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A B S T R A C T

Despite early bilateral cochlear implantation, children with congenital deafness do not develop accurate spatial
hearing; we thus asked whether auditory brain networks are disrupted in these children. EEG responses were
evoked unilaterally and bilaterally in 13 children with normal hearing and 16 children receiving bilateral
cochlear implants simultaneously. Active cortical areas were estimated by the Time Restricted Artifact and
Coherent source Suppression (TRACS) beamformer and connected cortical areas were identified by measuring
coherence between source responses. A whole-brain analysis of theta band coherence revealed the strongest
connections between the temporal areas in all conditions at early latencies. Stronger imaginary coherence in
activity between the two auditory cortices to bilateral than unilateral input was found in children with normal
hearing reflecting facilitation in the auditory network during bilateral hearing. The opposite effect, depressed
coherence, was found during bilateral stimulation in children using cochlear implants. Children with cochlear
implants also showed a unique auditory network in response to bilateral stimulation which was marked by
increased connectivity between occipital and frontal areas. These findings suggest that cortical networks for sound
processing are normally facilitated by bilateral input but are disrupted in children who hear through two inde-
pendent cochlear implants. Efforts to improve hearing in children with congenital deafness must thus include
corrections to potential mismatches in bilateral input to support brain development.
1. Introduction

Whereas previous studies have assessed the development of responses
in left and right auditory cortices (Easwar et al., 2017), the present study
sought to identify the cortical networks involved in binaural versus
unilateral hearing and asked whether these functional connections
remained compromised in children with deafness despite early access to
bilateral cochlear implantation.
1.1. Providing bilateral hearing in children who are profoundly deaf

Recommendations to provide bilateral hearing during early life are
based on evidence of cross-modal reorganization of auditory cortices
(Lomber et al., 2010; Sharma et al., 2015) and aural preference which
develops in the presence of asymmetric hearing in childhood (Gordon
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et al., 2015). Bilateral hearing provides the basis for spatial hearing
which is needed to detect and discern sounds from all directions (Hawley
et al., 2004) and is best promoted in children with congenital deafness by
electrical stimulation of both auditory nerves with bilateral cochlear
implants (CIs).

Providing bilateral CIs can be highly effective at promoting age-
appropriate speech and language development (Wie, 2010) and
cortical representation from both ears (Gordon et al., 2013). Expected
cortical specialization (right hemispheric dominance to non-speech
sounds) (Zatorre et al., 2002) also emerges in children receiving early
access to bilateral cochlear implants unlike children who hear with a
single implant (Easwar et al., 2017). Spatial hearing in children using
bilateral cochlear implants remains abnormal (Litovsky and Gordon,
2016; Cullington et al., 2017), which means that they still struggle to
hear in many situations. These ongoing challenges are likely related to
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the deterioration of neural responses to binaural input shown in animal
models of congenital deafness (Tillein et al., 2016) and reflect the
inability of present auditory devices to correct these deficits.

1.2. Disruption of cortical connectivity in childhood deafness

Congenital deafness has widespread structural and functional effects
on the cortical auditory system (Review: Butler and Lomber, 2013),
which are likely to change the cortical network (or connectome) involved
in hearing (Kral and Eggermont, 2007). Atrophy in deep layers of the
auditory cortex disrupts long-range connections, restricting communi-
cation with higher-order auditory areas and thereby interfering with
top-down processing and auditory object formation (Berger et al., 2017;
Kral et al., 2017). Without significant input, association areas of the
auditory system show increased weighting of inputs from the visual and
somatosensory cortices (Meredith and Lomber, 2011). Electrophysio-
logical studies have shown that early access to sound with cochlear im-
plants can mitigate some of these effects in animal models (Review: Kral
and Eggermont, 2007) and promote cortical development in children
who receive cochlear implants (Jiwani et al., 2016). However, cochlear
implants do not provide normal access to sound (Wilson, 2008) and thus
are unlikely to completely restore the normal auditory connectome even
in children who receive implants in both ears at young ages. Differences
in the mechanisms supporting hearing in bilateral cochlear implant users
may be revealed by investigating functional cortical interactions during
listening.

