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ARTICLE INFO ABSTRACT
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In single-sided deafness patients fitted with a cochlear implant (CI) in the affected ear and preserved normal
hearing in the other ear, acoustic and electric hearing can be directly compared without the need for an external
control group. Although poor pitch perception is a crucial limitation when listening through CIs, it remains

gjg:gd unclear how exactly the cortical processing of pitch information differs between acoustic and electric hearing.
Single-Zi ded deafness Hence, we separately presented both ears of 20 of these patients with vowel sequences in which the pitch
Speech contours were either repetitive or variable, while simultaneously recording functional near-infrared spectroscopy

(fNIRS) and EEG data. Overall, the results showed smaller and delayed auditory cortex activity in electric
hearing, particularly for the P2 event-related potential component, which appears to reflect the processing of
voice pitch information. Both the fNIRS data and EEG source reconstructions furthermore showed that vowel
sequences with variable pitch contours evoked additional activity in posterior right auditory cortex in electric but
not acoustic hearing. This surprising discrepancy demonstrates, firstly, that the acoustic detail transmitted by CIs
is sufficient to distinguish between speech sounds that only vary regarding their pitch information. Secondly, the
absence of a condition difference when stimulating the normal-hearing ears suggests a saturation of cortical
activity levels following unilateral deafness. Taken together, these results provide strong evidence in favour of
using Cls in this patient group.

1. Introduction

A major challenge when studying functional brain activity in clinical
populations is that the control groups required to evaluate the results
can only be matched for a limited set of parameters. Here, we present
data from a group of adults with single-sided deafness (SSD), all of which
were fitted with cochlear implants (CIs) in the deafened ear but had
preserved normal acoustic hearing in the other ear, resulting in the rare
scenario that each participant acted as their own control subject.
Separately stimulating both ears allowed for a direct comparison of
acoustic hearing and Cl-based electric hearing.

CIs have proven very successful in restoring hearing after profound
sensorineural hearing loss (Macherey and Carlyon, 2014; Wilson and
Dorman, 2008). Yet, the electrical components of the devices have

hindered the study of brain activity in CI users, particularly the use of
functional MRI and MEG. EEG data obtained from CI users, on the other
hand, are severely affected by electrical artefacts, and a substantial part
of the literature has focussed on ways to remove them (Friesen and
Picton, 2010; Gilley et al., 2006; Viola et al., 2012; Viola et al., 2011).
Therefore, PET has been applied extensively in CI research (Anderson
et al., 2017a; Strelnikov et al., 2015), despite its inconvenience. More
recently, however, functional near-infrared spectroscopy (fNIRS) has
been identified as an ideal CI-compatible imaging method (Anderson
et al., 2017a; Pinti et al., 2018).

The majority of PET studies with CI users focussed on how the pro-
cessing of speech is affected by deafness-induced plasticity effects in
auditory and visual cortex and how these relate to CI-based speech
intelligibility (Coez et al., 2008; Giraud et al., 2001a; Giraud et al.,
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2001b; Giraud et al., 2000; Green et al., 2005; Mortensen et al., 2006;
Rouger et al., 2012; Strelnikov et al., 2013). Similarly, most fNIRS
studies with CI users to date were concerned with cortical activity eli-
cited by visually or auditorily presented speech (Anderson et al., 2017b;
Bisconti et al., 2016; Chen et al., 2016; Mushtagq et al., 2020; Olds et al.,
2016; Sevy et al., 2010; van de Rijt et al., 2016; Zhou et al., 2018).
Although a few PET (Giraud et al., 2001a; Giraud et al., 2001b; Giraud
et al., 2000; Mortensen et al., 2006) and fNIRS studies (Chen et al.,
2017a; Chen et al., 2017b; Mushtagq et al., 2020; Olds et al., 2016) also
used vowels or non-speech stimuli, systematic comparisons of basic
auditory perception processes in CI users and normal-hearing (NH)
controls are lacking. This is particularly striking with regard to pitch
perception, which is very limited when listening through a CI and a
crucial factor underlying the difficulties CI users encounter when
listening to speech and music, especially in background noise (Green
et al., 2004; Oxenham, 2008; Steinmetzger and Rosen, 2018). The only
pitch cues available to CI users are the periodic fluctuations of the
temporal envelope of the acoustic input and hence their ability to
identify the voice pitch contours that constitute a major part of prosody
is strongly reduced (Chatterjee and Peng, 2008; Everhardt et al., 2020).

Here, the participants were presented with continuous sequences of
natural vowels in which the pitch contours were either the same
throughout or varied between the individual vowels, while controlling
for spectro-temporal differences between the two conditions. This subtle
but linguistically relevant acoustic contrast allowed us to compare the
processing of voice pitch changes in acoustic and electric hearing.
Concurrent fNIRS and EEG data were obtained while stimulating each
ear separately to study the evoked haemodynamic and electrophysio-
logical activity. Furthermore, source reconstructions of the resulting
event-related potentials (ERPs) were computed to investigate the
interrelation of both types of cortical activity in detail. To date, there is
only one concurrent fNIRS-EEG study with CI users (Chen et al., 2017b),
which reported lower adaptation rates to visual and auditory stimuli
compared to NH controls, but this study neither examined the distri-
bution of cortical activity in detail nor did it include source-level ERP
analyses.

Previously, we tested young NH listeners with the same paradigm and
methodology to obtain results the present data can be compared with and
to assess the congruence of the two imaging methods (Steinmetzger et al.,
2022). Both the fNIRS topographies and the ERP source reconstructions
showed strongly right-lateralised activity in superior temporal areas for
both types of vowel sequences. Sequences with variable prosodic con-
tours, however, elicited additional cortical activity along the right su-
perior temporal cortex (STC), particularly its anterior portion. The
source-level ERPs revealed that this additional activity was driven by
increased P2 and sustained potential amplitudes. These results are in line
with the notion that pitch changes are primarily processed in superior
temporal areas located anterior to right primary auditory cortex
(Johnsrude et al., 2000; Patterson et al., 2002; Zatorre and Belin, 2001).

