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Cochlear implantation in adults with acquired
single-sided deafness improves cortical
processing and comprehension of speech
presented to the non-implanted ears: a
longitudinal EEG study
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Former studies have established that individuals with a cochlear implant (CI) for treating single-sided deafness experience improved
speech processing after implantation. However, it is not clear how each ear contributes separately to improve speech perception over
time at the behavioural and neural level. In this longitudinal EEG study with four different time points, we measured neural activity in
response to various temporally and spectrally degraded spoken words presented monaurally to the CI and non-CI ears (5 left and
5 right ears) in 10 single-sided CI users and 10 age- and sex-matched individuals with normal hearing. Subjective comprehension rat-
ings for each word were also recorded. Data from single-sided CI participants were collected pre-CI implantation, and at 3, 6 and
12 months after implantation. We conducted a time-resolved representational similarity analysis on the EEG data to quantify whether
and how neural patterns became more similar to those of normal hearing individuals. At 6 months after implantation, the speech com-
prehension ratings for the degraded words improved in both ears. Notably, the improvement was more pronounced for the non-CI ears
than the CI ears. Furthermore, the enhancement in the non-ClI ears was paralleled by increased similarity to neural representational patterns
of the normal hearing control group. The maximum of this effect coincided with peak decoding accuracy for spoken-word comprehension
(600-1200 ms after stimulus onset). The present data demonstrate that cortical processing gradually normalizes within months after CI
implantation for speech presented to the non-CI ear. CI enables the deaf ear to provide afferent input, which, according to our results,
complements the input of the non-ClI ear, gradually improving its function. These novel findings underscore the feasibility of tracking neural
recovery after auditory input restoration using advanced multivariate analysis methods, such as representational similarity analysis.
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Introduction

Single-sided deafness (SSD) is a condition in which an indi-
vidual has normal hearing thresholds in one ear and
severe-to-profound hearing loss in the other. This condition
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can significantly impact an individual’s ability to hear in
certain situations, such as when sound is coming from
the side of the deaf ear. It can also affect an individual’s
ability to understand speech-in-noisy environments and
their quality of life.""* Brain activities associated with
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Speech processing in non-implanted ears

hearing through the normal hearing side of people with
SSD have been reported to be altered compared to indivi-
duals with bilateral normal hearing.>> The global preva-
lence of SSD is unclear, while there is an estimated
prevalence of 0.1-0.5% in the USA.®” SSD is caused by a
variety of factors, including trauma to the ear, infections
and genetic predisposition.®” It is important to note that
a combination of these factors can lead to SSD.
Treatments for SSD include hearing aids, bone conduction
devices and cochlear implants (CIs).""'*!! Diagnostic cri-
teria for SSD typically involve measuring pure-tone hearing
thresholds in both ears between 125 and 8000 Hz (in oct-
ave or semi-octave steps). The hearing threshold in the
hearing loss ear is typically >90 dB at all frequencies. An
affected individual can only hear very loud sounds in the
SSD ear and may not be able to hear soft or moderate
sounds at all. On the other hand, the hearing threshold
in the unaffected ear is typically within the normal range
(25 dB or less at all frequencies).'?

Overall, cochlear implantation has brought about positive
outcomes for people with SSD. Single-sided CI implantation
generally shows beneficial effects of the intervention in both
children'*"5 and adults.'®'®"” These positive outcomes in-
clude increased performance in directional hearing, improved
speech-in-noise performance, enhanced quality of life, re-
duced listening effort and suppression of tinnitus,'®!%!820
However, the impact of cochlear implantation on the per-
formance of non-ClI, clinically healthy ears has not been well
characterized.

Neurophysiological data generally support these de-
scribed behavioural findings, while not all common neuroi-
maging methods are feasible to study CI outcomes. For
example, MRI and magnetoencephalography are not suit-
able due to the ferromagnetic and electromagnetic properties
of a CI device.”’*? PET and functional near-infrared spec-
troscopy have been employed in SSD and CI studies, provid-
ing confirmatory results regarding the beneficial effect of CI
implantation. However, these modalities lack temporal and,
to some extent, spatial resolution and are invasive due to the
use of radioactive tracers.”>**

Most EEG studies in the context of SSD and CI have em-
ployed auditory event-related paradigms and have inter-
preted classical components of the event-related potentials
(ERPs) in SSD children®**® and adults.?”*! In most of these
studies, early auditory components were investigated, show-
ing the ‘normalization’ of peaks and latencies after CI
implantation and/or over time (i.e. N1, P2 peaks and
latencies and partly mismatch negativity). Normalization
here refers to the process by which the ERPs of CI users be-
come more similar to those of normal hearing controls. This
process can involve both increases and decreases in ERP am-
plitudes and latencies, depending on experimental condi-
tions and ERP components investigated. For example,
Finke et al.?° found that CI users showed greater processing
effort and delayed response times compared to normal hear-
ing listeners, but with some normalization in ERP compo-
nents over time. Another study demonstrated that cortical
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organization can be restored in young children with SSD,
achieving ERP patterns similar to normal hearing children
with consistent CI use.”® Wedekind ez al.*" observed near-
normal higher-order processing in CI users, but with signifi-
cant variability in ERP measures, still indicating partial nor-
malization. Mixed results are also reported, where functional
and neurophysiological improvements were absent or ham-
pered®? as not all CI users benefit from the implant in the
same manner.