1.3. Functional connectivity measured by EEG

Dynamic connections between specialized cortical areas are mediated
through synchronous activity and give rise to higher-order perceptual
and cognitive functions (Fries, 2005). Disruptions in these connections
can lead to functional deficits as shown, for example, by a correlation
between increased average path length and lower scores on a test of
cognitive function in Alzheimer’s disease (Stam et al., 2007). Evoked
EEGs are commonly used to assess auditory development (e.g. Polonenko
et al., 2017) and cross-modal plasticity (e.g. Doucet et al., 2006). The
present study represents one of the few to assess connectivity within the
cochlear implant population using EEG. Maglione et al. (2017) used theta
and alpha connectivity to differentiate performance across different
implant processors and several other groups have used imaging modal-
ities such as functional near-infrared spectroscopy (fNIRS) (McKay et al.,
2016; Anderson et al., 2017; Chen et al., 2017) and positron emission
tomography (PET) (Wong et al., 1999) to assess cortical auditory net-
works in adults with CIs. EEG connectivity has largely been studied in the
context of populations with neurological diseases such as Alzheimer’s
disease (Stam et al., 2007). Using EEG, independent networks can be
resolved at different frequencies reflecting distinct neural processes.
Gilley et al. (2014) related abnormal neural coupling in the alpha (8–13
Hz) and beta (13–30 Hz) ranges to behavioural test outcomes in children
with language-learning problems.

Cortical evoked potentials are derived predominantly from oscillatory
components in the theta (5–8 Hz) and alpha (8–13 Hz) ranges (Klimesch
et al., 2004). Theta range coherence is a fundamental component of
long-range neural communication (Başar et al., 2001) and is impacted by
sensory and cognitive loading (Güntekin and Yener, 2008). Anderson
et al. (2010) showed that the medial temporal lobe drives the prefrontal
cortex using theta-band oscillations in memory processing. Coherence in
the alpha band has also been shown to be affected by sensory processing
(Schürmann and Başar, 2000) as well as attention modulation (Mazaheri
et al., 2014). One major hypothesis is that alpha plays an inhibitory role,
helping to suppress unimportant stimuli (Foxe and Snyder, 2011). On the
other hand, Palva and Palva (2007) argue that synchronized alpha os-
cillations play a direct role in cortical processes involving memory and
sensory awareness.

Multi-channel EEG provides a method to capture neural activity
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which can be used to construct functional network models of cortical
processes. This is done by computing a metric of coupling between
different channels or estimated sources, which are assumed to originate
from different cortical locations, and building a model of resulting
pairwise connections. Source reconstruction offers several advantages for
quantifying EEG connectivity, including increasing spatial resolution
(Michel et al., 2004) and reducing the effect of volume conduction.
Finally, parcellation based on an anatomical atlas facilitates the inter-
pretation of results by giving them context. It was shown in Lehmann
et al. (2006) that networks calculated at the scalp level had minimal
correspondence to a model using LORETA source estimates, however
more work is needed in this area. It is possible to investigate these net-
works in either task-based or resting-state paradigms. While speech
stimuli are commonly used to assess language networks, the use of
non-meaningful transient stimuli provides an opportunity to assess
fundamental cortical mechanisms involved with auditory processing. For
example, cortical responses to simple pulsatile cochlear implant stimu-
lation have effectively demonstrated abnormalities in bilateral auditory
development in animals models of asymmetric hearing loss (Tillein et al.,
2016) as well as in children with asymmetric hearing loss (Polonenko
et al., 2017).

