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Abstract

Cochlear implants (CIs) are inner ear prostheses that enable people with profound
hearing loss or deafness to perceive acoustic stimuli. An electrode array inserted
into the cochlea stimulates the auditory nerve using electrical impulses via a defined
number of electrode contacts. Various factors, such as signal processing losses,
result in a change in sound perception with a CI compared with that of acoustic
hearing. The aim of this study was to create German-language CI simulations for CI
users at different stages of rehabilitation. These simulations were used to determine
perceived sound quality and investigate potential influencing factors.

A software sound tool developed specifically for this thesis was programmed to create
CI simulations. The sound tool involved several signal processing techniques, such as
filtering, vocoding or pitch shifting, to match an acoustic signal to that perceived by
a CI. It was used in a prospective, experimental study consisting of two parts. In the
first part, 15 single-sided deafened CI users with at least 2 years of CI experience
participated. In the second part, five CI users with a maximum of 5 days of CI
experience participated. The latter returned for a second study visit after 6 months
of CI experience. CI speech simulations were generated by altering acoustic signals
with the software sound tool, according to the reference signal of each participant’s
CI ear. The similarity of the CI simulations was scored on a scale from 1.0 (no
similarity) to 10.0 (signals are identical). On average, the simulations were rated
with a similarity of 9.7 £ 0.5 by experienced and 8.9 + 0.8 by unexperienced CI
participants. This indicates a large similarity between the simulations and CI sound
perception. At the same time, substantial interindividual variability was observed.

To quantify this variability, psychoacoustic experiments were conducted with normal
hearing participants to measure CI sound quality. Additionally, an objective measure
of spectral deviation between the simulation and the reference signal was introduced
and correlated with subjective ratings. On average, a fair sound quality of the CI
simulations was found, with ratings ranging from ‘bad’ to ‘excellent’. Spearman’s
correlation revealed a significant negative relationship between sound quality and
spectral deviation (rs(15) = —0.80, p < 0.05).

On the basis of these findings, potential factors influencing sound quality were in-
vestigated. CI experience showed a moderate linear and logistic correlation with
sound quality (R7,... = Rigisic = 0-41). The sound quality saturates to excellent
sound quality for large CI experiences (> 6years), suggesting that CI sound per-
ception can approximate that of a normal hearing ear over time. This observation
highlights the relevance of neuronal plasticity in the rehabilitation process following
cochlear implantation.

The CI simulations showed their potential for investigating CI sound quality in this
thesis. In addition, owing to their large similarity to CI sound, they are valuable for
educational purposes, as they allow a realistic assessment of the sound perception
of CI users.






Kurzfassung

Cochlea-Implantate (CIs) sind Innenohrprothesen fiir Menschen mit hochgradigem
oder vollstandigem Horverlust und ermoglichen die Wahrnehmung akustischer Reize.
Ein in die Cochlea eingefiihrter Elektrodentrager stimuliert den Hornerv mittels
elektrischer Impulse. Verschiedene Faktoren, wie Signalverarbeitungsverluste, fithren
dazu, dass sich die Klangwahrnehmung mit CI im Vergleich zum akustischen Horen
verdndert. Ziel dieser Arbeit war es, die Klangwahrnehmung von CI-Tragenden in
unterschiedlichen Rehabilitationsphasen anhand von Klangbeispielen (,,CI-Simula-
tionen“) zu erfassen. Anschliefend sollte die Klangqualitdt und deren Einflussfak-
toren aus den CI-Simulationen ermittelt werden.

Zur Erstellung der CI-Simulationen wurde ein fiir diese Arbeit entwickeltes Soft-
ware-Mischpult programmiert. Verschiedene Signalverarbeitungstechniken wie Fil-
terung, Vokoding oder Tonhohenverschiebung wurden implementiert um ein akus-
tisches Signal an das mit einem CI wahrgenommene anzupassen. Das Mischpult
wurde in einer zweiteiligen, prospektiven, experimentellen Studie verwendet. Im
ersten Teil nahmen 15 einseitig ertaubte CI-Tragende mit mindestens 2 Jahren CI-
Erfahrung teil. Im zweiten Teil wurden fiinf Personen mit maximal 5 Tagen CI-
Erfahrung befragt. Letztere nahmen nach 6 Monaten erneut an der Studie teil.
Die CI-Simulationen wurden erzeugt, indem Sprachsignale durch das Mischpult
an den CI-Klang angepasst wurden. Die Ahnlichkeit der CI-Simulationen im Ver-
gleich zum CI-Klang wurde abschlieend auf einer Skala von 1,0 (keine Ahnlichkeit)
bis 10,0 (Signale sind identisch) bewertet. Die erzeugten CI-Simulationen wurden
im Mittel mit einer Ahnlichkeit von 9,7 + 0,5 durch die erfahrenen beziehungs-
weise 8,9 4+ 0,8 durch die unerfahrenen CI-Tragenden bewertet. Die Mittelwerte
weisen auf eine hohe Ubereinstimmung zwischen Simulation und tatséchlicher CI-
Klangwahrnehmung hin. Gleichzeitig zeigte diese eine erhebliche interindividuelle
Variabilitat.