The current consensus on understanding plasticity in the
context of CI and SSD remains somewhat unclear, with discus-
sions centred around adaptive and/or cross-modal plasticity.**”
38 Longitudinal data, especially regarding time courses in the
adult population, are scarce, making it challenging to develop
a comprehensive understanding of the neuroplastic changes as-
sociated with Cl intervention. Further research is needed to elu-
cidate the neural mechanisms underlying improvements in
speech comprehension and overall rehabilitation outcomes in
the adult human population with CI and SSD.

The utilization of machine learning methods, such as
multivariate pattern analysis (MVPA) and representational
similarity analysis (RSA), may offer several advantages
over traditional univariate approaches, such as the afore-
mentioned classical ERP paradigms.>”*' MVPA allows us
to extract meaningful patterns from complex and multidi-
mensional data and to gain a deeper understanding of how
different patterns of neural activity are associated with spe-
cific cognitive processes or conditions. MVPA can be applied
to tasks such as classification (e.g. assigning a data sample to
predefined categories), regression (e.g. predicting continuous
values) and decoding (e.g. inferring mental states from brain
activity patterns). RSA is a member of the family of MVPA
methods and a specific technique for exploring the relation-
ships between patterns of neural activity in response to dif-
ferent stimuli or conditions. This method allows us to
compare the similarity of brain patterns between patients
and healthy controls in a multivariate way (considering all
features) without the need to establish any spatial corres-
pondence for EEG data, as it derives from the direct compari-
son of measures. In summary, while MVPA excels in
distinguishing between states based on complex patterns of
brain activity, RSA provides a powerful framework for un-
derstanding the underlying representational structure of
these brain patterns, making it particularly suitable for stud-
ies with high variability or limited sample sizes. Studies have
applied RSA to compare patterns of neural activity in visual
categorization between infants and adults** and in memory
encoding and retrieval between young and older adults.*?
However, RSA has not been applied to track the effects of
Cls yet. We thus consider RSA for comparing CI and normal
hearing individuals and ears in several sessions in response to
complex manipulated speech stimuli as a very promising ap-
proach in tracking the neural patterns elicited by speech dur-
ing rehabilitation: a gradual improvement of speech
processing could be reflected by neural patterns becoming in-
creasingly similar to those observed in normal hearing
individuals.
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In this study, we primarily focus on post-lingual adult SSD
(referred to simply as SSD) and explore the longitudinal neuro-
behavioral effects on cortical processing performance when
speech presents to each ear following CI implantation. To the
best of our knowledge, no previous neurophysiological ana-
lyses have employed RSA on longitudinal clinical data in the
context of SSD and CI. Using RSA analysis allows us to com-
pare time-resolved and time-generalization neural representa-
tion patterns with high temporal resolution, utilizing data
from all EEG electrodes. Brain activity patterns from normal
hearing controls serve as the main reference, assuming normal,
unaltered neural speech processing, while non-CI ears and CI
ears of implanted SSD patients are compared against the refer-
ence category respectively. Importantly, we can track these
brain activity patterns over several time points, including
pre-Climplantation, 3, 6 and 12 months after Cl implantation,
enabling us to investigate neuroplastic dynamics triggered by
Cl implantation over time.

Here, we conducted an EEG study with a sample of 10 in-
dividuals with SSD along with 10 normal hearing controls.
We presented various temporally and spectrally degraded
words monaurally at four measurement time points span-
ning a year. The utilization of degraded words as stimuli
was based on the rationale that acoustic signals of auditory
stimuli undergo spectral degradation through the use of
CIs. Furthermore, by adding temporal degradation we aimed
to further emulate adverse listening conditions based on an
established paradigm.*** Applying RSA, we aimed to
investigate the impact of CI on the processing of degraded
speech in both CI and non-Cl ears. Our findings demonstrate
that speech perception improves post-operatively in both
ears, with greater benefits observed in the non-CI ear.
Importantly, the RSA reveals that speech-related neural ac-
tivity following stimulation of non-CI ear becomes increas-
ingly similar to that of individuals with normal hearing
over the course of the year. Overall, our study suggests
that performance benefits of Cls in SSD may be mediated
by the improvement in processing of input from the non-CI
ear, which remains the more precise source of information
even after implantation.