It is unclear, however, if these areas are also involved in the pro-
cessing of voice pitch changes in CI-based hearing and whether the same
degree of hemispheric specialisation applies. Due to the limited spectral
resolution of the devices, it has been suggested that pitch changes may
be perceived as changes in brightness or timbre rather than actual var-
iations of pitch (Oxenham, 2008). Accordingly, the additional activity in
the variable prosody condition should be confined to central and pos-
terior portions of right STC, where slow spectro-temporal modulations
elicit the strongest responses in normal hearing (Boemio et al., 2005;
Poeppel, 2003). Previous EEG studies with CI users have shown a
reduced mismatch negativity to pitch changes relative to normal hearing
(Kelly et al., 2005; Sandmann et al., 2009; Sandmann et al., 2010), a
smaller N1 evoked by pitch onsets (Wagner et al., 2017), and that
auditory ERPs hardly differed in response to tones with different degrees
of frequency modulation (Sandmann et al., 2015). Yet, the distribution
of cortical activity in CI-based pitch processing cannot be inferred from
these results.
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More generally, both diminished haemodynamic cortical activity in
auditory areas (Coez et al., 2008; Giraud et al., 2000) as well as smaller
and delayed auditory ERPs (Agrawal et al., 2013; Kelly et al., 2005;
Sandmann et al., 2009; Sandmann et al., 2015; Viola et al., 2011;
Wagner et al., 2017) have been observed in CI users relative to NH
controls using different types of auditory stimuli. These effects were
shown to increase with the duration of deafness before implantation
(Green et al., 2005; Kelly et al., 2005; Sandmann et al., 2010; Viola et al.,
2011) and possible explanations for them include the lower number of
activated neurons as well as a reduction of synchronised neural activity
caused by the limited sensory input provided by CIs (Agrawal et al.,
2013; Sandmann et al., 2009). However, these differences between
acoustic and electric hearing have never been shown in the same group
of subjects. Similar effects in the current sample of unilateral CI users
with preserved contralateral acoustic hearing, particularly regarding the
delayed ERPs, would thus imply temporally disparate neural responses
despite several years of experience with bimodal hearing.

2. Material and methods
2.1. Participants

Twenty participants with SSD, i.e., unilateral CI users with preserved
normal acoustic hearing in the contralateral ear, took part in this
experiment. All subjects were post-lingually deafened German native
speakers. According to the current WHO (2021), three subjects had a
moderate hearing loss in the contralateral ear (35-50 dB average
hearing level from 0.5 to 4 kHz; subjects 5, 17 & 20). For all other
subjects, the audiometric thresholds only showed some age-typical high-
frequency hearing loss at the time of implantation (Fig. 1). None of the
participants wore a hearing aid in the contralateral ear or were receiving
clinical treatment for hearing loss in the non-implanted ear when the
experiment was conducted, indicating that their audiometric thresholds
have not deteriorated significantly. Detailed information regarding the
participants is provided in Table 1. The words correct scores for the CI
ears were determined with the Freiburg monosyllabic speech intelligi-
bility test at a presentation level of 65 dB SPL (Hahlbrock, 1953).
Written consent was obtained prior to the experiment. The study was
approved by the local research ethics committee (Medical Faculty,
University of Heidelberg) and was conducted in accordance with the
Declaration of Helsinki.

2.2. Stimuli
The materials used in this study were identical to those employed in a

previous fNIRS-EEG experiment with young NH listeners (Steinmetzger
et al., 2022), where the stimulus construction is described in more
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Fig. 1. Audiograms of the non-implanted ears. The coloured lines show the
thresholds of the individual subjects, the thick black line indicates the group
mean values with standard deviations shown as error bars. Subjects with
moderate hearing loss are indicated by black numbers.
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Table 1
Subject information™
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Subject  Age Sex CI Duration SSD Duration CI use Aetiology of deafness CI & processor type / Words correct CI
ear (~years) (years,months) strategy ear (%)

1 58 m 1 23 5.5 Intracochlear schwannoma  FLEX28 & OPUS2 / FS4-p 60
2 61 f T 6 5.6 Acoustic neuroma FLEX28 & OPUS2 / FS4 65
3 59 f 1 1 2.2 Sudden hearing loss HiRes90K & Naida Q90 / 45

HiRes Optima-S
4 66 f r 26 2.6 Sudden hearing loss FLEX28 & RONDO / FS4-p 65
5 66 f 1 22 5.6 Sudden hearing loss FLEX28 & OPUS2 / FS4 10
6 67 f 1 1 5.2 Sudden hearing loss CONCERTO medium & OPUS2 45

/ FS4-p
7 66 m r 1 6.1 Sudden hearing loss CI422 & CP810 / ACE 70
8 55 f r 39 6.1 Mumps FLEX28 & OPUS2 / FS4 55
9 50 f 1 1 5.9 Sudden hearing loss FLEX28 & OPUS2 / FS4-p 45
10 44 f r 2 4.4 Otosclerosis CI522 & CP910 / ACE 55
11 67 f r 1 6.7 Sudden hearing loss CI422 & CP810 / ACE 35
12 42 f T 1 5.3 Sudden hearing loss HiRes90K & Naida Q90 / 80

HiRes Optima-S
13 63 f 3 3.7 Sudden hearing loss FLEX28 & RONDO / FS4-p 55
14 77 f T 13 2.10 Méniere’s / Sudden hearing FLEX28 & SONNET / FS4 30

loss

15 60 m r 1 3.7 Sudden hearing loss FLEX28 & RONDO / FS4-p 35
16 78 f T 1 5.0 Sudden hearing loss FLEX28 & SONNET / FS4 35
17 70 m r 1 2.1 Sudden hearing loss HiRes Ultra & Naida Q90 / 70