Zur Quantifizierung dieser Variabilitdt wurden psychoakustische Experimente mit
normalhorenden Studienteilnehmenden durchgefithrt um die Klangqualitiat zu be-
werten. Ergédnzend wurde ein objektives Mafl zur spektralen Abweichung zwischen
Simulation und Referenzsignal eingefiihrt und mit den subjektiven Bewertungen kor-
reliert. Im Mittel zeigten die CI-Simulationen eine moderate Klangqualitat, wobei
diese zwischen den Simulationen stark variierte. Die Spearman-Korrelation ergab
einen signifikanten negativen Zusammenhang zwischen Klangqualitat und spektraler
Abweichung (r,(15) = —0,80, p < 0,05).

Basierend auf diesen Ergebnissen wurden potentielle Einflussfaktoren auf die Klang-
qualitdt untersucht. Die CIl-Erfahrung wies eine moderate Korrelation mit der
Klangqualitit auf (R? = 0,41). Insbesondere bei CI-Tragenden mit einer CI-Erfah-
rung von mehr als sechs Jahren wurden exzellente Klangqualititen gefunden. Dies
deutet auf eine Annédherung der CI-Klangwahrnehmung an das Horen eines normal-
horenden Ohres hin und unterstreicht die Bedeutung der neuronalen Plastizitat im
CI-Rehabilitationsprozess.

Die CI-Simulationen zeigten das Potential zur Untersuchung der CI-Klangquali-
tdt. Dartiber hinaus eignen sie sich zu Aufkldrungszwecken, um eine realistische
Erwartungshaltung zu vermitteln.
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1 Introduction

1.1 Motivation

The world report on hearing estimated that 430 million people worldwide have
a moderate to total hearing loss (World Health Organization 2021). Untreated
hearing loss is often related to reduced quality of life, social isolation and loss of
cognitive functions up to dementia (Arlinger 2003; Dalton et al. 2003; Livingston
et al. 2024; Thomson et al. 2017). In cases of moderate to profound hearing loss,
conventional hearing aids may not lead to sufficient benefits, and a cochlear implant
(CI) is used for hearing rehabilitation. Between 2005 and 2016, more than 32,000 CI
implantations were performed in Germany (Wissenschaftliche Dienste des Deutschen
Bundestages 2022).

Cls are neural prostheses that convert an acoustic signal in electric pulses (cod-
ing strategy) and stimulate the cochlear nerve to generate auditory perception.
An acoustic signal is characterized by an envelope and a temporal fine structure
(Wouters et al. 2015). For speech recognition, the envelope is especially important
so that most coding strategies focus on the envelope to optimize the transmission of
speech signals (Hochmair et al. 2015; Smith et al. 2002; Xu et al. 2003). The envel-
ope is sampled and spectrally decomposed in frequency bands. This information is
used to stimulate the auditory nerve with electric current pulses via an electrode ar-
ray. The CIs used today have electrode arrays with 12 to 24 intracochlear electrode
contacts (Dhanasingh et al. 2024). Due to technical progress in the last 60 years, Cls
can contribute to open speech recognition in quiet (Ma et al. 2023; Zeng et al. 2008).
In particular, the fine structure information is important for tonal components, e.g.,
prosody, sound and music perception (Hochmair et al. 2015). Signal processing, the
limited number of electrode contacts, and the spread of electric fields reduce the
spectral resolution of CI transmitted signals (Bingabr et al. 2008). As a result, CI
users often describe the sound perceived with their CI (= CI sound) as unnatural,
tinny, squeaky, robotic and high-frequency-voiced (Caldwell et al. 2017; Peters et al.
2018; Dorman et al. 2019a; 2022).

Extensive consulting is necessary to ensure patients’ acceptance to the unfamiliar
sound impressions, to improve family members’ sympathy for the patients’ situations
and to strengthen family support. The presentation of sound samples to patients
and their family members could assist in technical and medical consulting.

In Germany, hearing rehabilitation is divided into different stages. ‘Basic ther-
apy’ begins the first postoperative day, lasts 6 weeks and continues with ‘follow-up
therapy’, which takes up to 2 years for adults and ends with lifelong ‘aftercare’
(Prasidium der DGHNO-KHC 2021). The rehabilitants are supported by audio-
verbal therapy and technical CI processor fitting. Even small technical changes in
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the processor settings can lead to a change in CI performance. Many studies have
investigated the factors influencing CI performance in terms of speech recognition
(Blamey et al. 2013; Canfarotta et al. 2022; Hoppe et al. 2021; Kim et al. 2018;
Lazard et al. 2012) and found several factors and prediction models. The strongest
improvement in word recognition is in the first 6 months after implantation (Blamey
et al. 2013; Buchman et al. 2014). Simultaneously, previous studies have shown, that
speech recognition correlates only weakly to moderately with CI sound perception
and CI sound quality (Gfeller et al. 2008; Mertens et al. 2015). However, few stud-
ies have examined the factors that influence CI sound perception and quality, which
highlights the importance of investigating these influencing factors (Bessen et al.
2021; Gfeller et al. 2008; Mertens et al. 2015; Saki et al. 2023). A possible reason
is that CI sound perception and quality are highly subjective measures, without
established definitions. Accordingly, only a few methods are currently available for
assessing CI sound perception and quality. Most of these methods are based on self-
reported sound quality via questionnaires. Owing to the subjective nature of such
questionnaires, whose results also include personal, emotional, and psychological
factors, investigating other influencing factors is difficult (Amann et al. 2014).