Methods from graph theory have been successfully applied to func-
tional imaging data to quantify cortical networks (Review: Rubinov and
Sporns, 2010). Coherence is a straightforward frequency-domain mea-
sure of correlation which can be applied between different cortical areas,
analogous to the use of Pearson’s correlation coefficient in fMRI studies
(van den Heuvel and Hulshoff Pol, 2010). On the other hand, common
volume conducted components in signals can be mistaken for indepen-
dent sources with strong connectivity. Volume conduction can be miti-
gated both by beamforming and by looking at a change in coherence from
baseline. The former accounts for the conductivity of a template head
model which aims to undo the superposition of volume conducted
sources in order to provide spatial specificity and the latter, baseline
correction, removes effects of volume conduction that are fixed across
time and source strength (Schoffelen and Gross, 2009). Imaginary
coherence also provides a solution. By ignoring the real-part which has
no phase lag, imaginary coherence is insensitive to spurious connections
caused by volume conduction (Nolte et al., 2004), which plays a signif-
icant role in EEG data. Imaginary coherence has already been success-
fully applied in an EEG study of autism (García Domínguez et al., 2013).
It should be noted that imaginary coherence systematically un-
derestimates connectivity due to the non-uniqueness of phase and is
biased by the absolute phase of the coherence (Stam et al., 2007).

In the present study, we calculated imaginary coherence between
cortical source responses to sound to determine functional connectivity
measures of EEG in children. We hypothesized that, in children: 1)
bilateral hearing normally involves an increase in interhemispheric
auditory connectivity; 2) connectivity between left and right auditory
cortices is disrupted in children who are profoundly deaf and use bilat-
eral cochlear implants; and 3) bilateral cochlear implants do not elimi-
nate deafness-related development reorganization.

2. Methods and materials

2.1. Data collection

Cortical responses were collected in 16 children (4 girls) with pre-
lingual deafness who received bilateral cochlear implants (CIs) in the
same surgery (simultaneously) at 2.0� 0.9 years of age. Testing occurred
when they were 6.0� 0.7 years of age and had 4.0� 1.0 years of bilateral
CI experience. Responses were compared to those evoked in a control
group of 13 typically developing children with normal hearing (6 girls)
aged 5.1 � 1.0 years. The groups were matched based on duration of
hearing experience; therefore, the CI users were chronologically older
than the control group at the time of testing. The study was approved by
the Hospital for Sick Children’s Research Ethics board, (Study
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#1000002954), and written consent was obtained prior to data collec-
tion. Initial analyses focused on peak dipoles in auditory cortices and
were published (Easwar et al., 2017). The data were further assessed in
the present study for functional connectivity between cortical sources as
indexed by the strength of both the magnitude and the imaginary part of
coherence.

2.2. Electrophysiological recording

The SynAmps2 64-channel EEG system was used to record cortical
auditory evoked potentials in both cohorts. Stimuli were 100 μs click-
stimuli through ER-3A insert earphones in children with normal hear-
ing or biphasic electrical pulses (25 μs/phase) delivered by apical elec-
trodes (#20) in children with CIs. Both stimuli were presented in 36 ms,
250 Hz pulse trains with an inter-stimulus interval of 1 Hz. Stimuli were
presented in three conditions in each child: unilateral left, unilateral
right, and bilateral stimulation. Current levels were determined in CI
users by recording auditory brainstem responses (ABRs) and matching
wave eV amplitudes (Gordon et al., 2016). In children with normal
hearing, stimuli were delivered at 50 dB over hearing threshold to the
same stimuli. The EEG data were collected with a right earlobe reference
at a sampling rate of 1 kHz and bandpass filtered from 0.15 Hz to 100 Hz.
Trials were rejected if the amplitude at Cz was greater than 100 μV, if the
amplitude at FPz was greater than 90 μV to account for eye-blinks, or if a
global variance criterion of 1.0 nV2 was exceeded. The data were
re-referenced to the scalp average after rejecting noisy trials and chan-
nels. Data analysis was performed in MATLAB R2017b using the Field-
Trip toolbox (Oostenveld et al., 2011) and custom scripts which are
available upon request.