Materials and methods

Patients were recruited as the part of a multicentre
clinical trial with patients from the Departments of
Otorhinolaryngology at University Hospital Zurich and
University Hospital Bern between 2012 and 2016.
Additional details about the study design and clinical out-
comes were published in 2019.%¢ This study primarily fo-
cuses on the neurobehavioral and neuroplastic effects of CI
implantation on degraded speech performance.

Ten individuals with SSD were included in this study (mean
age =46.9 years, age range =27-63 years, 4 females, see
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Table | Descriptives of SSD participants

Age at CI Duration of

Cl Side of activation deafness
case# Sex deafness (years) (years)
| F L 27 1.0

2 M R 36 1.7

3 F L 42 1.6

4 M R 45 4.6

5 M R 48 0.8

6 M L 48 1.5

7 M L 50 1.5

8 M L 54 1.2

9 F R 56 1.3

10 F R 63 1.4

F, female; L, left; M, male; R, right.

Table 1). An age- and sex-matched group with normal hear-
ing was recruited for comparison (mean age =48.2 years,
age range = 29-61 years, 4 females). The mean duration of
deafness before CI implantation was 1.66 years (range =
0.8-4.6 years). The “clinically healthy’ ears of the SSD indivi-
duals and normal hearing controls were defined by pure-tone
audiogram measures (see Supplementary Fig. S1). Further
audiometric and psychometric details (e.g. pure-tone audi-
ometry, Oldenburg sentence test) are available in our previ-
ous clinical article.*® Ethics committees of University
Hospital Zurich and University Hospital Bern gave ethical
approval for this work respectively (reference numbers
KEK-ZH 2012-0034 and KEK-BE 233/12).

For the degraded speech performance test, we selected 216
standard German words from a 560-item pool of recordings
of spoken German words.***” We created audio files with 3
levels of spectral degradation (4, 8 and 16 bands) and 3 levels
of temporal envelope smoothing (2, 4 and 8 Hz), resulting in
a total of 9 conditions, each consisting of 24 nouns
(Supplementary Figs. S2 and S3 and Tables S1.1 and S1.2).
From each original, unprocessed audio file, various
degraded versions were created using a MATLAB-based
noise-band-vocoding algorithm. The MATLAB code used
in this study is available in our GitLab repository (see
‘Data/Code availability’). Noise vocoding is an effective
technique for manipulating the spectral detail while preserv-
ing the temporal envelope of the speech signal,*® allowing for
graded and controlled intelligibility based on the number of
spectral bands used, with more bands yielding a more intel-
ligible speech signal. The extracted amplitude envelope from
each band is used to modulate the white noise for that specif-
ic band. In noise vocoding, spectral degradation is varied by
specifying the number of spectral bands (bandpass filters) to
be extracted. The extracted envelopes in each band were
smoothed (low-pass filtered) by a value that does not affect
intelligibility (e.g. 400 Hz, as relevant temporal perturba-
tions contributing to intelligibility in speech seem to lie
around 20 Hz).*’ In addition to spectral degradation, we
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systematically varied the temporal smoothing of the ampli-
tude envelopes over a frequency range previously identified
to distinctly influence intelligibility. Notably, noise vocoding
allows for the orthogonal manipulation of spectral and tem-
poral variations in any given signal. The design was adapted
from our two previous studies.***> Each stimulus was pre-
sented monaurally, once in each ear (i.e. the non-CI ear
and the CI ear), during two EEG recording sessions on
each measurement day. There were four different sequences
of the 216 German words and the arrangement of these se-
quences was applied in a counterbalanced manner across ses-
sions and ears.

Participants rated the comprehension level of each de-
graded word on a scale of 1 (‘not’) to 4 (‘well’) using a com-
puter keyboard after hearing each word. Subjective scales
were chosen for word comprehension as they provide in-
sights into individual subjective comprehension experiences
over time. Measures such as multiple choice responses may
lack this level of data sensitivity and resolution due to limited
measurement time. Furthermore, these methods might be ac-
companied with potential (increased) risk of learning effects,
possibly limiting the validity of the outcomes in this longitu-
dinal design. Stimuli were presented either through ear-
phones (to non-CI ears at 60 dBA SPL via Etymotic ER-2
air-conducting earphones) or through the CI audio input
port (Nucleus CI422 implant with Slim Straight electrode;
Cochlear Ltd, Australia).

Each trial began with a silent phase lasting 0.5-1.5 s (with
jittered length), followed by 3 s with the presentation of the
stimulus 0.6 + 0.12 s (range 0.28-1.04 s). Participants rated
the comprehensibility of the stimulus without a time limit
when a question mark displayed on the screen, which disap-
peared after the button was pressed. Finally, there was a 2-s
break before the onset of the next trial.