As the brain must learn how to interpret electrical impulses during rehabilitation,
sound perception clearly depends on neuronal plasticity and CI experience (e.g.,
Bernhardi et al. 2017; Bessen et al. 2021; McDermott et al. 2009; Reiss et al. 2007).
Factors such as the duration of deafness, time of usage, the health of biological tissue
and insertion depth of the electrode array affect CI performance and are therefore
also possible factors influencing sound quality (Gfeller et al. 2008; Blamey et al.
2013; Mertens et al. 2015; Bessen et al. 2021; Canfarotta et al. 2022; Dorman et al.
2022; Schvartz-Leyzac et al. 2023; Dorman et al. 2024).

As sound quality also contributes to quality of life (Akbulut et al. 2024; Fuller et
al. 2022; Saki et al. 2023), CI manufacturers have developed new coding strategies.
These use virtual channels and transmit the fine structure to improve the perception
of tonal components (Hochmair et al. 2015; Landsberger et al. 2009). To improve
CI sound perception, a better understanding of sound perception itself is essential.
However, methods that measure the sound perception and sound quality perceived
by CI users are needed.
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1.2 Thesis Aim and Objectives

The aim of this thesis is to investigate CI sound perception and the CI sound quality
of speech signals. In the first step, a fundamental understanding of human hearing
and sound perception with CI was established (Chapter 2). Afterwards, German-
language sound samples were created that make the CI sound audible to normal
hearing people (Chapter 3). These ‘CI simulations’ focus on sound perception, not
on the functionality or processing mechanisms of electrical stimulation with CIs. For
this purpose, a software sound tool was designed that is able to create CI simula-
tions in approximation of the CI sound. The simulations were compared with the CI
sound and evaluated by single-sided deafened (SSD) CI users. CI simulations were
generated for CI users at different stages of rehabilitation (basic therapy, follow-up
therapy, and aftercare). On the basis of the new CI simulation models of the rehab-
ilitated participants (aftercare), the CI sound was quantified in terms of CI sound
quality. Two methods of quantification, one based on psychoacoustic experiments
and one more objective, were evaluated (Chapter 4). In the last step, possible factors
influencing CI sound quality were investigated and determined from patient-related
data (Chapter 5). Consequently, this thesis examines three objectives:

1. To create German-language CI simulations for CI users at different stages of
rehabilitation.

2. To develop a new method for measuring CI sound quality from CI simulations.

3. To determine factors influencing CI sound quality.






2 Theoretical Background

2.1 Physics of Sound

If particles of an elastic medium are deflected from equilibrium, an oscillation is
triggered by the elastic and inertial properties of the medium. Pressure and density
fluctuations result. The propagation of mechanical oscillation through a medium
is called a sound wave (Photinos 2021). Mathematically, the spatial and temporal
propagation of a sound wave is described by the wave equation and its solution.
Sound is often associated with sound waves that are auditory perceivable by humans
and have frequency ranges from approximately 16 Hz to 20 kHz (Bille et al. 2013).

The frequency f is the number of oscillations per unit of time and is inversely
proportional to the wavelength that describes the length between two states of equi-
librium. The proportional factor between the frequency and the inverse wavelength
is the speed of the sound. The amplitude of the sound signal, called the sound pres-
sure, is another important parameter for characterizing a sound wave and modulates
the perceived volume of a sound signal (Bille et al. 2013).

The most elementary sound signal is a pure tone, which is a sinusoidal oscillation of
a single frequency (Bille et al. 2013). As Fourier recognized, ‘series formed of sines or
cosines of multiple arcs are therefore adapted to represent, between definite limits,
all possible Functions’ (Fourier et al. 2009). This means that a periodic time signal
(functions of the Hilbert (Lebesque) space Lo([—m, 7])) is a composition of various
signals of singular frequency. This is expressed by the convergence of the Fourier
series to the time-dependent function x(t) (Equation 2.1, Kerner et al. 2013).

—|—Zancos (27 fnt) +Zb sin (27 fnt) (2.1)

n=1 n=1

%
2

Here, ag, a, and b, are the Fourier coefficients resulting from the integration over
x(t). These can be interpreted as the discrete frequency spectrum of x(t) (Meyer
2021).

