the case, then the
present results might be evidence of a cortical de-coupling of
auditory pathways during deprivation (see section 3.4.1,
below).

There are at least three other confounds that may have
influenced source localization in the present data. First, while
implanted children only received monaural stimulation, the
NH subjects received binaural stimulation. While it is possible
that monaural stimulation of the NH subjects could have
revealed unilateral hemispheric activity, evidence inferred
from previous studies revealing bilateral activity to monaural
stimulation would suggest this is not the case (Hine et al.,
2008; Ponton et al., 2001).
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A second possible confound is the issue of the head model
for source localization. In the present study, the BEM was
constructed from an averaged adult MRI. Previous studies
have found that very little change in head size occurs after the
age of 10 years (Bartholomeusz et al., 2002). Additionally, the
BEM used in the present study was adjusted for a smaller
white matter volume typically found in this age group
(Schmithorst et al., 2008; Wilke et al., 2007). Because the
source constraints were limited only to the volume surfaces
(i.e., scalp, skull, and cortex), it is unlikely that this headmodel
resulted in additional localization error related to the age of
the subjects.

A third possible confound in the present data relates to the
signal-to-noise ratio (SNR) of the P1 response, which is a
function of the noise covariancematrix computed across all 64
scalp electrodes. Fig. 1 clearly reveals a smaller P1 response in
the late implanted children compared to the other two groups.
Although results of the ANOVA did not reveal any significant
Fig. 4 – MNI coordinates (in mm) and error distances for individu
reference dipole at the transverse temporal gyrus (from the NH gr
individual subject. For the early implanted group (upper left pane
dipoles are shown for contralateral activity (i.e., contralateral dip
comparison). Only one late implanted subject was shown to hav
removed, ANOVA results revealed a significantmain effect of erro
NH group are shown in two separate plots, representing dipole f
auditory cortex (lower right panel).
differences for P1 amplitude, such results do not preclude an
overall, smaller SNR in the late implanted group. In terms of
localization error, a smaller SNR often results in source
estimations pulled toward the center of the volume conductor.
Thismay help explain the overall movement of source activity
in the late implanted group, and may help explain the failure
of the symmetric dipole model in implanted children. How-
ever, the convergence of individual dipole fits appears to
support the present findings.

3.3. Early implanted children

The early-implanted children, like the normal-hearing chil-
dren, showed dominant activity in the right ITG and STS
(contralateral to stimulation). In addition, there was evidence
of activity in the parietotemporal cortex, although it was
minor and likely reflects the effects of two early implanted
subjects with dipoles localized to post-central gyrus and
al dipole fits. In each panel, the filled circle represents the
oup fits), and each open circle represents the dipole fit for an
l) and the late implanted group (upper right panel), individual
oles for right implanted subjects have been mirrored for
e ipsilateral activation. Even with the ipsilateral data point
r distances for the late implanted group. Individual fits for the
its for the left auditory cortex (lower left panel) and the right
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insular cortex, respectively. We have found no other reports
of parietotemporal activity during basic auditory tasks. The
parietotemporal activity may indicate reorganization follow-
ing a relatively brief period of deprivation. If this is the case,
then cortical organization is very sensitive to even brief
periods of auditory deprivation. As a consequence, very early
implantation may be necessary to allow, at least, relatively
normal organization of auditory pathways in congenitally
deaf children. Interestingly, the two extra-auditory activa-
tions described above were from two of the three right
implanted subjects, which may be evidence for a lateraliza-
tion preference, possibly related to such a preference
described for normal hearing subjects (Hine and Debener,
2007). However, such a conclusion is speculative at this time,
and further research will be necessary to examine this
possibility.

3.4. Late implanted children

Dipole solutions for late implanted children revealed focused
activity in the pariteotemporal cortex contralateral to the
stimulation. As we noted for the early implanted children,
there seems to be no precedent for this outcome (parietotem-
poral activation) in normal hearing listeners or from imaging
data from prelingually deaf patients who receive an implant
as an adult (Allen et al., 2004; Truy, 1999). We should note that,
while group results were localized to parietotemporal cortex,
not all individual subjects revealed this pattern. However,
none of the late implanted subjects revealed sources localized
to areas associated with auditory cortex. As such, the general
finding of pareietotemporal activationmay serve to reflect the
extent of cortical reorganization that may occur during
deprivation.