EEG recordings took place in an electrically shielded room.
A 128-channel ANT-neuro EEG system with a Waveguard
cap (ANT Neuro, Enschede, The Netherlands) was used in
a standardized montage based on the 10-5 system.’®
Device-based average reference was used as an online refer-
ence, and impedances were kept below 5 kQ. The recording
sampling frequency was set at 2048 Hz, and no online filter-
ing was applied. Two EEG sessions (one session per year)
were recorded from the normal hearing participants as refer-
ence data. CI participants, on the other hand, underwent se-
ven recording sessions, including one preoperative session
and two sessions during each follow-up visit over 12 months
(3, 6 and 12 months after CI implantation, respectively).

EEG data pre-processing was conducted using MATLAB
R2020a (Version 9.8, Mathworks, USA) and Fieldtrip
Toolbox>! with in-house modifications. First, data for later
RSA analysis (including data from both CI users and normal
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hearing controls) were filtered with a bandpass filter between
0.1 and 80 Hz (finite impulse response filter with Kaiser win-
dow) and a discrete Fourier transform filter around 50 Hz to
reduce line noise, and then epoched from —1 to 1.5 s. To re-
move general EEG artefacts (such as eye movement and
heartbeats), we applied independent component analysis
(ICA). For the ICA, raw data were filtered with a bandpass
filter between 1 and 30 Hz (finite impulse response filter
with Kaiser Window), downsampled to 500 Hz and epoched
from —1to 1.5 s relative to the word onset. With the Fieldtrip
automatic artefact rejection algorithm, we rejected trials
with z-values higher than 100 before conducting ICA. On
average, 4.15+1.41 (SD) components for CI users and
4.15 +1.42 (SD) components for normal hearing controls
were removed per session across participants. The automatic
artefact rejection algorithm was applied once more to elimin-
ate trials with z-values exceeding 50.

To mitigate CI artefacts, we used an ICA method known as
second-order blind identification (SOBI).>>>3 After remov-
ing eye movements and cardiac activity, we applied SOBI ex-
clusively to the Cl users’ Cl ear data. Components displaying
spikes at the onset and/or offset of stimuli were identified as
CI artefacts and removed. On average, 3.25 + 1.88 (SD)
components were removed per session across participants.

To characterize the temporal dynamics, regions of interest
and the shared representation of speech degradation among
Cl ears, non-Cl ears and normal hearing controls, we utilized
multivariate time-resolved classification/RSA and relating
representations among those datasets on the EEG data of
all participants and sessions.**** Detailed descriptions of
these analyses are provided in the following sections. The
analyses were performed using MATLAB R2020a (Version
9.8, Mathworks, USA), Fieldtrip Toolbox’' and scripts
from Xie et al.** with in-house modifications. Due to the lim-
ited number of trials (24 trials for each condition) for RSA,
we pooled two conditions based on the subjective compre-
hension rating and excluded the condition with the highest
accuracy. This resulted in four conditions: ‘very easy’,
‘easy’, ‘difficult’ and ‘very difficult’, on which based on our
analysis. Both the CI and normal hearing datasets were sep-
arately analysed in an analogous manner on a per-
participant basis. We provided conventional ERP analysis
as a sanity check for data quality (see Supplementary Text
S1 and Fig. $4).

Time-resolved, within-subject MVPA was applied to the
EEG data to identify the temporal dynamics of speech com-
prehension representations in both CI and normal hearing
brains (Fig. 1A). At each time point within the EEG epoch
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Figure | Time-resolved multivariate analysis on EEG data. (A) General overview of the RSA. First, we extracted condition-specific EEG
sensor values for every time point in every epoch (trial) and formed them into response vectors. Then, using a leave-one-out cross-validation
scheme, we trained and tested a SVM to classify speech comprehension from the response vectors. The decoding result (pairwise decoding
accuracy, e.g. the very easy condition versus the very difficult condition, 50% chance level) for every time point was aggregated into a RDM of size
4 X 4. Here, decoding accuracy is used as a dissimilarity measure. The matrix is symmetric along the diagonal, which is undefined. Averaging the
lower triangular part of the matrix (accuracies within the marked area) resulted in grand average decoding accuracy as an index of how well neural
representations distinguish speech comprehension at each time point. Grand average decoding accuracies for each time point were formed into
the decoding accuracy curve which depicted how the brain discriminates speech comprehension over time. (B) General overview of the shared
representation analysis. We employed RDMs to relate speech degradation representations among Cl users and normal hearing controls. We
computed Spearman’s R to correlate RDMs between Cl ears and normal hearing controls as well as between non-Cl ears and normal hearing
controls for all time point combinations (t,, t,).
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(ranging from —500 to +1500 ms relative to the stimulus on-
set), trial-specific EEG channel activations were extracted
from both CI users and normal hearing control participants
(10 each) and were organized into pattern vectors corre-
sponding to the four category conditions: ‘very easy’,
‘easy’, ‘difficult’ and ‘very difficult’ from the stimulus set.
To enhance the signal-to-noise ratio (SNR), we randomly
distributed raw trials into four bins of approximately equal
size and averaged them to create four pseudo-trials.**
We used a leave-one-pseudo-trial-out cross-validation classi-
fication method and trained classifiers using linear support
vector machines (SVMs), implemented in the LIBSVM tool-
box in MATLAB,>® to decode pairwise combinations of any
two conditions per session. This procedure was repeated
1000 times, with each iteration involving a new random as-
signment of trials into four pseudo-trials for each condition.
The decoding results (pairwise decoding accuracy, e.g. the
very easy condition versus the very difficult condition, with
a 50% chance level) at each time point were aggregated
into a 4 x4 representational dissimilarity matrix (RDM).
The matrix exhibits symmetry along the diagonal, which re-
mains undefined. By averaging the lower triangular part of
the matrix (Fig. 1A right bottom, accuracies within the red
line area), we obtained the grand average decoding accuracy,
serving as an index of the effectiveness in distinguishing
speech comprehension levels of neural representation at
each time point. These grand average decoding accuracies
for each time point were then used to construct a decoding
accuracy curve, illustrating how the brain discriminates
speech comprehension over time.