For aperiodic, integrable functions, the Fourier transform 2.2 of z(t) is used to calcu-
late the continuous frequency spectrum (Fourier spectrum) X (f). This is obtained
by using Euler’s formula in equation 2.1 and considering the limiting case of an
infinite period of the signal (Maurits et al. 2024; Moser 2015).

X(f) = /_OO x(t)e ™t dt (2.2)

[ee]
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2.1.1 Principles of Sound Signal Processing

One of the most common audio file formats for sound signals is the WAVE file
format, which stores a discrete-time and discrete-amplitude representation of an au-
dio signal via pulse-code modulation (PCM, Nadir et al. 2016; Whibley et al. 2015).
The analog audio signal is sampled at a sampling rate that fulfills the Nygquist
theorem 2.3. The Nyquist theorem states that a signal containing a maximum fre-
quency fmae: can only be reconstructed from its sampled version correctly if the
sampling rate f; is at least twice as large as fia. (Nyquist 1928; Shannon et al.
1995, often, e.g., fs = 44.1kHz, Meyer 2021). In PCM, quantization is performed
by assigning each digitized, continuous value to the closest value in a set of discrete
values (Sinisa Tomi¢ et al. 2023; Waggener et al. 1995).

fs > 2fmax (2.3)

Since the Fourier transform 2.2 is defined for functions, it cannot be applied to
sampled, digital signals. Instead, the discrete Fourier transform (DFT) yields a
discrete frequency spectrum (spectral lines) from a discrete time-dependent sequence
x[n] of length N. The DFT and its inverse are calculated via Equations 2.4 and 2.5

X[m] = - z[n] e 2N (2.4)
zn| = i X[m]e 2V (2.5)

m is the ordinal number of each spectral line (Meyer 2021). The algorithm that
performs a DFT is called fast Fourier transform (FFT) and assumes that N is a
power of 2 (Maurits et al. 2024). The short-time Fourier transform (STFT) is used
to calculate the temporal changes in a spectrum (spectrogram), which first windows
the signal into time segments before the spectrum is calculated (Meyer 2021).

In sound processing, filters are used to attenuate certain frequencies in a signal. The
most common filter types are low-pass, high-pass and band-pass filter. Filters have
frequency-dependent passbands, in which the signal components are passed without
attenuation, stopbands, in which the signal components are completely attenuated
and transition bands, in which signal components are attenuated to a certain value
(Meyer 2021). The 3 dB-cutoff frequency f., at which the amplitude response is
reduced by 3dB, are used to characterize filters (Meyer 2021). The slope of the
attenuation in the transition band is described by the order of the filter (Meyer
2021). Figure 2.1 shows examples of amplitude-frequency responses for a low-pass,
high-pass and band-pass filter.

A superposition of a signal with its time-delayed version (e.g., due to reflection)
results in a comb filtered signal. The amplitude-frequency response shows a peri-
odic attenuation of frequencies with the same spacing fy (fundamental frequency,
Figure 2.1d). As digital filters, comb filters are often used in music production (also
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Figure 2.1: Amplitude-frequency responses for various filters. The green lines mark the
cutoff or the peaking frequency, respectively.(a) Butterworth low-pass filter
with cutoff frequency f. = 15Hz and order k = 4. (b) Butterworth high-
pass filter with f. = 20 Hz and order = 6. (c) Butterworth high-pass filter
with f. = 10 Hz and 30 Hz and order= 8. (d) Comb filter with fundamental
frequency fo = 20 Hz and quality factor @) = 1.5.

referred to as flanging, Orfanidis 1996). The parameter that describes the slope of
attenuation around the critical frequencies is referred to as the quality factor Q). It
is calculated from the ratio of the fundamental frequency and the 3dB bandwidth

(Virtanen et al. 2020).



2 Theoretical Background

2.2 Anatomy, Physiology and Pathophysiology of
the Auditory System in the Context of
Cochlear Implantation

(a) (b)
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Figure 2.2: (a) Anatomy of the peripheral auditory system. Source: Chittka et al.
2005, modified. (b) Cross section of the cochlea. Source: OpenStax 2016,
modified.

The auditory system comprises the peripheral and central parts. The peripheral
auditory system receives sound waves and processes them into an electrochemical
nerve signal, which is transmitted to the auditory cortex via the central auditory
pathways. The peripheral auditory system consists of the outer, middle and inner
ear (Brandes et al. 2020).

The auricle and the external auditory canal lead sound waves to the tympanic mem-
brane. It transmits sound waves from the outer ear to the middle ear. The tympanic
cavity, which contains three ossicles (malleus, incus, stapes), is behind the tympanic
membrane. The ossicles in the middle ear transmit sound energy to the oval window
of the inner ear (Figure 2.2a, Brandes et al. 2020).