HiRes Optima-S
18 26 f r 1 3.4 Meningitis / Temporal FLEX28 & SONNET / FS4 80

bone fracture

19 66 m r 30 1.4 Sudden hearing loss FLEX28 & RONDO2 / FS4-p 55
20 58 m 1 20 4.1 Unknown HiRes90K & Naida Q70 / 90

HiRes Optima-S

0 =60 f= r= 0 =10(12) 0=43(.7) Sudden hearing loss =14  MED-EL = 13 O =54 (19.6)
(12) 14 13
# Group means (standard deviations) and overall counts, respectively, are provided in the bottom row.
detail. The stimulus materials were recordings of the German vowels /a/
, /e/, /i/, /o/, and /u/ spoken by an adult male German talker. Each A it Rising Faling Risng Faling
straight straight curved curved

vowel was limited to a length of 800 ms using a 50-ms Hann-windowed
offset ramp, and re-synthesised with a range of prosodic contours (flat,
rising straight, falling straight, rising curved, and falling curved) and
two mean fundamental frequencies (FOs; 80 Hz and 120 Hz) with the
STRAIGHT vocoder software (Kawahara and Irino, 2005). For the non-
flat contours, the FO increased or decreased by a perfect fifth relative
to the mean FO of the contour. To limit the influence of high-frequency
hearing loss in the non-implanted ears, the stimuli were low-pass filtered
at 3.5 kHz and then normalised to a common root-mean-square level.
Waveforms and narrow-band spectrograms of an example vowel syn-
thesised with the five different prosodic contours are shown in Fig. 2A.
To visualise the contours, the lower row of the plot shows spectrographic
representations of summary autocorrelation functions (SACFs), as
described in Steinmetzger et al. (2022), where the time lag of the first
peak represents the pitch contour.

2.3. Experimental design and procedure

The experimental design was identical to that described in Stein-
metzger et al. (2022), except that each subject completed the experi-
ment twice, once for the NH ear and once for the CI ear. The order of the
two sessions was counterbalanced and each subject went through the
whole testing procedure on the same day.

The individual vowels were presented in continuous blocks (20
vowels/16 s) followed by pauses (16-20 s), as shown in Fig. 2B. The
experiment consisted of two conditions: In the rixep prosopy condition, all
vowels within a block had the same prosodic contour (flat, rising straight,
falling straight, rising curved, or falling curved). In the VARIABLE PROSODY
condition, the contours varied between the vowels within each block
(rising, falling, straight, curved, or a mixture of all five contour types). The
five different contour types were intended to represent a set of typical,
easily distinguishable prosodic contours found across languages. The
range of prosodic contours, vowels, and FOs was primarily included to
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Fig. 2. Example stimuli and experimental design. A) Waveforms, narrow-band
spectrograms, and summary autocorrelation function spectrograms of the
example vowel /e/ (FO = 120 Hz) synthesised with five different prosodic
contours. B) The individual vowels were concatenated into blocks of 20 vowels,
alternating with pauses of similar duration. C) Schematic representation of the
two test sessions, in which either only the NH ear or only the CI ear received
auditory input.

Acoustic hearing:
NH ear stimulated
Cl taken off

Electric hearing:
Cl ear stimulated
NH ear blocked

ensure the generalisability of the results and to make the experiment less
monotonous. Every participant was presented with 50 blocks per con-
dition, in random order. Each session of the experiment thus consisted of
100 stimulus blocks, amounting to a duration of about 57 mins. As the
EEG data were analysed relative to the onset of the individual vowels in
each block, this design resulted in 2000 trials per session.
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Both ears were tested using free-field acoustic stimulation, for which
the stimuli were converted with 24-bit resolution at a sampling rate of 48
kHz using an ADI-8 DS sound card (RME, Haimhausen, Germany) and
presented via an Adam A7x speaker (Adam Audio, Berlin, Germany). The
speaker was placed directly in front of the listener, ~1.5 m away and at
ear level. The presentation level was set to 70 dB SPL using a sound level
meter (Briiel & Kjeer, type 2235; Neerum, Denmark) placed at the position
of the subject’s head. When testing the CI ear, the normal ear was blocked
with a combination of earplug (3M Series 1100; Maplewood, MN, USA;
~37 dB attenuation) and over-ear hearing protection (3M Peltor Optime
III H540A; ~35 dB attenuation). To test the NH ear, the external CI
processor was taken off (Fig. 2C). The experiment took place in a sound-
attenuating and electrically shielded room, with the participant sitting in
a comfortable reclining chair during data acquisition. To minimise
ambient light from interfering with the recordings, the participants wore
an overcap and the room light was dimmed to the lowest level. There was
no behavioural task, but pauses were inserted about every 15 mins to
ensure the vigilance of the subjects.

2.4. fNIRS recording and analysis

The fNIRS methodology used in the current study is largely the same
as in Steinmetzger et al. (2022), where it is described in greater detail.
fNIRS signals were recorded with a continuous-wave NIRScout 16x16
system (NIRx Medizintechnik, Berlin, Germany) at a sampling rate of
7.8125 Hz. Eight source optodes and eight detector optodes were placed
symmetrically over each hemisphere by mounting them on an EEG cap
with holes near the electrode sites P7 and P8 to accommodate the CI
coils (EasyCap, Herrsching, Germany). The source optodes emitted
infrared light with wavelengths of 760 and 850 nm. The chosen optode
layout was devised to optimally cover the auditory cortex and associated
areas. As the CI speech processors of most subjects hindered a stable
scalp contact of optodes in the inferior temporal region, the corre-
sponding channels (left: ch# 9 & 10; right: ch# 31 & 32) were excluded
from the analyses. This resulted in 20 measurement channels per
hemisphere, of which 18 had a standard source-to-detector distance of
about 30 mm, while the remaining 2 had a shorter spacing of about 15
mm. The optode and reference positions for each individual subject were
digitised with a Polhemus 3SPACE ISOTRAK II system (Colchester, VT,
USA) before the recordings.