To investigate how CI ears, non-CI ears and normal hearing
controls share common degraded speech processing repre-
sentations, we related their degraded speech representations
in a representational similarity time-generalization analysis
(Fig. 1B). We computed shared representations of two com-
binations: (i) between non-CI ears and normal hearing con-
trols and (ii) between CI ears and normal hearing controls.
To enhance SNR, we averaged the RDMs of the non-CI
and CI ear. Subsequently, we correlated the average RDM
from the CI users with each normal hearing participant’s
RDM across all combinations of time points. This yielded
10 correlation coefficient matrices, with the time points in-
dexed in both rows and columns.

The behavioural comprehension ranking data in response to
the variously degraded words were analysed using cumula-
tive link mixed models (CLMMs) in R (version 3.6.2, R
Development Core Team, 2019) with the ‘ordinal’ pack-
age.”” The fixed effects in the CLMMs consisted of the pre-
dictors of interest (ear, session and condition), and the
random effects included the variables of participant and
item. All models were fitted using the maximum likelihood
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estimation. The best-fitting model was determined through
backward stepwise model selection. The outcomes of the fi-
nal model are reported in the result section. The P-values for
the fixed effects in the CLMM were obtained via the
‘Anova.clmm’ function from the ‘RVAideMemoire’ pack-
age.’® The post hoc pairwise contrasts for each pair of levels
of the group, session and condition variables were calculated
using the ‘emmeans’ and ‘pairs’ functions with the ‘em-
means’ package.’” The effect size Cohen’s d was computed
using the ‘cohens_d’ function from the ‘rstatix’ package:
d=0.2 indicates a small effect; d=0.5 indicates a medium
effect; d = 0.8 indicates a large effect.®”

To test whether the time-resolved decoding accuracies ex-
ceeded the chance level (pairwise decoding accuracy, with a
50% chance level), we conducted a non-parametric, cluster-
based statistical analysis using the maximum cluster size
method.®" The cut-off was determined through a sign per-
mutation test based on the distribution of #-values from all
possible permutations of the measured accuracy values.
The cluster threshold was set at 0.05, one-sided. To identify
significant clusters, the threshold was also set at 0.03,
one-sided.

To examine the correlation coefficient matrices for the
shared representation between two groups, we first applied
Fisher-z transformation to the correlation coefficients.
Subsequently, we expanded the cluster-based approach de-
scribed above to 2D. The threshold settings were the same
as mentioned earlier (P < 0.05, one-sided).

To test the correlation coefficient matrices extracted from
the shared representation matrices of non-CI ears and nor-
mal hearing controls over four sessions, we first Fisher-z
transformed and then averaged the values within the 600
and 1200 ms time window, yielding a single value for each
participant per session. A permutation repeated measures
F-test was employed to examine the session effect using the
‘permuco’ package in R.®* Additionally, permutation paired
t-tests were conducted to compare Fisher-z transformed cor-
relation coefficients between any two sessions, with adjusted
alpha levels [0.0083 (0.05/6) for the non-CI ears, 0.0167
(0.05/3) for the non-Cl ears] applied through Bonferroni cor-
rection, utilizing the ‘RVAideMemoire’ package in R.’® In
the both permutation analysis, 10 000 permutation samples
and corresponding test statistics were obtained to generate
the permutation distribution.