The inner ear is a bony labyrinth consisting of the cochlea and the vestibular organ
(vestibule and semicircular canals, Marsh et al. 1993; Xu et al. 2000). The cochlea
is a fluid-filled, tube-like organ that spirals in 2.5 turns around a bony axis, the
modiolus (Kral et al. 2021). Reissner’s membrane and the basilar membrane divide
the cochlea into three tubes: the scala vestibuli, scala media and scala tympani
(Figure 2.2b). The scala vestibule starts at the oval window and the scala tympani
ends at the round window. Both scalae are connected via the Helicotrema (Brandes
et al. 2020).

The transmission of sound energy from the middle ear to the cochlea causes the fluids
to vibrate and the basilar membrane to deflect (Brandes et al. 2020). The vibration
propagates from the base to the apex of the cochlea on the basilar membrane as a
‘traveling wave’ (Békésy 1963). The stiffness of the basilar membrane changes along
the cochlea, so that different frequencies cause maximum deflection of the basilar
membrane at different locations (Békésy 1963).

The 3,500 inner and 12, 000 outer hair cells are the electromechanic receptor cells of
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the cochlea and are located in the organ of Corti on the basilar membrane (Hall et al.
2021). The deflection of the basilar membrane relative to the tectorial membrane,
which is located above the hair cells, results in the bending and depolarization of
hair cells. Receptor potentials are formed (Brandes et al. 2020).

Different frequencies therefore stimulate hair cells at different locations in the coch-
lea. This spatial coding of frequencies is called tonotopy (Stakhovskaya et al. 2007).
The cochlea can therefore be considered as a mechanical Fourier transformer, in
which low frequencies are processed apically and high frequencies basal (Chapter 2.1,
Bille et al. 2013). Normal hearing people can perceive frequency differences of 0.3 %
at 1kHz (Brandes et al. 2020). Since the cochlea has a less specific frequency resolu-
tion than a Fourier transform (e.g., DFT, Section 2.1.1), the analogy to a bandpass
filter-bank is often used in the literature (Schnupp et al. 2012). Each section of the
basilar membrane has a characteristic resonance frequency, so that each of these sec-
tions can be understood as a single mechanical filter with a bandwidth specific to the
resonance frequency (equivalent rectangular bandwidth, critical bands). In contrast
to the DFT, nonlinear, approximately logarithmic frequency ranges are considered,
as the bandwidth of the auditory filters increases toward high frequencies (Schnupp
et al. 2012).

The receptor potential triggers a release of glutamate at the basal pole of hair cells so
that spiral ganglion neurons generate action potentials. In addition to the tonotopy,
the rate of excitation also enables frequency selectivity. This temporal coding of
frequencies is called periodotopy. The spiral ganglions leave the cochlea via the
modiolus. The action potentials are transmitted to the auditory cortex via the au-
ditory pathway, which runs through the brain stem, midbrain and diencephalon. At
these different stages of the auditory pathway, the sound information is processed
(e.g., sound localization) and compared with experiences (Brandes et al. 2020).

Further information on the physiology of hearing can be found, e.g., in Brandes
et al. (2020).

The cognitive processing and perception of acoustic stimuli are highly complex. The
relationship between the physical sound stimulus and the resulting psychological
(subjective) auditory perception is examined and described through psychoacous-
tics (Section 2.5, Zwicker et al. 2007). Neuronal plasticity describes the ability of
the human nervous system to reorganize itself in response to new or lost stimuli
(Bernhardi et al. 2017; Gazerani 2025). This is the principle of learning and is im-
portant in auditory perception, as the brain is capable of adapting to changes in the
auditory environment (Bernhardi et al. 2017).

There are various ways that lead to hearing loss. Hearing loss is categorized by its
place of origin and can occur in one (single-sided deafness, SSD, unilateral) or both
ears (bilateral). Sensory hearing loss originates from impairments of the cochlea. It
is caused by, e.g., loud noise, ototoxic medicaments, or genetic defects and ranges
from mild hearing loss to deafness (Zahnert 2011). Sensory hearing loss is typically
treated with hearing aids or in cases of severe hearing loss with CIs (Boenninghaus
et al. 2007). The treatment of hearing loss depends on several factors, such as
anamnesis and differential diagnosis (Bruschini et al. 2024).
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2.3 Design and Functionality of Cochlear
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Figure 2.3: Schematic drawing of an implanted cochlear implant (Cl) and a behind-
the-ear processor. Source: Chittka et al. (2005), modified.

CIs are electronic devices that evoke auditory perception by stimulating the cochlear
nerve. The systems commonly used today are partially implantable and consist of
two components: the internal and the external component (Figure 2.3). The internal
component consists of a housing with reference electrode contact, an induction coil,
a permanent magnet and electronics such as current sources, and an electrode array.
It is implanted during surgery. Therefore, the housing of the implant is placed
beneath the skin in a bone recess and the linear electrode array is inserted into the
scala tympani of the cochlea (Dazert et al. 2020). The external component consists
of an induction coil, a permanent magnet, microphones, a sound processor and a
power supply. The patient wears the audio processor external behind the ear, in the
case of behind-the-ear processors (Figure 2.3), or above the induction coil, in the
case of single-unit processors (Kral et al. 2021; Hoth et al. 2017).