The raw data were pre-processed using the HOMER2 toolbox
(version 2.8; Huppert et al. 2009) and custom MATLAB code. The raw
light intensity signals were first converted to optical density values and
then corrected for motion artefacts. A kurtosis-based wavelet algorithm
with a threshold value of 3.3 was used to identify and correct motion
artefacts (Chiarelli et al., 2015). Measurement channels with poor signal
quality were then identified by computing their scalp coupling index
(SCL Pollonini et al. 2014) and excluded from further analysis if the SCI
value was smaller than 0.6 (NH data sets: mean = 0.35 channels/subject,
max 4 per subject; CI data sets: mean = 0.4, max = 3). Next, the motion-
corrected signals of the remaining channels were band-pass filtered
between 0.01 and 0.5 Hz to isolate the task-related neural activity, and
subsequently converted to concentration values based on the modified
Beer-Lambert law (Scholkmann et al., 2014). The differential path
length factors required for the conversion were determined based on the
wavelengths of the light and the age of the subject (Scholkmann and
Wolf, 2013).

The pre-processed data were statistically evaluated and topograph-
ically visualised with SPM-fNIRS (version r3; Tak et al. 2016). The
optode positions of each subject were first transformed from subject
space to MNI space, after which they were probabilistically rendered
onto the ICBM-152 cortical template surface (Singh et al., 2005). The
signals were then temporally smoothed using the shape of the canonical
haemodynamic response function (HRF, ‘pre-colouring’) to avoid auto-
correlation issues (Worsley and Friston, 1995). The data of the indi-
vidual subjects were statistically modelled by convolving the continuous

Neurolmage: Clinical 36 (2022) 103188

signals obtained from each long channel with 16-s statistical parametric
mapping (SPM) double-gamma functions representing the stimulus
blocks. The oxygenated (HbO) and de-oxygenated (HbR) haemoglobin
data were modelled with positive and negative HRFs, respectively. To
allow the time course of the measured concentration changes to vary
slightly, the temporal and spatial derivatives of the canonical HRF were
included as additional regressors (Plichta et al., 2007). Furthermore, the
signals from the four short channels were subjected to a principal
component analysis, using the first component as an additional nuisance
regressor to remove the so-called global scalp-haemodynamic compo-
nent (Sato et al., 2016), i.e., the superficial signal component which is
thought to not reflect cortical activity.

After estimating the HbO and HbR general linear models (GLMs) for
each subject, contrast vectors were defined to assess the functional ac-
tivations. When comparing the activity across ears or conditions, the
regressors of interest were set to 1 and —1, respectively, while the re-
gressors representing the derivatives and the global scalp component
were set to O to statistically control for their effects. Likewise, when
evaluating the activity within conditions, the respective regressors were
set to 1, whereas all other regressors were set to 0. Group-level statistics
of each contrast were then computed for each long channel by assessing
the subject-level beta weights using one-sided t-tests.

A customised version of the SPM-fNIRS plotting routine was devised
to visualise the optode and channel positions as well as the functional
activations. The optode locations as well as the resulting channel posi-
tions and distances for the individual subjects are shown in Supple-
mentary Fig. 1. Two auditory regions of interest (ROIs) were defined a
priori, each comprising four channels positioned along the STC in both
hemispheres (left ROIL: ch# 5, 12, 14, and 16; right ROI: ch# 27, 34, 36,
and 38). In the plots showing the functional activations, the short
channels were omitted as they are assumed to not reflect any cortical
responses. In the HRF plots, the subject-level waveforms were baseline
corrected by subtracting the mean amplitude from —2-0 s around block
onset from each sample point. The HRFs are shown both after the pre-
processing (‘Total HRF’) as well as after regressing out the contribu-
tion of the short channels and pre-colouring the signals (‘Cortical HRF"),
to illustrate the effect of removing the non-cortical signal component.
Additionally, the p-weighted canonical HRFs (‘Modelled HRF’) are
shown to demonstrate how well the cortical HRFs can be explained by
the GLM.

2.5. EEG recording and analysis

Continuous EEG signals were recorded using a 64-channel BrainVi-
sion actiCHamp system (Brain Products, Gilching, Germany). CI-
compatible custom EEG caps with holes for the transmitter coils at
electrode positions P7 and P8 were used. Apart from this deviation, the
60 scalp electrodes were arranged according to the extended interna-
tional 10-20 system. Four additional electrodes were placed around the
eyes to record vertical and horizontal eye movements. The EEG data
were recorded with an initial sampling rate of 500 Hz, an online anti-
aliasing low-pass filter with a cut-off frequency of 140 Hz, and were
referenced to the right mastoid. The electrode positions of each subject
were digitized with a Polhemus 3SPACE ISOTRAK II system before the
experiment too.

The raw data were pre-processed offline using FieldTrip (version
20180924; Oostenveld et al. 2011) and custom MATLAB code. The
continuous waveforms were first segmented into epochs ranging from
—0.3-0.9 s relative to vowel onset. Next, linear trends and the DC
component were removed by subtracting a 1st-order polynomial and the
epochs were low-pass filtered at 15 Hz. The epochs were then re-
referenced to the mean of both mastoids and down-sampled to 250
Hz. After visually identifying and excluding bad channels (NH data sets:
mean = 1.25 channels/subject, max 7 per subject; CI data sets: mean =
1.8, max = 12), the data were decomposed into 20 principal components
to detect and eliminate eye artefacts.
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Pronounced CI artefacts were only evident in a subset of participants
(8/20), for whom the principal component analysis was performed a
second time to further reduce them (Schierholz et al., 2017; Schierholz
et al., 2015). As CI artefacts are particularly large following sound on—
and offset (Gilley et al., 2006; Viola et al., 2012), the use of continuous
stimulus sequences appears to be the main reason for the relatively small
artefact sizes in the current data (Pantev et al., 2006).