2.3. Source reconstruction

Source activity in each voxel within the brain was estimated using the
Time-Restriction and Artifact and Coherent Source Suppression (TRACS)
beamformer (Wong and Gordon, 2009) implemented to work with the
FieldTrip toolbox. This beamformer is a variant of the linearly con-
strained minimum variance (LCMV) beamformer that accounts for
cochlear implant artifacts and provides region suppression to prevent
beamformer failure due to coherent activity in the left and right auditory
cortices. An age-appropriate 3-layer boundary-element head model was
created previously using the template-o-matic toolbox (Wilke et al.,
2008) and used along with the electrode positions to calculate the lead
field on a regular 3 mm isotropic grid. The beamformer then computed a
set of optimized weights based on the lead-field matrix and an estimate of
the individual data covariance. In contrast to previous studies using the
TRACS beamformer which used a restricted window to estimate the
covariance of the responses, the entire post-artifact time window was
used in this study. A window of �80 to 15 ms was used to define the
cochlear implant artifact (Wong and Gordon, 2009). Multiplying these
weights with the scalp-level average-referenced EEG data yielded esti-
mated virtual channels at each point in the source space. After normal-
izing by the estimated noise (Vrba and Robinson, 2001), Pseudo-Z time
series were obtained for each of the virtual channels. The virtual channels
were then interpolated onto the Automated-Anatomical Labelling atlas
(AAL) (Tzourio-Mazoyer et al., 2002). Disregarding the cerebellar re-
gions, this atlas defines 90 cortical regions, each of which contains many
voxels of the original distributed source space. The voxel – and its cor-
responding virtual channel - with the highest signal-to-noise ratio (SNR)
within each atlas region during the response window of 50–200 ms was
chosen to represent the entire region (Drakesmith et al., 2015). This
dramatic reduction in the number of virtual channels made it computa-
tionally feasible to look at coherence between every pair of sources.

2.4. Connectivity analysis

In order to calculate functional connectivity between the 90 cortical
3

regions, the source response in each virtual channel was transformed into
its time-frequency representation using the convolution method imple-
mented in FieldTrip (Oostenveld et al., 2011). The frequency-dependent
window size was chosen to be equal to two periods and the step size was
20 ms. Subsequently, coherence was calculated pairwise across all of the
atlas regions and the result was baseline-corrected. Coherence is
complex-valued and can thus be decomposed into real and imaginary
components. In this study, both the imaginary part and magnitude were
taken as metrics of inter-areal functional connectivity. This produced a
2D representation for each metric in the time-frequency plane for each of
the 4005 unique connections. For analyses of interhemispheric connec-
tivity, connectivity between the 6 temporal parcels in each hemisphere
was averaged.

To construct network graphs for each subject, edge weights were
defined by their coherence in the theta band (5–8 Hz). Next, peak con-
nectivity was found within the 100–200 ms window, corresponding
approximately to the full-width half max of the theta power in the group
average spectrograms (not shown). The edge weights are represented in a
90 x 90 adjacency matrix that is symmetric because its connections are
undirected; the metric measures associations between nodes rather than
any causal influence of one over another. Group average networks were
constructed by averaging the z-scored adjacencymatrices across subjects.
EEG data from an example participant shown in Fig. 1 outline key
analysis steps: evoked potentials, source activity recovered using the
beamformer, atlas parcellation, time-frequency decomposition, and the
resulting model of network connectivity in the theta range.

2.5. Statistical analysis on cortical networks

Statistical analysis on network models was performed using the
Network-Based Statistics toolbox which allowed for group hypothesis
testing while controlling a family-wise error rate of 0.05% (Zalesky et al.,
2010). The NBS toolbox proceeds in twomajor steps to perform statistical
tests on connectivity data. First, univariate hypothesis testing is per-
formed across all connections included within a chosen threshold to
identify a network to test for significance. Next, a set of 5000 networks
were generated by permuting the connections in the underlying matrices
between groups. A significant network (a set of nodes and their con-
nections) is found when its extent (size) exceeds the null distribution. The
framework does not guarantee the statistical significance of individual
connections; however, it provides an increase in sensitivity over
connection-wise statistical tests for connected networks.

3. Results

3.1. Early auditory processing is supported by interhemispheric connections

Robust evoked responses were elicited in both groups and all stimulus
conditions. After source localization, connectivity was measured by
imaginary coherence across 4005 connections (pairwise between 90 atlas
regions) in each group and stimulus condition. Global connectivity, the
average across all 4005 connections, is shown in Fig. 2. A peak in both
theta and alpha connectivity can be seen between 100 and 200 ms in all
conditions. The normal hearing group showed an increase in theta-band
coherence when stimulated bilaterally relative to unilaterally.