3.4.1. Cortical de-coupling
For the late implanted children, it is unlikely that reorganized
auditory pathways bypass auditory cortex altogether. For
example, recent PET imaging data revealed activity in the
left STS of poor CI users versus bilateral STS of good CI users
and normal controls, suggesting at least some auditory
activation in that group (Coez et al., 2007). Auditory input
first reaches the primary auditory cortex as early as 20 ms
after the onset of stimulation (Lee et al., 1984). Reciprocal
activity mediating cortico-cortical connections from infragra-
nular cortex and thalamocortical loops are likely candidates
for processes that generate the P1 CAEP observed around
100 ms in children. Although these processes represent
auditory cortex activity, they may represent second order
processing at that level. Eggermont and Ponton (2002, 2003)
discussed the potential implications of auditory deprivation
on infragranular development in the auditory cortex. It is
likely that development of laminar projections in the cortex
rely on experiencewith stimuli. Lack of stimulation then leads
to a sort of atrophied development of the axons through the
cortical layers. Lack of infragranular activity also reflects
decreased activity of corticothalamic and collicular feedback
projections (Kral et al., 2005; Raizada and Grossberg, 2003).
These feedback projections do not seem to be activated in the
auditory cortex of the deaf cat (Kral et al., 2005). Such
reorganization during development leads to a partial decou-
pling of auditory pathways. If human development follows the
same developmental trajectory in the absence of auditory
input, then activation of typical P1 generators would likely not
be observed when hearing is restored later in life. The
observed activity in the parietotemporal cortex is a reasonable
expectation in the presence of this reorganization.

3.4.2. Activation of the dorsal visual stream
after implantation
In contrast to NH children and early implanted children, the
late implanted children revealed activity outside of expected
auditory areas. Previous studies of visual activity in deaf
subjects have found increased temporal cortex activity in
response to visual stimuli (Armstrong et al., 2002; Bavelier et
al., 2001; Bavelier et al., 2000; Fine et al., 2005; Finney et al.,
2001; Proksch and Bavelier, 2002). In normal pathways,
parietotemporal cortex is associated with activity from the
dorsal visual stream, which is sensitive to motion processing.
It is possible that when auditory input is deprived during
development, pathways associated with the dorsal visual
stream begin to remap to dormant auditory areas. If this is the
case, then it would be feasible that introducing a “new”
sensory input late in childhood would artificially stimulate
pathways involved in the visual stream.

3.4.3. Functional consequences of re-organization
If we must consider that the P1 CAEP in late implanted
children is functionally different than the P1 CAEP in early
implanted and NH children, then we must also consider the
clinical implications of late implantation for behavioral
development in this group of children. In a recent review,
Kral and Eggermont (2007) discussed the mechanisms by
which top–down processing modulates the development of
the auditory system. In that paper, the authors conclude that a
lack of reciprocating modulation from bottom–up processes
may result in a reorganized auditory system, and “the ability
to learn is compromised in sensory deprivation, resulting in a
sensitive period for recovery” (Kral and Eggermont, 2007).

If reorganization has already taken place amongst the
sensory systems, and a new system (e.g., hearing) is later
introduced, what are the functional consequences to those
systems currently organized in the auditory areas? One
possibility is that introducing new stimulation would impede
the functioning of those reorganized sensory processes as
well. That is, introducing a new sensory stimulus also
introduces a new competition for resources in the cortex.
Another possibility is that the pathways are immediately
relayed to areas of multisensory convergence without the
reciprocating pathways. It is possible that the parietotemporal
activity observed in these late implanted children is repre-
senting activation of polymodal cortical areas. Such activity
should then have implications for multisensory processing. A
recent study by Rouger et al. (2007) found possible evidence for
multisensory enhancement in a group of CI users. However,
that study was performed on postlingually deafened adults
allowing, again, for the possibility that auditory pathways in
congenitally deaf children are organized in a fundamentally
differentmanner. Future testing ofmultisensory processing in
these groups of children may help shed light on the
consequences of this reorganization.
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4. Conclusions