After the four eye electrodes were removed from the data, epochs in
which the amplitudes between —0.2-0.8 s around stimulus onset
exceeded + 60 pV or the z-transformed amplitudes differed by more
than 15 standard deviations from the mean of all channels were
excluded from further processing. On average, 88% of the trials (1756/
2000) passed the rejection procedure for the NH data sets and 87% for
the CI data sets (1745/2000). In one subject, an unstable contact of the
ground electrode led to data loss, so that only 42% (841,/2000) of the NH
trials and 36% (718/2000) of the CI trials remained after the rejection
procedure. Lastly, bad channels were interpolated using the weighted
average of the neighbouring channels, the data were re-referenced to the
average of all 60 channels, and baseline corrected by subtracting the
mean amplitude from —0.1-0 s before stimulus onset.

The pre-processed ERP data were then exported to BESA (version
5.2; BESA GmbH, Grafeling, Germany; Scherg 1990) for source analysis.
Based on the grand-average ERPs of the NH ears pooled across all trials,
a source model with one current dipole per hemisphere was devised. A
four-shell ellipsoidal head model was used. The time window used for
fitting the model was centred around the P2 peak (216-372 ms). The
dipole locations were constrained to be symmetrical across hemispheres,
whereas the dipole orientations were estimated without constraints. For
the grand-average ERPs obtained via the NH ears, this source model
explained 94.96% of the variance in the data. To account for the lower
signal-to-noise ratio of the data and to facilitate the comparability of the
results between the ears, the same model was then applied without any
alterations to the ERPs obtained via the CI ears too.

3. Results
3.1. fNIRS results

The group-level fNIRS HbR topographies are shown in Fig. 3A. The
upper and middle rows depict the functional activations of each channel
for the NH and CI ears compared to baseline level, whereas the lower
row shows where the activity was stronger when the participants
listened through the NH ears compared to the CI ears. The auditory
cortex activity in these three contrasts was statistically evaluated by
separately testing each channel included in the two auditory ROIs (left:
ch# 5,12, 14, & 16; right: ch# 27, 34, 36, & 38). The false discovery rate
(FDR) across the ROI channels was controlled using the Benjamini-
Hochberg procedure.

When the NH ears were stimulated, all eight ROI channels showed
significant activity (averaged Cohen’s d for right ROI = 1.08, left ROI =
0.74), whereas only two channels in the left ROI (ch# 5 & 16; average d
= 0.55) reached significance level when the CI ears received auditory
input (one-sample t-tests against 0, thresholded at pgpgr) < 0.05). The
comparison of both ears revealed significantly greater activity for three
channels along the right STC (ch# 27, 34, & 36; right ROI: d = 0.74) and
one channel near the left primary auditory cortex (ch# 12; left ROL: d =
0.44) for the NH ears (paired-samples t-tests, thresholded at pgpry <
0.05). Possible hemispheric lateralisation effects were then assessed by
averaging the beta weights of the four channels in each ROI and
comparing them across hemispheres. Paired t-tests indicated no hemi-
spheric asymmetries for the NH (t19) = 0.31, p = 0.759) as well as the CI
ears (t(19) = -0.54, p = 0.594). To complement the topographical results,
the corresponding HRFs are shown in Fig. 3B, separately for both ROIs.
As for the topographies, the HRF amplitudes were markedly larger and
more sustained for the NH ears.
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Fig. 3. fNIRS HbR results: comparison of the NH and CI ears. A) Topographies
of cortical activity across conditions for both ears (upper two rows) as well as
their statistical comparison (bottom row). Channels within the two auditory
ROIs are outlined by black circles. White channel numbers indicate significant
ROI channels. Significantly greater activity is evident for the NH ears, partic-
ularly in the right ROL B) Group-level time courses for both ears and ROIs. The
shading indicates the standard error of the mean.

We then compared the HbR topographies across the two stimulus
conditions (Fig. 4, full results provided in Supplementary Fig. 2). For the
NH ears, none of the channels in the two auditory ROIs showed greater
activity in the variaBLE Prosoby condition (paired-samples t-tests,
thresholded at pgpr) < 0.05). Even when not correcting for multiple
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condition exceeded that in the rixep prosopy condition, separately for the NH and

CI ears. White channel numbers indicate significance. Significant differences in

auditory areas are only evident for the CI ears and in the right hemisphere.

comparisons, the trend in the posterior part of the right STC (ch# 38) did
not reach significance level (t;19) = 1.64, p = 0.059). For the CI ears, in
contrast, two channels in the right ROI (ch# 34 & 36) as well as an
adjacent channel (ch# 37) showed significantly greater activity in the
VARIABLE PROSODY condition (t > 2.39, p < 0.014).

The corresponding fNIRS HbO results are provided in Supplementary
Fig. 3. As in a previous auditory perception study with young NH lis-
teners (Steinmetzger et al., 2020), the HbO topographies showed a
prominent bilateral gradient with increasingly more negative effects in
anterior-inferior direction. Rather than indicating a deactivation of
fronto-temporal cortical areas, the fNIRS and EEG analyses in that paper
demonstrated that this effect was associated with larger auditory ERPs
and increased attention levels in the subjects who showed this pattern.
Moreover, the negative HRFs observed here and in the earlier paper
were found to lag behind the canonical HRF model considerably, sug-
gesting that this effect does not reflect cortical activity but may be due to
increased sympathetic nervous system activity (Kirilina et al., 2012;
Tachtsidis and Scholkmann, 2016). However, as this gradient masks the
underlying cortical activity in auditory cortex, we are focussing on the
HDbR data in the current paper.