Results

The participants were required to provide a comprehension
rating for each presented word. Figure 2 illustrates the
comprehension ratings for all groups, ears, sessions and
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Figure 2 Results of comprehension ratings. (A, B) The subjective comprehension rating increased over time not only in the Cl ear but also
in the non-Cl ear. The asterisks on the bottom of the bars in the non-Cl ear and Cl ear denote whether there is a significant difference between
those and normal hearing controls. (A, C, D) Significant differences between all pairs of conditions were found in the normal hearing controls
and the non-Cl ear (N = 10 for each group; all P < 0.001, CLMMs, pairwise comparisons corrected by Tukey test). Significance levels: *P < 0.05,

**P < 0.01, ¥*P < 0.001.

conditions. Overall, the comprehension rating in both ears of
CI users as well as normal hearing controls decreased as the
words became more degraded (all P < 0.05, Supplementary
Tables S2-S4) with one exception: there was no difference
between the difficult and very difficult conditions in the CI
ears (z=1.91, P=0.22, Supplementary Table S4).

When testing the effects of CI, session, condition and their in-
teractions on Cl users’ Cl ears and non-ClI ears, there were sig-
nificant main effects for all those factors (all P<0.001,
Supplementary Table S5) and significant interactions between
CI and session [}*(2) = 34.14, P < 0.001] as well as between
CI and condition [*(3) =459.96, P < 0.001]. These results in-
dicate that the comprehension rating for the non-CI ears im-
proved more over the course of a year and across various
levels of degraded words compared to the CI ears.

For the non-CI ears, the comprehension ratings were low-
er than those of normal hearing controls in all the conditions
during the pre-Op session and post-Op 3-mon sessions (all
P <0.05, Supplementary Table S6). The session effect in
the non-CI ears was significant [y*(3) = 393.01, P < 0.001],
although there were no differences between the pre-op and
post-Op 3-month sessions (z=-0.17, P =0.99). The condi-
tion effect was also significant [;*(3)=209.67, P <0.001]

and all the conditions were significantly different from
each other (all P <0.001, Supplementary Table S3).

For the CI ears, the comprehension ratings were poorer
than those of normal hearing controls in all the conditions
across all sessions (all P <0.05, Supplementary Table S7).
Nevertheless, the session effect was significant [}*(2) =
38.06, P <0.001]. The ratings improved after 6 months of
implantation (post-Op 6-month ratings higher than
post-Op 3-month with P < 0.001; post-Op 6-month ratings
higher than post-Op 3-month with P <0.001). The condi-
tion effect was also significant [*(3)=99.03, P <0.001],
while there was no significant difference between the difficult
and the very difficult conditions (z =1.91, P = 0.22). There is
no main effect of laterality for both of the non-ClI ears and CI
ears (Supplementary Tables S8 and S9).

Decoding accuracies of speech
degradation in non-Cl ears improved
6 months after implantation

The average decoding accuracy was significantly above
chance (50% chance level for pairwise decoding between
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Figure 3 Average decoding accuracy over time for the non-Cl ear (left panel) and the Cl ear (right panel) for all

conditions. Results from post-operative non-Cl ears along with normal hearing controls showed greater-than-chance decoding accuracy (left
panel). On the other hand, Cl ears did not show greater-than-chance decoding accuracy in any session (right panel). Rows of dots indicate time
points with significantly above-chance decoding accuracy (N = |0 for each group; right-tailed sign permutation test, corrected significance level

P <0.05).

every two conditions) during late time points (see Fig. 3).
Notably, this was true for normal hearing controls (660
840 and 900-1000 ms) and most post-operative EEG meas-
urement sessions for the non-CI ear (post-Op 6-mon: 800—
960 ms; post-Op 12-mon: 820-940 ms). However, for the
CI ear, this analysis did not yield above-chance results in
any time window. The decoding accuracy between any two
conditions in the CI ear could be influenced by the decoding
results between the difficult and very difficult conditions,
which showed no significant difference in the behavioural
results.

Our results from the subject comprehension rating and
the time-resolved classification analysis have shown an im-
provement in the performance of non-ClI ears in processing
degraded speech. To further explore how cochlear im-
plantation affects the representation of degraded speech
over time, we correlated the RDMs of non-ClI ears, CI ears
and normal hearing controls. The correlation matrices be-
tween the non-CI ears and normal hearing controls in late
time windows showed significance above zero in all sessions
(Fig. 4A, top row). However, between the CI ear and normal
hearing controls, no significant correlations were observed
after CI implantation (Fig. 4A, bottom row). Furthermore,
to quantify how the correlation may evolve across sessions,
we calculated the average of 961 Fisher Z-scores of correl-
ation coefficients within the 600-1200 ms time range of
the time-generalized Spearman’s R matrices (indicated by
white dashed squares in Fig. 4A) for each session. The time
window was defined based on the results of the time-resolved

classification here and the findings of intelligibility classification
from Obleser and Weisz.** For the non-ClI ear, the resulting
correlations were significantly higher at post-Op 6-mon
compared to the pre-Op [P < o (0.0083), permutation paired
t-test, Cohen’s d = 1.50] and post-Op 12-mon compared to
the pre-Op [P < a (0.0083), d=1.51] and they were higher
at post-Op 12-mon than at post-Op 3-mon [P<a
(0.0083), d=0.9] (Fig. 4B). For the CI ear, there was a
main effect of session, but no significant results from pair-
wise comparisons [F(2,18) =5.204, P=0.016, permutation
F-test] (Fig. 4B).