Accordingly, theta-band coherence maps were generated within the
same time window of 100–200 ms. Fig. 3 shows networks comprising the
top 8 (0.2% of the total 4005 possible) most coherent connections in both
groups for all three stimulus conditions. Most consistent across all six
mean networks (3 stimulus conditions x 2 groups) were the many
interhemispheric connections between temporal cortices. Networks
evoked by unilateral stimulation in children with normal hearing
involved contralateral frontal areas whereas these connections were not
found in children with bilateral CIs.

A mixed two-way repeated measures ANOVA of all 4005 possible
connections with group and ear of stimulation as factors was performed



Fig. 1. Procedure for measuring cortical connectivity from EEG signals. I) Global field power of recorded EEG data (shown in red) is used to define the time window of
evoked activity. II) The TRACS beamformer then provides source-space estimates of the EEG responses that can be combined with MRI images to estimate simulated
functional activation at each voxel. III) Voxel-based peak activations are interpolated onto the AAL atlas. IV) Source time series from each of the 90 areas in the AAL
atlas are then transformed into their time-frequency representation. V) Metrics of connectivity, such as imaginary coherence, produce an adjacency matrix of con-
nections between network nodes. By applying a threshold, the resulting graph can be visualized in a 3D model. Brain images are presented such that the left
hemisphere appears on the left side of the image.

Fig. 2. Global connectivity as measured by the average imaginary coherence across 4005 connections (unique pairs between 90 virtual channels) shows that the
cortical networks supporting passive listening exhibits peak connectivity between 100 and 200 ms post stimulus in all groups and stimulus conditions. The shaded
areas denote �1 standard error of the mean.
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using the network-based statistic. Although no significant overall group
differences were identified (F(1, 27) ¼ 7, p ¼ 1.0) owing to very few
super-threshold edges compared to the null distribution, there were two
significant group by stimulus interaction networks (F(2, 27) ¼ 6, p ¼
0.018) and (F(2, 27) ¼ 6, p < 0.001) (networks not shown), suggesting
that the effect of stimulus differs between groups. Independent analyses
indicated significant group contrast networks in bilateral and left
4

stimulus (one-tailed post-hoc t-tests accounting for multiple compari-
sons; false discovery rate ¼ q < 0.05). There were no significant group
network differences in the right stimulus condition but further investi-
gation of each connection under right stimulation (corrected with a false
discovery rate ¼ q < 0.025) revealed a single significant connection
between the right angular gyrus and right frontal lobe that was stronger
in the CI cohort.



Fig. 3. Graph plots in cortical source space show the top connections from a
group-average of the z-scored magnitude of theta-band coherence for visuali-
zation purposes. Results are shown for unilateral left, unilateral right, and
bilateral stimulus presentation in both groups of children. The connections
predominantly connect the bilateral temporal areas. The nodes are located at the
centroids of the AAL regions that they represent. Node size is weighted by the
degree of each connection. Connections may reflect any combination of un-
derlying causal interactions between the temporal cortices or that bottom-up
auditory input drove these regions in similar ways, independently. These con-
nections between the auditory regions confirm the coordinated involvement of
both auditory cortices in processing both unilaterally and bilaterally presented
sound. Brain images are presented as cranial-caudal projections; the left hemi-
sphere appears on the left side of the image.
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3.2. Bilateral connectivity between auditory cortices is reduced in children
using CIs

Imaginary coherence between temporal cortices was assessed for each
condition in both groups. The time courses of these measures in theta and
alpha bands are shown in Fig. 4A. Peaks between 100 and 200 ms are
evident in each condition (most prevalent in the theta band), reflecting
connectivity underlying the early latency component of the auditory
response. While alpha coherence between the temporal cortices appears
to parallel theta coherence, 2-way mixed-effects ANOVA revealed no
significant differences between groups (F(1,27) ¼ 0.17, p ¼ 0.68), nor
group � stimulus interactions (F(2,27) ¼ 2.8, p ¼ 0.068). Furthermore,
attention was not measured during this passive listening experiment, so
the remaining analyses focus on coherence in the theta band.