3.2. EEG results

The sensor-level ERPs across all stimuli are shown in Fig. 5A, sepa-
rately for both ears. The data show the pooled activity of a set of 16
electrodes in the fronto-central scalp region, where auditory ERPs
typically have the largest amplitudes. The waveforms show a compa-
rable morphology for both ears, with the characteristic transient ERP
components (P1, N1, and P2) followed by a sustained potential (SP). A
pronounced amplitude difference between the two ears is evident for the
P2, which was markedly larger when the NH ears were stimulated.
Permutation-based (n = 10.000) paired-samples t-tests for each time
point during the stimulus window (0-800 ms) confirmed this observa-
tion, as differences between the two ears were confined to this period
(212-276 ms, p < 0.001). Additionally, the N1 (¢;9) = -4.59, p < 0.001,
d = 1.03; 176/198 ms) and the P2 (t9) = -4.36, p < 0.001, d = 0.97;
300/330 ms) peaked significantly earlier when the NH ears received
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auditory stimulation. The latency windows from which the respective
peaks were extracted are based on the root-mean-square (RMS) wave-
forms of the grand-average ERPs across all channels. The scalp maps for
each component time window and ear are shown on the right of Fig. 5A
and exhibit similar distributions for both ears.

The corresponding source-level ERPs are shown in Fig. 5B. The
cortical generators of the P2 were modelled using two dipoles located in
the left and right planum temporale (MNI coordinates: +43, —35, 13),
posterior to primary auditory cortex. When averaging across both di-
poles, the resulting source waveforms were very similar to the sensor-
level ERPs described above: The largest amplitude differences were
again observed for the P2 (208-296 ms, p < 0.001) and shorter latencies
were evident for the N1 (t(19) =-5.79,p < 0.001, d = 1.29; 171/196 ms),
the P2 (t19) = -3.30, p = 0.002, d = 0.74; 292/330 ms), and also the SP
(tag) =-2.38,p = 0.014, d = 0.53; 500/542 ms) when the NH ears were
stimulated.

As shown in Fig. 5C, the dipole source modelling also allowed a
separate analysis of the ERPs originating from both hemispheres. To aid
the spatial comparison with the fNIRS results, the upper part of the
figure shows the dipole locations after projecting them onto the surface
of the template cortex used in the fNIRS analyses. The projected dipole
positions corresponded to locations at the posterior end of the auditory
fNIRS ROIs. The distance from the original positions to the scalp surface
was about 41 mm (MNI coordinates: +84, —35, 13).

The source waveforms revealed, firstly, that the P2 amplitude was
significantly larger (p < 0.001) for the NH ears in both hemispheres.
Additionally, the P2 emerging from the right hemisphere was found to
have a longer latency for the NH (t(19) = 3.32, p = 0.004, d = 0.74; 273/
314 ms) as well as the CI ears (t;9) = 2.30, p = 0.033, d = 0.51; 320/349
ms), but the comparison of the hemispheric differences across ears
revealed no hemisphere*ear interaction (t;19) = 0.70, p = 0.495). The
dipole orientations also reflect this hemispheric difference, as the right
dipole shows a distinctly more lateral orientation (Fig. 5B). Note that the
apparent N1 amplitude difference across hemispheres is disregarded
here as the dipole model was devised to localise the P2 rather than the
N1, and the right dipole may thus only have captured parts of the N1.

Next, we examined whether the source-level ERP amplitudes were
larger in the variaBLE ProsoDY condition than in the rixep prosopy condition
(Fig. 5D). Surprisingly, no such effect was evident for the NH ears,
neither for the P2 nor any other component. For the CI ears, in contrast,
a significantly larger P2 amplitude (304-344 ms, p < 0.05) was observed
in the right hemisphere. A similar pattern of results was also observed at
the scalp level (Supplementary Fig. 4). Moreover, the source-level ERPs
revealed an ear*condition interaction for a similar time window
(316-336 ms, p < 0.05), reflecting that the condition difference for the
P2 amplitudes was significantly larger for the CI ears.

3.3. Relation of fNIRS and EEG data with CI-based speech intelligibility

In a next step it was evaluated if the speech intelligibility scores that
the participants achieved when listening through their CI ears (cf.
Table 1) were reflected in the fNIRS and EEG data. When comparing the
subjects with scores above and below the group median (55% words
correct, n = 8 per subgroup), the fNIRS HbR data averaged across
stimulus conditions indicated significantly greater activity in the pos-
terior part of right auditory cortex (ch# 36; t14) = 2.61,p = 0.01,d =
1.30; independent-samples t-test) for the high intelligibility subgroup
(Fig. 6A). Likewise, a significant negative correlation of the mean HbR
amplitudes of all 20 subjects during the stimulus period (0-16 s) and
their speech intelligibility scores was observed for channel 36 (r(15) =
-0.54, p = 0.007; Fig. 6A), while no other channel in the two auditory
ROIs showed a similar effect (p > 0.138).