The processor is fixed on the implant by permanent magnets. The microphones re-
cord audio signals. An amplifier and an analog-to-digital converter edit the signal.
Afterwards the signal is encoded by a coding strategy to filter the relevant inform-
ation for speech recognition. The external coil transmits the encoded signal to the
internal receiver coil. The implant decodes the signal and applies charge-balanced bi-
or triphasic (two or three) current pulses consisting of negative and positive phases
to intracochlear electrode contacts. The current flows from a stimulation electrode
(intracochlear) to a reference electrode contact (intracochlear: bipolar stimulation
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2.3 Design and Functionality of Cochlear Implants

mode, BP, or extracochlear: monopolar stimulation mode, MP1 or MP2) to stim-
ulate the spiral ganglion neurons of the auditory nerve (Kral et al. 2021; Wouters
et al. 2015).

Since the electrode array stimulates longitudinally along the scala tympany, the tono-
topic organization of the cochlear is used (see section 2.2), and different frequencies
are perceivable (Kral et al. 2021). The periodotopy of the cochlea is mimicked by
different stimulation rates along the electrode array (Hochmair 2021; Rader et al.
2016a).

In addition to stimulation, voltage measurements and transmissions to the external
parts (telemetry) are possible. Intracochlear impedances, voltage drops (Stimulation-
Current-Induced Non-Stimulating Electrode Voltage recordings, SCINSEVs, Rijk et
al. 2020) and nerve responses (electrically evoked compound action potentials, He
et al. 2017) are measurable. These data provide information about the integrity of
the implant but can also be used for electrophysiological monitoring. For example,
fluctuating impedances can indicate intracochlear inflammatory processes (Shaul et
al. 2019). For this reason, telemetry data are part of routine control and should be
measured and analyzed at regular intervals (Préasidium der DGHNO-KHC 2021).

SCINSEVs are a highly relevant field of research since they provide information
on the intracochlear position, which previously could only be obtained by radiolo-
gical imaging. Several research groups have shown that SCINSEVs reliably detect
a foldover of the electrode array tip, which corresponds to an implant malposition
(Franke-Trieger et al. 2024; Hans et al. 2021; Hoppe et al. 2022; Kay-Rivest et
al. 2022; Klabbers et al. 2021; Zuniga et al. 2017). During SCINSEV recordings,
one intracochlear electrode contact stimulates and the voltages at all nonstimulated
electrode contacts are measured so that SCINSEVs are a measure of intracochlear
spread of the electric field (Kopsch et al. 2022; Kopsch et al. 2024a; Rijk et al. 2020;
Wagner et al. 2023). Incomplete insertion or a scalar dislocation of the electrode
array can also be detected via SCINSEVs (Dong et al. 2021; Kopsch et al. 2024b;
Rijk et al. 2020; Rijk et al. 2022). The algorithms for detection of tip-foldover,
extracochlear electrode contacts or scalar dislocation are based on the fundamental
assumption that the voltage decreases with increasing distance from the stimulation
electrode contact. A change in voltage drop, e.g., an increase instead of a decrease,
indicates one of the above-mentioned malpositions (Dong et al. 2021; Hoppe et al.
2022; Rijk et al. 2020). Initial studies even indicate that the insertion depth of the
electrode array can be estimated with SCINSEVs (Aebischer et al. 2021; Schraivogel
et al. 2023b; Zhang et al. 2024), so that the examination of SCINSEVs remains a
promising field of research.

In Germany, three manufactures produce Cls as approved medical devices: Ad-
vanced Bionics!, Cochlear Ltd.?2 and MED-EL3. The fundamental design and func-
tionality of the CIs of all the mentioned manufacturers are the same and correspond
to those described above. Differences between the ClIs result from the design of
electrode contacts (e.g., pairwise arrangement or single), the number of reference
electrode contacts, the number of intracochlear electrode contacts (12 to 24), the

! Advanced Bionics AG, Stéfa, Switzerland
2Cochlear Ltd., Sydney, Australia
SMED-EL, Innsbruck, Austria
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stiffness of the electrode array, the length, the shape (precurved or straight) and
thus the intracochlear position (e.g., perimodiolar, mid scalar or at the lateral wall,
Dhanasingh et al. 2024), the optical designs of the external components and the
technical properties (e.g., stimulation options and noise suppression mechanisms,
Tzvi-Minker et al. 2023). The length of the electrode array can be specified in two
ways: active length (length from the first to the last electrode contact) and total
length (marking ring for implantation to the electrode array tip). For additional
manufacturer-specific properties, please refer to the manufacturer’s homepages and
manuals?>°.

2.3.1 Signal Processing in Cochlear Implants

The signal processing is split into signal pre-processing and coding. Signal pre-
processing is used to improve the signal quality and includes automatic gain control,
adjustment of the direction-dependent sound sensitivity (e.g., beamforming) and
various noise reduction algorithms. The automatic gain control regulates the input
sensitivity depending on the sound pressure level so that soft signals are perceivable
and loud signals are not too loud (Kral et al. 2021). The order of processing differs
between the manufacturers*.