Peak coherence in the 100–200 ms time window is plotted by stim-
ulus condition in each group in Fig. 4B. As shown, peak imaginary
coherence was reduced in the children with CIs but only in the bilateral
condition (2-way mixed-effects ANOVA: group * stimulus: F(2, 27) ¼
3.69, p ¼ 0.03; Post-hoc Wilcoxon rank-sum test, p < 0.05). The differ-
ence in imaginary coherence between the bilateral and averaged uni-
lateral condition in each group are shown in Fig. 4C. Increased imaginary
coherence, representing binaural facilitation was found in children with
normal hearing but decreased coherence was found in the bilateral CI
group. Significant differences in binaural facilitation of connectivity be-
tween normal hearing and implant users were identified at 0–100 ms and
260–280 ms (Wilcoxon rank-sum test at each time point, p ¼ 0.05, FDR
corrected using the Benjamini-Hochberg Procedure (Thissen et al.,
2016)).

3.3. Reorganization of connectivity in childhood deafness

Differences between groups in the bilateral stimulus condition were
further explored across all 4005 possible connections. Two significant
networks emerged from these analyses as shown in Fig. 5. The first
network reflects significantly stronger connections in the normal hearing
group than in cochlear implant users (p< 0.002) between central regions
5

and the left temporal lobe. The second network consisted of connections
between the occipital and frontal lobes that were significantly stronger in
the cochlear implant group (p ¼ 0.01).

4. Discussion

4.1. Audition is normally supported by connectivity between bilateral
temporal cortices

In this study, electrophysiological responses were recorded from
children with normal hearing and bilateral implants in response to
transient auditory pulse/click trains. By calculating the connectivity
between source-resolved anatomical areas, it was possible to determine
which regions were synchronously engaged in response to auditory
input. Averaged connectivity shown in Fig. 2 revealed peak coherence at
early response latencies with less coherence thereafter. The timing of the
coherence is in line with early obligatory cortical responses, reflecting
auditory detection during passive listening with little higher order
auditory processing. As shown in Fig. 3, the underlying networks
responding at this early latency involved connections between the tem-
poral areas mediated by theta coherence. This is consistent with the
temporal generators known to underlie the cortical auditory evoked
potential at similar latencies (Naatanen and Picton, 1987). In addition,
white matter tracts of the corpus callosum and anterior commissure
provide pathways for connectivity between the bilateral auditory cortices
(Javad et al., 2014) and dense callosal fibers link the core and belt re-
gions between bilateral auditory cortices (Kaas and Hackett, 2000). The
callosal auditory fibers, in particular, have large axonal diameters to
facilitate transmission between these timing-sensitive areas (Aboitiz and
Montiel, 2003).

Coherence between the temporal areas of the brain in the present
cohort of children with normal hearing demonstrated that the bilateral
auditory cortices show greater synchronization during bilateral stimu-
lation compared to unilateral conditions. We have considered the pos-
sibility that these increases reflect a change in SNR within the frequency
band under study, which might have spuriously inflated the estimate of
connectivity (Bastos and Schoffelen, 2015); however, this is unlikely to
account for the change in only the group with normal hearing because
the evoked responses recorded in both CI and normal hearing groups
showed similar increases in SNR. Facilitation of connectivity in the
bilateral compared to unilateral listening condition in children with
normal hearing supports evidence of increased cortical processing within
temporal and other cortical areas required to interpret binaural input for
the purposes of spatial hearing (Salminen et al., 2012) and listening in
noise (Lee et al., 2008). Increased coherence during bilateral stimulation
could also reflect the high degree of correlation between inputs from
each ear which provides increased redundancy and resilience for hearing
one target auditory source in the presence of competing sounds (Semple
and Kitzes, 1993).