There is considerable evidence for a developmental sensitive
period, during which the auditory cortex is highly plastic. If
sensory input is deprived to the auditory system during this
sensitive period, then the central auditory system is suscep-
tible to large scale reorganization. Restoring input to the
auditory system at an early age can provide the stimulation
necessary to preserve the auditory pathways, although some
evidence of reorganization may already have occurred. How-
ever, if auditory input is not restored until after this develop-
mental period, then the reorganized pathways may exhibit
abnormal functional characteristics as observed in the scalp
recorded CAEPs. This abnormal activity may reflect processes
of cross-modal neuroplasticity as evidenced by the parieto-
temporal activation observed from a source analysis of the P1
CAEP in late implanted children. Further testingwill be needed
to test the functional relationships between the observed
reorganization and multisensory (e.g., auditory–visual) pro-
cessing in these children.
5. Experimental procedures

5.1. Participants

Participants were placed in to one of three categories based on
amount of hearing experience. Nine children aged 7.4 to
12.8 years (mean=10.62, SD=2.06) with normal hearing,
speech, language, visual (normal or corrected-to-normal), and
neurological developmentwere categorized as normal hearing
children (NH). All participants were screened for normal
speech, language, and neurological development through
parent questionnaire prior to testing. Only participants with
hearing thresholds ≤20 dB HL and normal speech, language,
and neurological development were included in the study.

Eight pre-lingually deafened CI users (5 left ear, 3 right ear)
aged 9.57 to 14.7 years (mean=11.31, SD=1.82), implanted at
ages 1.73 to 3.9 years (mean=2.79, SD=0.78) were categorized
as early implanted children. Eight pre-lingually deafened CI
users (5 left ear, 3 right ear) aged 10.0 to 13.3 years
(mean=11.33, SD=1.12) implanted at ages 5.0 to 9.84 years
(mean=7.84, SD=2.46) were categorized as late implanted
children. Participants were screened by parent questionnaire
for additional neurological conditions (e.g., mental retarda-
tion, cerebral palsy, autism, etc.) that may affect the CAEP
recording. All participants and/or parents or legal guardians of
all participants provided informed, written consent prior to
participation in the study. All study procedures were approved
by the Institutional Review Board at The University of Texas at
Dallas where the testing took place.

5.2. Stimulus and stimulation paradigm

A synthetic speech syllable [ba] was presented with a steady
inter-stimulus interval of 610 ms. The speech syllable is 97 ms
in duration with a 27 ms consonant to vowel transition, and 7
cycles of the periodic vowel component. The starting frequen-
cies of formants F1 and F2 are 312 and 650 Hz, transitioning to
the vowel component with formant frequencies F1–F4 at 780,
1280, 2875, and 3625 Hz.

Stimuli were presented using the commercially available
software Stim2 (Compumedics/Neuroscan, El Paso, TX) on a
desktop computer with a 24 bit/192 kHz, stereo sound card
routed to a GSI-61 audiometer (Grason-Stadler, Inc., Madison,
WI). Stimuli were delivered through a loudspeaker placed at a
45° angle 2m from the head on the side of the implant or to the
right ear in NH children. Presentation level of the stimuli was
approximately 70 dB SPL measured at the head. Stimuli were
presented in 2 blocks of approximately 500 presentations per
block.

5.3. Test conditions

Participants were seated in a comfortable chair in a sound
treated booth. During the recording procedure, participants
were engaged in a reading task. Previous testing has found this
to be an effective means of engaging the participants and di-
verting attention from the stimulus (Sharma et al., 2002a,b,c).
Because the EEG activity reflected in the CAEP represents an
obligatory, pre-attentive response, participants do not need to
pay attention to the stimulus.

5.4. EEG recording procedures

An electrode cap (Neuroscan Quickcap) with 64 sintered Ag/
AgCl electrodes was placed on the participant’s head. Elec-
trode positions were based on the Extended International 10–
20 system for electrode placement. Two additional bi-polar
channels were included to monitor eye movement, and were
placed at the right and left lateral-canthi and superior and
inferior orbits of the left eye. EEG activity was recorded using a
commercially available Synamps2 68-channel acquisition unit
(Compumedics/Neuroscan, El Paso, TX) and digitally stored on
a PC computer. Incoming EEGwas filtered fromDC to 200 Hz at
1000 Hz sampling rate. Stimulus onset times were digitally
encoded in the EEG, which is achieved by sending a time-
locked, low voltage TTL signal from the stimulus computer to
the Synamps unit.