After pre-processing, a coding strategy defines the transformation rule from the
acoustic signal to an electrical stimulation pattern (Figure 2.4) and replaces peri-
pheral auditory processing (Kral et al. 2021; Wouters et al. 2015). Over the last
60 years of CI development, various coding strategies have been developed (Zeng
et al. 2008). Due to the large number and complexity of coding strategies, only the
coding strategy relevant to this thesis, an n-of-m coding strategy, particularly the
Advanced Combination Encoder (ACET), will be explained (Figure 2.4). Further
information on various coding strategies can be found, e.g., in Wouters et al. (2015).

The digital signal is divided into m = 22 logarithmically spaced frequency bands by
an FFT- or a bandpass filter-bank comprising cutoff frequencies between 188 and
7938 Hz (Appendix: Table A1, Cochlear Ltd. 2022b). Each filter band is spatialized
to one electrode contact according to the tonotopic organization of the cochlea. The
temporal envelope (amplitude contour) of each frequency band is calculated via
Hilbert transformation (Cychosz et al. 2024; Wouters et al. 2015). The number n
(n € N and n < 16, typically n = 8) of electrode contacts with the largest energy
in the frequency band (magnitude of the envelope) is used to modulate stimulation
pulse amplitudes (Figure 2.4, Cochlear Ltd. 2022b).

The minimum and maximum pulse amplitudes which correlate to the minimum and
comfortable loudness must be adjusted for each individual patient and electrode
contact (‘processor programming’, Wouters et al. 2015). The loudness perception
depends on the temporal integral of the current, i.e., the pulse width and the current
amplitude (Hoth et al. 2017). A variety of parameters can be adjusted to enable
individual, optimal hearing. The adjustable parameters (mapping parameters) in

4Advanced Bionics AG, Stéfa, Switzerland

5Cochlear Ltd., Sydney, Australia

SMED-EL, Innsbruck, Austria

"Custom Sound Pro Software, Cochlear Ltd. (2022b), Sydney, Australia, version 7.0
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Figure 2.4: Waveforms, spectrograms and pulsatile stimulation patterns (electrodo-

gram) of two acoustic signals. Electrodogram was created on the basis
of an n-of-m coding strategy (Wouters et al. 2015) with n = 8 and
m = 22 (number of electrode contacts). Notably: The frequency axis
in the spectrogram is logarithmic, whereas the electrode contact axis
in the electrodogram is linear. (a) Complex tone created by the sum-
mation of eight sine-functions with center-frequencies of electrode con-
tacts 1, 4, 7, 10, 13, 16, 19 and 22 in Table Al in the Appendix
(f. = 250.5, 625.5, 1000.5, 1438.0, 2188.0, 3313.0, 5000.5, 7438.0 Hz).
(b) Spoken German sentence of the Oldenburg children’s sentence test
spoken by a male voice (‘drei rote Schuhe’ [‘three red shoes'], Wagener
et al. 2005)

the ACE strategy include, e.g., threshold current levels (T-levels), comfortable cur-
rent levels (C-levels), pulse widths, number of maxima n and stimulation rate. The
default stimulation rate is 900 pulses per second (Cochlear Ltd. 2022b).

2.4 Sound of Cochlear Implants

The perception of complex sound signals with Cls is restricted by several factors.
To transform the analog complex sound signal into a pulsatile stimulation pattern
that can be used by a discrete number of electrode contacts, the sound information
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not relevant for speech recognition is neglected (Section 2.3.1, Figure 2.4). In a
healthy cochlear, sound signals are transmitted by about 3,500 hair cells to the
spiral ganglion neurons (Hall et al. 2021). In an implanted cochlea, the signal is
transmitted by 12 to 24 physical intracochlear electrode contacts. Although four
electrode contacts are sufficient to achieve speech recognition in quiet, more than
30 electrode contacts may be required to perceive more complex signals (Shannon
et al. 2004). The described loss of information is shown graphically in Figure 2.4 by
comparing the spectrograms with the electrodograms.