4.2. Binaural integration is impaired in children using bilateral implants

In addition to communication, coherence between neural assemblies
is important for integrating sensory inputs across modalities (Senkowski
et al., 2008). Whereas theta-band coherence between the temporal
cortices increased in the bilateral compared to unilateral conditions in
children with normal hearing, this “binaural facilitation” was absent in
children who use cochlear implants during at least two time windows
during the response (0–100 ms and 260–280 ms, Fig. 4C). Given that
children using cochlear implants show strong activation in both auditory
cortices to unilateral stimulation (Polonenko et al., 2017; Easwar et al.,
2017), these results suggest that peak responses in bilateral auditory
areas of the brain lose the precise coordination measured in children with
normal hearing. In support, both resting-state and task-based fNIRS
studies have similarly reported decreased correlation between matching
bilateral optodes over auditory areas in cochlear implant users relative to



Fig. 4. A: Imaginary Coherence between the auditory cortices across time in each group and stimulus condition in the theta (5–8 Hz) and alpha (8–12 Hz) bands. B:
The peak theta-band bilateral coherence in the bilateral condition is significantly different between the normal hearing and cochlear implant groups. C: Group average
binaural facilitation of theta connectivity, which is the difference between bilateral and unilateral imaginary coherence, is significantly greater in normal hearing than
CIs in the 0–100 ms and 260–280 ms windows post stimulus. The black bar denotes a significant difference (p < 0.05) in medians (Wilcoxon rank-sum, FDR-corrected
in post-stimulus window.) The shaded areas represent �1 standard error of the mean.
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normal hearing (McKay et al., 2016; Chen et al., 2017). The findings of
the present study provide the first evidence of decreased theta band
coherence between the temporal cortices during bilateral cochlear
implant stimulation in children at early stages of cortical processing (i.e.
P1 responses of the electrically evoked cortical auditory evoked
potential).

Poor coherence between bilateral auditory cortices in children using
cochlear implants could reflect both the effects of deafness from early life
as well as continued impairments in binaural hearing despite using
cochlear implants in both ears.

Early onset deafness results in extensive changes throughout the
auditory pathways, including changes to the nuclei and dystrophy in
deep cortical layers (Butler and Lomber, 2013). While the rudimentary
afferent pathways are hard-coded, auditory experience is necessary for
further developing the auditory system’s timing and microcircuitry (Kral
6

and Sharma, 2013). Hearing in children begins prenatally but continues
to mature in the first few years of life (Moore and Linthicum Jr, 2007).
Deafness in early life disrupts auditory development and leads to reor-
ganization of deprived pathways. The immature auditory brainstem
cannot develop until significant input is provided (Gordon et al., 2013;
Gordon et al., 2006; Gordon et al., 2007) and may reorganize during the
period of deprivation as shown by morphological changes to the endbulb
of held in deaf white cats (Baker et al., 2010) and abnormally reduced
eN1-eII latencies in children who are deaf (Gordon et al., 2016). In the
cortex, synaptogenesis and pruning are delayed in deaf white cats (Kral
et al., 2017) and development is delayed and/or altered in children who
are deaf (Kral and Sharma, 2013; Gordon and Kral, 2019). Moreover,
evidence of corticocortical decoupling (Kral et al., 2017) and deteriora-
tion of binaural responses in cortical neurons (Tillein et al., 2016) in
congenitally deaf white cats suggest deafness in early development



Fig. 5. Significant contrast networks from the bilateral condition between the normal hearing and implanted groups using the network-based statistic. The networks
were significant over a range of t-thresholds, but the networks plotted were generated using T ¼ 4 for Normal Hearing > CI and T ¼ 3 for CI > Normal Hearing. Brain
images are presented as cranial-caudal projections; the left hemisphere appears on the left side of the image.
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compromises binaural processing. Early treatment of deafness aims to
limit these changes within early sensitive developmental periods (Kral
and O’Donoghue, 2010; Gordon et al., 2015). Indeed, children who
receive cochlear implants in infancy (<9 months) show better outcomes
than their peers implanted as toddlers (>1 years) (Ching recent data,
available at https://www.outcomes.nal.gov.au/key-findings). Impor-
tantly, the children in the present study were provided with bilateral
implants within this sensitive period.