To further evaluate whether the gradient in the fNIRS HbO data re-
flects better auditory processing, the mean HbO amplitudes during the
stimulus blocks (0-16 s) were then averaged across all channels in the
two auditory ROIs and correlated with the CI speech intelligibility
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Fig. 5. EEG results. A) Sensor-level ERPs and scalp maps for the NH and CI ears, averaged across conditions. The ERPs were averaged over a set of electrodes in the
fronto-central scalp region (see inset). The horizontal black bar in the ERP plot indicates a significant amplitude difference and the asterisks mark the significance
level of the latency differences. B) Source-level ERPs and dipole locations. The ERPs were averaged across both dipoles. At both the sensor and source level, P2
amplitudes were larger and ERP latencies shorter for the NH ears. C) Source-level ERPs, separately for the left and right hemisphere. The upper row shows the fNIRS
ROI channels along with the dipoles projected to the cortical surface. D) Source-level ERPs for the rixep and variaBLE ProsoDY conditions, separately for both ears and
hemispheres. Larger P2 amplitudes in the variaBLE ProsoDY condition were only observed for the CI ears and in the right hemisphere.

scores. As shown in Fig. 6B, the HbO amplitudes indeed exhibited a
significant negative correlation with the percentage of correctly
perceived words in the Freiburg monosyllabic speech test (r(15) = -0.48,
p = 0.016).

To complement the intelligibility effect observed in the fNIRS HbR
data, it was furthermore tested whether the source-level ERPs of the
dipole in the right hemisphere also reflect the CI-based speech intelli-
gibility scores (Fig. 6C). For the right dipole, located near fNIRS channel
36, the transient ERPs in the high intelligibility subgroup were indeed
more pronounced and significantly larger amplitudes were observed for
the N1 (p < 0.05). Similarly, the subjects’ N1 amplitudes (175-240 ms)
in the right hemisphere and their intelligibility scores were negatively
correlated (r(18) = -0.46, p = 0.02).

4. Discussion
4.1. Smaller and delayed cortical responses in CI-based electric hearing

In the present study, auditory cortex activity evoked by acoustic and
electric stimulation was directly compared in a group of unilateral adult
CI users with SSD. A key finding is that cortical responses were larger
when the NH ears received auditory stimulation, as evidenced by the
fNIRS as well as the EEG data. The EEG results furthermore showed that
the ERPs had significantly shorter latencies when the participants
listened via their NH ears.

The fNIRS data revealed smaller responses for the CI ears, repre-
senting the first BOLD-based evidence of a difference between acoustic
and electric hearing in the same group of participants. Specifically, the
fNIRS HbR results indicated larger cortical activity along the right STC
and near left primary auditory cortex for the NH ears. In contrast to a
previous fNIRS-EEG study (Steinmetzger et al., 2022), in which young
NH listeners tested with the same paradigm showed strongly right-
lateralised activity, stimulation of both the NH and CI ears here led to
relatively symmetric distributions of activity in auditory areas. For the
CI ears, there was even a slight trend towards greater activity in the left
hemisphere. With current CI systems, the access to spectral information
is severely limited, whereas temporal envelope modulations are
conveyed fairly accurately (Chatterjee and Peng, 2008; Macherey and
Carlyon, 2014; Steinmetzger and Rosen, 2018). Models of auditory
processing propose that the temporal resolution of the left auditory
cortex is higher compared to the right one, which is in turn characterised
by a greater spectral resolution (Poeppel, 2003; Zatorre et al., 2002).
Accordingly, the trend for greater activity in the left hemisphere may
reflect that the auditory input received via the CI ears contains more
temporal than spectral information.

The corresponding ERP results showed that greater P2 amplitudes in
response to stimulation of the NH ears seemed to underly the larger
BOLD responses, suggesting that the P2 may be critically involved in the
processing of voice pitch contours. Although the dipole source model of
the P2 demonstrated that this effect was evident in both hemispheres,
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Fig. 6. Cl-based speech intelligibility. A) fNIRS HbR topography of the contrast
between subjects with high and low CI-based speech intelligibility scores. The
latter subgroup showed significantly larger activity in the posterior part of the
right auditory cortex (ch# 36). Furthermore, the HbR amplitudes at channel 36
and the intelligibility scores were negatively correlated. The words correct
scores in the scatter plot are taken from Table 1. B) The fNIRS HbO amplitudes
across all auditory ROI channels were also negatively correlated with speech
intelligibility. C) The source-level ERPs of the dipole in the right hemisphere for
both intelligibility subgroups. A larger N1 amplitude was evident in the high
intelligibility subgroup and the right-hemispheric N1 amplitude was also
negatively correlated with the speech intelligibility scores.

the P2 was found to peak later and have an extended duration in the
right hemisphere. This hemispheric difference is also reflected in the
more lateral orientation of the right dipole, which suggests that apart
from primary auditory cortex the right STC was critically involved in
generating the P2.

The side of implantation, on the other hand, did not appear to result
in hemispheric asymmetries. Previous studies have reported that the N1
in response to monaural stimulation is larger in the contralateral
hemisphere in acoustic (Hine and Debener, 2007; Hine et al., 2008) as
well as electric hearing (Sandmann et al., 2009; Sandmann et al., 2015).
However, no similar effect was observed for the P2 (Hine and Debener,
2007). Here, most subjects (13/20) wore their CI on the right and had
preserved acoustic hearing in the left ear. As show in Supplementary Fig.
5, no asymmetries are evident in the fNIRS HbR topographies when
considering participants with NH and CI ears on the right and left
separately, and the same applies to the source-level ERPs which mainly
reflected the unequal subgroup sizes.

Previous studies comparing ERPs in CI users and NH controls re-
ported longer N1 and P2 latencies in electric hearing (Agrawal et al.,
2013; Kelly et al., 2005; Sandmann et al., 2015; Viola et al., 2011;
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Wagner et al., 2017). The current results showed that this finding also
applies to the subsequent sustained potential and, crucially, that delayed
ERPs in CI-based electric hearing relative to acoustic hearing can also be
observed within the same group of participants. Due to the small sample
sizes, earlier SSD studies in which ERPs were obtained separately via
both ears (Bonitz et al., 2018; Finke et al., 2016; Wedekind et al., 2021)
have remained inconclusive regarding both latency and amplitude dif-
ferences. These data thus show that even after several years of experi-
ence with their devices, the time course of cortical activity evoked by
both types of hearing was still strikingly disparate. This is particularly
noteworthy since none of the participants reported perceiving this
discrepancy after an initial period of familiarisation with the CIL.