Discussion

In this study, we investigated the impact of CIs on neurobeha-
vioral speech processing using RSA to track brain activity
patterns related to speech processing over time. We examined
neural speech processing in both the non-CI ear and the CI
ear, comparing the results to normal hearing control data.
This study aimed to reveal the neuroplastic dynamics trig-
gered by Climplantation over multiple time points, including
pre-operation and 3, 6 and 12 months after the operation.
Our results highlight significant improvements in speech
comprehension over a year for cochlear implant users in
line with our previously published results from the
Oldenburg sentence test conducted with the same partici-
pants.*® The EEG RSA results mirrored these functional im-
provements: time-resolved classification analysis of all speech
comprehension difficulty levels (i.e. ‘very easy’, ‘easy’, ‘diffi-
cult’ and ‘very difficult’) showed above-chance decoding ac-
curacy during late time points (around 600-1000 ms after
stimulus onset) for normal hearing controls and 6-month as
well as 12-month post-operative EEG measurement sessions
for the non-ClI ear, but not for the CI ear. These results dem-
onstrate enhanced cortical processing for differentiating vari-
ous levels of degraded speech presented to the non-CI ears.
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Figure 4 Quantification of shared degraded speech representation between Cl users and normal hearing controls. (A) Average
time-generalized Spearman’s R matrices relating Cl ears, non-Cl ears and normal hearing controls for each session. Significant correlations are
highlighted with black lines (N = 10 for each group, right-tailed sign permutation tests, cluster-corrected significance level P < 0.05). For the result
of relating Cl users’ Cl ear and non-Cl ear, see Supplementary Fig. S5. (B) Average all of the Fisher Z-scores of correlation coefficients within 600
and 1200 ms (white dashed squares in Fig. 4A) of each session and compared them across sessions. The result parallels the findings of decoding
accuracy. It shows that the correlation of non-Cl ears with normal hearing controls improves at 6- and 12-month post-operation (left panel).
On the other hand, Cl ears did not show improvement over time (right panel). Bars represent 95% confidence intervals. Significance levels:
*Poonferroni < & (see ‘Statistical analysis’; N = 10 for each group, permutation paired t-tests with Bonferroni correction).

Furthermore, the quantification of shared degraded speech
representation between CI users and normal hearing controls
through matrix correlation links the observed improvement
in decoding accuracy for the non-CI ear to representational
neural patterns becoming more similar to normal hearing in-
dividuals. Overall, our results demonstrate that CIs not only
provide auditory input to the deaf ear of people with SSD, but
crucially, improves speech comprehension outcomes by en-
hancing the performance of their hearing ear.

Impact of cochlear implant on the
non-cochlear implant ear of stimulus

Single-sided deafness individuals

The observed differences in behavioural improvement and
neural activity patterns, while not being inter-correlated,
with the CI and non-CI ears underscore the importance of
considering both ears in the assessment of CI effectiveness
and neural processing. In the Cl ears, our behavioural results
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show improvement at 6 and 12 months after the operation, in
line with previous studies.'”>'*:** Importantly, the significant
differences compared to the normal hearing controls at the
pre-operation and 3 months post-operation as well as the
significant improvements observed in speech comprehen-
sion over time in the non-CI ears suggest that Cls can lead
to functional reorganization of auditory processing in the
non-CI ears of SSD individuals. This further emphasizes
the potential benefits of Cls for individuals with auditory
disorders and highlights the importance of rapid interven-
tion after SSD onset to potentially optimize speech compre-
hension and other beneficial auditory outcomes, such as
pitch perception.®*¢’

In the context of our study on single-sided CI, the signifi-
cant influence of the non-CI ear on speech comprehension
can be interpreted within a Bayesian framework.®®® Since
the auditory input from the clinically healthy, non-CI ear
continues to dominate over that from the deaf ear, even
when aided by a CI, the brain tends to prioritize the informa-
tion from the non-CI ear. The CI primarily functions as a
supplementary source, possibly enhancing the precision of
auditory input obtained from the non-CI ear and, conse-
quently, improving overall auditory functioning (here:
speech comprehension).