The present findings of depressed integration of bilateral input in
children using cochlear implants is consistent with their poor perception
of interaural timing cues (Gordon et al., 2014) and spatial hearing
measured by sound localization (Litovsky et al., 2006; Van Hoesel et al.,
2010). Bilateral implants do help children detect speech in noise,
particularly when separated in space (Chadha et al., 2011), but these
spatial benefits remain impaired relative to children with normal hearing
(Misurelli and Litovsky, 2015). These behavioural results can be
explained, in part, by the crude temporal fine structure of CI stimulation
which limits access to interaural timing cues and by distortions in
interaural level and timing provided by the two independent speech
processors. Furthermore, place mismatch between electrode arrays may
disrupt coincidence of inputs in the brainstem (Gordon et al., 2012;
Polonenko et al., 2018) and impair perceptual fusion (Kan et al., 2013;
Steel et al., 2015). Together these problems hinder the process of tuning
the pathways for binaural processing and prevent binaural integration.

It is possible that impaired coincidence of bilateral input in the
auditory system, along with residual effects of early onset deafness,
compromise the ability of the auditory system to integrate binaural input,
thus impairing functional connectivity between the auditory cortices in
response to bilateral input as measured in the present study.

4.3. Children with bilateral CIs recruit different cortical networks

The significant contrasts in the bilateral condition, shown in Fig. 5,
reveal distinct networks in children with cochlear implants relative to
their normally hearing peers. The network recruited preferentially in CI
listeners, in Fig. 5, involved connections between the frontal and occip-
ital lobes, suggesting increased visual processing during auditory stim-
ulation. This could be attributed to residual effects of cross-modal
reorganization (Lee et al., 2001; Stropahl et al., 2017) and/or an adaptive
strategy that leverages visual processing to support listening (Lomber
et al., 2010; Barone et al., 2016). Chen et al. (2017) also showed
increased functional connectivity between the auditory and visual
7

systems in individuals who receive cochlear implants in adulthood.
In addition to visual involvement, there have been reports of modu-

lated connectivity between the auditory system and networks that are not
modality specific in deaf individuals. Prefrontal areas are involved in a
wide array of auditory processing tasks ranging from detection to lan-
guage processing and receive projections from both lower and higher-
order auditory areas (Plakke and Romanski, 2014). Furthermore, using
positron-emission tomography, Giraud and Lee (2014) demonstrated
that activation of a prefrontal network implicated in higher-order
attentional and working memory processes was predictive of better
speech perception in bilateral implant users. Using resting-state fMRI,
Ding et al. (2016) reported that the salience network, involving the
lateral frontal nodes proximal to the dorsal anterior cingulate cortex and
the anterior insula, had increased connectivity with the superior tem-
poral gyrus in CI users. While the authors focused on the benefit this
provided for working memory, these changes may more broadly serve to
compensate for auditory deficits by directing attention where needed.

The cohort of children using cochlear implants also showed deficits in
a focused network involving interhemispheric connections between the
left temporal cortex and right cingulate cortex (Fig. 5). Connections be-
tween the posterior cingulate cortex and the superior temporal gyrus
have been discovered using PET imaging (Naito et al., 2000), although
their function is not clear. The posterior cingulate cortex is a core
component of the default mode network and may play a role in directing
attention. It is known to be active when the brain is not actively engaged
(Leech and Sharp, 2014). Thus, this finding may reflect increased
attention to the ongoing auditory stimuli in children with CIs during
passive listening, suggesting reduced ability to ignore the input relative
to normal hearing peers.

Overall, results of the present study suggest that children with
cochlear implants require increased use of a visually based network for
hearing, more attention, and reduced use of a network involved in higher
order auditory processing. This means that the basic structural and
functional networks of their auditory system are subject to adaptation
through reweighting of specific connections (Striem-Amit et al., 2016).

4.4. Summary and conclusion

In children with normal hearing, binaural hearing is supported by an
increase in coherence at early latencies between bilateral auditory areas
relative to unilateral hearing. The absence of this binaural facilitation in
children with cochlear implants supports existing evidence of impaired

https://www.outcomes.nal.gov.au/key-findings
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binaural processing. A whole-brain coherence analysis revealed that
cochlear implant users recruit a network that involves frontal and oc-
cipital regions, suggesting that some extra-temporal areas may remain
involved during passive listening. Ultimately, these findings are consis-
tent with developmental adaptation in children who are deaf and use
cochlear implants to hear.
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