Note that to avoid even longer testing times and because stimulating
both ears separately allowed for easier interpretation of the data, we did
not test the participants with their everyday bimodal setup. However,
comparing combined acoustic and electric hearing to both types of
hearing in isolation is certainly a worthwhile option for future studies.

4.2. Saturation of cortical activity levels in acoustic hearing due to single-
sided deafness

A second major finding of the current experiment was that the
auditory cortex activity elicited by the rixep and vaAriABLE PrRosoDY condi-
tions did not differ significantly when the NH ears were stimulated,
while the latter condition did evoke stronger responses when the CI ears
were tested. For the NH ears, pronounced bilateral activity in auditory
areas was evident in both conditions, but neither the fNIRS nor the EEG
data indicated any difference between conditions or hemispheric later-
alisation effects. In our previous fNIRS-EEG study with young NH lis-
teners (Steinmetzger et al., 2022), on the other hand, increased activity
along the right STC and larger ERPs in this region were observed in
response to the variABLE ProsoDY condition. Those results agreed with data
showing that pitch changes are primarily processed in the anterior
portion of the right STC in normal hearing (Johnsrude et al., 2000;
Patterson et al., 2002; Zatorre et al., 2002).

The pronounced FO changes of the prosodic contours and the au-
diograms of the NH ears, which in most cases only indicated some age-
typical high-frequency hearing loss, rule out the possibility that the
participants could not perceive the difference between both stimulus
conditions when listening through their NH ears. Instead, the absence of
a condition difference suggests a saturation of cortical activity levels.
The pronounced but functionally unspecific auditory cortex responses
observed here are likely a consequence of the preceding unilateral
deafness period. In line with this explanation, studies with unilaterally
deaf listeners have found a more symmetrical activation of auditory
cortex compared to monaurally stimulated NH controls (Langers et al.,
2005; Ponton et al., 2001). Moreover, the functioning ear has been
shown to remain dominant in early-onset unilaterally deaf cats even
after bilateral cochlear implantation (Kral et al., 2013).

4.3. Differential processing of prosodic contours in electric hearing

When testing the CI ears, the variaBLE ProsoDY condition was found to
elicit stronger responses than the rixep prosoby condition. The fNIRS HbR
data showed increased activity in the posterior part of the right STC, in
agreement with the source-level ERPs which revealed that larger P2
amplitudes were generated in the posterior part of right auditory cortex.
For the young NH listeners in our previous study (Steinmetzger et al.,
2022), in contrast, the increase in activity in the VARIABLE PROSODY con-
dition extended further anterior along the right STC and the ERP data
indicated enhanced sustained potential amplitudes in addition to a
larger P2. The results of both listener groups thus partially resemble
each other and demonstrate that despite the limited access to pitch cues,
prosodic variability results in right-lateralised processing in CI-based
hearing too.
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The tracking of pitch changes in normal hearing has been associated
with right-lateralised activity in superior temporal regions anterior to
primary auditory cortex (Johnsrude et al., 2000; Poeppel, 2003; Zatorre
and Belin, 2001), even if the stimulus materials only contained temporal
pitch cues (Patterson et al., 2002). Consequently, the lack of additional
activity in those areas in the variaBLE PrRosoDY condition suggests that even
though the participants were able to differentiate between the two
stimulus conditions, they relied on timbral cues rather than the pitch
contours to do so (Oxenham, 2008). Nonetheless, this finding implies
that the sensory input received via the implant contains enough infor-
mation to supplement the contralateral normal ear, arguing in favour of
fitting a CI to the deafened ear in unilateral deaf subjects.

Furthermore, the amount of activity in posterior right auditory areas
coincided with speech intelligibility, as indicated by greater fNIRS HbR
responses for channel 36 and increased N1 amplitudes for the right-
hemisphere dipole. Thus, the same region that showed differential re-
sponses between the two stimulus conditions also reflected the partici-
pants’ speech intelligibility scores. As spectral information is
preferentially processed in right auditory areas, this finding may indi-
cate a greater spectral resolution of the electric auditory input in sub-
jects with high speech intelligibility.

5. Conclusions

The present study compared the cortical processing of voice pitch
information in electric and acoustic hearing in a group of experienced
unilateral CI users with contralaterally preserved acoustic hearing.
Although poor transmission of pitch cues is a crucial factor underlying
the difficulties CI user experience in noisy acoustic environments, it has
remained unclear how the cortical processing of pitch information dif-
fers across both types of hearing.

The current fNIRS results showed that the pitch contours in natural
vowels elicited bilateral activity in auditory cortex in electric as well as
acoustic hearing, but that this activity was significantly smaller when
the CI ears were stimulated. Coherent with the fNIRS data, the simul-
taneously obtained EEG data exhibited smaller and delayed ERPs in CI-
based hearing. This pattern was particularly pronounced for the P2,
which thus appears to reflect the processing of voice pitch information.

Additionally, both the fNIRS and EEG results showed that vowel
sequences with variable rather than repeating pitch contours evoked
additional activity in posterior right auditory cortex in electric but not
acoustic hearing. This surprising finding demonstrates that the acoustic
detail transmitted by CIs is sufficient to distinguish between speech
sounds that only vary regarding their pitch information, while the
functionally unspecific activity observed for the NH ears suggests a
saturation of cortical activity levels.

Furthermore, when stimulating the CI ears, activity in this region
was larger in subjects with higher CI-based speech intelligibility. This
shows that the voice pitch-evoked cortical activity patterns obtained
here are of diagnostic relevance, as they allow for a better understanding
of the performance differences between CI users.
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