Given the novelty of our RSA approach for the SSD-CI EEG
data, it is difficult to directly compare our results to previous
studies. As ERP measures primarily capture information en-
coded by activity time-locked to the stimulus, RSA captures
information that is variable across trials in a multivariate
way, considering interrelations between various features.
Therefore, it is difficult to relate these two measures to each
other. However, our findings generally align with prior re-
search regarding behavioural improvements and normaliza-
tion after CI implantation.””*! In these studies, ERP
components (e.g. N1 and P2) are related to early processing
between 100 and 300 ms, while our data show effects after
600 ms in CI users. These late components, such as the
P600, are usually known for being relevant in a higher order
of language processing hierarchy (e.g. syntactic) rather than
basic acoustic or linguistic processing.®””° In addition,
Obleser and Weisz** from which we adapted the study design
and the materials for the current study, also showed the max-
imum effects around 600 ms. Therefore, it is plausible to ar-
gue that our results demonstrate the restoration of neural
activity in higher levels of speech processing in non-CI ears.
Concerning different types of plasticity following Cl implant-
ation, our results can only be interpreted as adaptive plasti-
city since the current experimental design does not enable
us to theorize in more depth about the possible involvement
of cross-modal (audio—visual) plasticity.?>3*37
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In our results of the time-generalized similarity analysis,
we observed an increase in correlation up to 6 and 12 months
post-CI implantation. Kral and Sharma®® emphasize that
factors such as the duration and onset of auditory depriv-
ation can affect the time course of neuroplastic changes.
However, longitudinal EEG data on adult CI-SSD cases are
so scarce that it is challenging to draw general conclusions
about these critical time windows. In our sample, 9 out of
10 participants received their CI within 2 years after the on-
set of SSD, which can be considered an early intervention
where neuroplasticity should be plausible. We therefore con-
clude that the results of our study reflect such neuroplastic
processes, although we cannot completely rule out the influ-
ence of individual differences in our small sample.

Our findings underscore the utility of RSA as a powerful tool
for investigating neuroplastic changes in the brain following
CI implantation. This method enables more specific and de-
tailed tracking of neuroplasticity effects, providing valuable
insights into the neural mechanisms underlying improve-
ments in speech comprehension and auditory functioning
in general.”! Consequently, RSA may prove beneficial in
other clinical and longitudinal use cases, especially with
small sample sizes, for studying auditory disorders and inter-
ventions.>” Our applied methodology can thus potentially
inform the development of more effective diagnosis, rehabili-
tation and intervention strategies by using healthy controls
(between subjects) or healthy state data (within subjects) as
reference decoding data across multiple time points.

The study encountered several limitations, which we address
below to support the validity and reliability of our findings.
First, the small sample size of 10 participants per group (i.e.
CI users and normal hearing controls), although well-
matched with normal hearing controls and comprehensively
documented, is not uncommon in CI research, especially in
longitudinal studies. This small sample size and the less opti-
mal experiment design limit us to correlate behavioural data
with neural data on a per-subject basis. Future research
should consider larger samples and better experimental de-
signs (e.g. more distinction in comprehensibility across condi-
tions and more trials per condition) to better relate individual
neural observations to behavioural performance. Second,
dealing with noisy CI EEG data presented a significant chal-
lenge. However, we employed ICA cleaning methods with ex-
pert care to ensure data quality.®>’*”* Third, no EEG
changes for the CI ear were detected, which could be due to
the exclusive use of spectrally degraded stimuli. Future re-
search should consider including non-degraded words/
speech, which are also able to induce larger and more specific
neural responses as well as possibly better align with the
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behavioural results. Fourth, while we observed improvement
in the Oldenburg sentence test and sound localization test,*®
as well as lack of a condition and session interaction in the
degraded word rating (i.e. the investigated variable of this
study), we cannot rule out that the observed improvement
in the non-Cl ear may have arisen from a learning effect since
corresponding data across sessions from a control group was
not available. Future studies should consider better control
for learning effects, for example, by including a control
group with SSD before implantation to assess neuroplasticity
unrelated to Cls and their auditory stimulation, or by meas-
uring normal hearing controls over time. However, the in-
creasing neural similarity in speech processing between the
non-ClI ear of CI users and healthy controls cannot be solely
attributed to a learning effect from stimulus exposure.
Lastly, the heterogeneity among Cl individuals, such as CI ef-
ficacy and tolerability, wearing time and so on, may have im-
pacted the results, particularly given the small sample size
and considerable age range. Despite these unavoidable chal-
lenges, the study yielded plausible and consistent results
across analyses.

Conclusion

In the present study, we demonstrated the normalization of
neural representation patterns in response to speech stimuli
over time after CI implantation in adults with SSD, particu-
larly in the non-Cl ear, using RSA. The gradual improvement
in behavioural speech comprehension performance was re-
flected in enhancement of shared degraded speech represen-
tation between CI users and normal hearing controls. Taken
together, our findings confirm the positive effects on speech
comprehension after CI implantation and advocate for the
application of RSA in future clinical longitudinal studies.
Ultimately, these advancements could also encourage CI
users to use their devices more frequently, maximizing the
benefits they receive from their implants.

Supplementary material

Supplementary material is available at Brain Communications
online.
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