5.5. Evoked potential analysis

All analyses were conducted off-line after completion of the
recording session. In order to remove the slow DC drift in the
recordings the EEG was passed through a high pass filter (1 Hz
cutoff, zero-phase shift, 12 dB/octave). Continuous EEG was
examined for contaminating artifact, and all EEG blocks
containing excessive noise were rejected from further analy-
sis. Eyeblink contaminationwas removed by applying a spatial
filter using a linear derivation from the average eyeblink
artifact. The linear derivation is computed from the spatio-
temporal singular value decomposition (SVD) of the average
eyeblink across the 64 recording channels and the two eye
channels. The corrected EEG was then epoched around the
stimuli using a 100 ms pre-stimulus interval and 600 ms post-
stimulus interval. Each epoch was baseline corrected to the
average amplitude of the entire waveform.

For subjects with a cochlear implant, the EEG files were
then imported in to theMatlab environment using the EEGLAB
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Toolbox (EEGLAB, San Diego, CA) under the public GNU license
(Delorme and Makeig, 2004). ICA was performed on the
concatenated EEG trials using the Infomax approach (Bell
and Sejnowski, 1995). Independent component activations
were projected to the scalp and assessed for artifactual
activity generated from the CI device (Gilley et al., 2006).
Artifactual components were identified as components with
an onset at time zero and an offset at about 97 ms (the
stimulus duration), and as components with a scalp distribu-
tion originating from the temporal scalp region on the side of
the implanted device (see Gilley et al., 2006; Debener et al.,
2008 for complete ICA methods). Components meeting the
criteria for a CI artifact were then removed from the ICA
mixing matrix. The remaining components were then re-
calculated to produce a filtered EEG dataset. When performed
on the concatenated EEG trials, ICA for removal of the CI
artifact has been shown to be adequate for both CAEP
identification and dipole source analysis (Debener et al.,
2008; Gilley et al., 2006).

After processing the EEG for CI artifact, the epochs were
averaged to produce a CAEP. After averaging, the CAEPs were
filtered with a low-pass filter (30 Hz, zero-phase shift, 12 dB/
octave), and re-referenced to the common average reference
of all electrodes across the scalp. Finally, data from the CI
users with a right ear implant were inverted such that the
responses from the right hemisphere were represented on the
left side of the scalp. This transform was performed to correct
for expected differences in activation strength from the
hemisphere contralateral to the implant device, and to
normalize responses to the left ear for group comparisons.
The first robust peak of the CAEP, the P1, was then identified
for each group. Latencies and amplitudes of the P1 CAEP were
recorded for further analyses.

5.6. Current source reconstruction

Inverse solutions for the combined, contributing sources of the
P1 response were computed using standardized low resolution
brain electromagnetic tomography (sLORETA) (Pascual-Marqui,
2002) as implemented in the Curry 6.0 software package
(Compumedics Neuroscan, Charlotte, NC). Results of the
sLORTEA yielded a map of estimated current changes, com-
puted as an F-statistic over the surface of the cortex in response
to the auditory stimulus as a function of time.

5.7. Dipole source analysis

Inverse solutions using seeded dipole models were con-
structed for grand average P1 CAEP responses in post hoc
analyses. A regional dipolemodel was used for the reconstruc-
tions, fit to the onset-to-peak region of the P1 CAEP. For
normal hearing children, the model was based on 2 mirrored
dipoles as described by Scherg and Von Cramen (1985). For
children with CIs, an initial model based on 2mirrored dipoles
was used for raw comparison against the normal hearing
groups. As results of the mirrored dipole solutions in
implanted children revealed unrealistic results (e.g., from the
ventricles or sub-cortical locations) a second reconstruction
was also performed using a single dipole as the source. The
latter model was chosen based on the prediction that
unilateral activation from a CI would result in input mostly
to the cortex contralateral to the implanted device.

Anatomical constraints for the dipole solutions were
limited by the boundary element method (BEM) (Fuchs et al.,
2002; Fuchs et al., 2001). The BEM model was based on the
segmentation of the average adult MRI from the Montreal
Neurological Institute, with segmentation of white matter
volume adjusted to 700 ml (Curry parameters) for children
in this age group (Schmithorst et al., 2008; Wilke et al.,
2007). BEM constraints were limited to three surfaces:
cortex, scalp, and skull. No adjustments for head size
were necessary for this age group (Bartholomeusz et al.,
2002).
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