CIs use the physiological tonotopy and periodotopy of the cochlea (Section 2.3.1).
However, physiologically, different frequencies are processed over the entire basilar
membrane, but the electrode array usually only covers 0.75 to 1.8 of the 2.5 turns
(Landsberger et al. 2015; Rader et al. 2024). This is due to the electrode array
design, which is related to the decreasing diameter of the scala tympany (Micuda
et al. 2024). However, the electrode contacts do not stimulate the basilar membrane,
but the spiral ganglion neurons and these only cover 1.6 to 2.0 of the 2.5 turns (Ar-
iyasu et al. 1989; Kawano et al. 1996; Kral et al. 2021; Li et al. 2021). Nevertheless,
a frequency-to-place mismatch is possible: the frequency range of an electrode con-
tact and the physiological correct place of processing of that frequency range differ
(Baumann et al. 2006; Canfarotta et al. 2022; Dorman et al. 2019b; Landsberger et
al. 2015). If the stimulation rate is not adjusted according to the electrode contact
position, this leads to a rate-to-place mismatch (Rader et al. 2016a). Furthermore,
the physical properties of electrical stimulation lead to a ‘spectral smearing’. The
current for stimulation evokes an electric field. Depending on the distance between
the electrode contact and the neurons, the spread of the electric field has different
extents (He et al. 2017; Soderqvist et al. 2023). Thus, the electric field also stim-
ulates more distant neurons, which leads to a spread of spiral ganglion excitation
(Kopsch et al. 2022; Soderqvist et al. 2021). The consequence is that spatial preci-
sion of stimulation, which is necessary for spectral resolution, is reduced (Bingabr
et al. 2008; Tang et al. 2011; van den Honert et al. 1987; Zeng et al. 2014; Zwolan
et al. 1997). CI manufacturers try to counteract the frequency-to-place mismatch
with variable electrode array lengths, the rate-to-place mismatch with variable stim-
ulation rates along the electrode array and the spectral smearing with, e.g., current
steering methods (Berenstein et al. 2008; Hochmair et al. 2015; Rader et al. 2016a).

The loss of information due to electrical signal processing, frequency-to-place mis-
match, rate-to-place mismatch and spectral smearing leads to a change in sound
perception of CI users (CI sound) compared with that of normal hearing people. CI
users with little CI experience often describe their CI as unnatural, tinny, squeaky;,
robotic and high-frequency-voiced (Caldwell et al. 2017; Peters et al. 2018; Dorman
et al. 2019a; 2022).

Changing individual mapping parameters (Section 2.3.1) can lead to a change in
CI sound (Dorman et al. 2019b). Neuronal plasticity counteracts these technical
features by means of perceptual adaptation (Dorman et al. 2022). As described in
Section 2.2, neuronal plasticity describes the ability of the human brain to reorganize
itself in response to new or lost stimuli (Bernhardi et al. 2017; Gazerani 2025).
Hearing loss or deafness leads to a functional reorganization of the central auditory
system. Rehabilitation after cochlear implantation thus depends on the strength of
the preoperative reorganization as well as on the ability of the individual’s auditory
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system to adapt postoperatively (Kral et al. 2016; McKay 2018). The memories and
experiences of the individual influence the neuronal plasticity so that the duration
of deafness affects postoperative performance (Blamey et al. 2013; Canfarotta et al.
2022; Hoppe et al. 2021; Kim et al. 2018; Lazard et al. 2012). Reiss et al. (2007)
and McDermott et al. (2009) showed that pitch perception and perceived frequency-
to-place mismatch changes with CI experience. To date, little research has been
conducted on the factors influencing CI sound. These findings suggest that the
factors that influence speech recognition also influence sound perception. Blamey
et al. (2013) reported that CI experience has the greatest influence on postoperative
speech recognition. However, age at implantation, electrode array insertion depth,
age at onset of deafness, duration and cause of deafness also affect speech recognition
with Cls (Blamey et al. 2013; Canfarotta et al. 2022; Hoppe et al. 2021; Kim et al.
2018; Lazard et al. 2012) and may influence CI sound perception.

The knowledge of CI sound is important in consulting patients to ensure patients’
acceptance to the unfamiliar sound impressions, to improve family members’ sym-
pathy for the patients’ situation, to strengthen family support, to educate clinical
staff, to identify factors influencing CI sound quality and to develop the hardware
and software of CI systems.

2.4.1 Review of Cochlear Implant Sound Perception
Measurements

The sound of a CI is a very subjective perception and cannot simply be measured
with a microphone and played through a loudspeaker such as an acoustic sound.
The CI sound essentially depends on the electro-neural interaction of the individual.
Some studies have attempted to reproduce the sound of a CI with so-called vocoders
(voice encoders, Peters et al. 2018; Karoui et al. 2019). Vocoders originate from
military telephone technology and are intended to encode voice signals into a digital
signal that can be resynthesized by a receiver (van Veen 2012). The signal processing
in vocoded signals is very similar to signal processing in Cls, so that vocoders are
often used to ‘simulate’ CI signals (Fu et al. 2004; Mesnildrey et al. 2016; Rosen
et al. 2015; Steinhauer et al. 2023) and are also widely presented on the internet as
‘CI simulations’ (Cychosz et al. 2024). However, it must be explicitly noted that
vocoders simulate parts of signal processing of a CI and, therefore, the information
content transmitted by a CI, but they do not simulate the highly complex cognitive
processing. Thus, vocoders do not reflect the sound of a CI as they do not simulate
neuronal plasticity (Cychosz et al. 2024; Peters et al. 2018).

Although CIs have been implanted for approximately 60 years (Zeng et al. 2008),
the indication criteria (Présidium der DGHNO-KHC 2021) have changed in recent
decades due to technical developments. In 2008, a person with SSD was implanted
with a CI for the first time (van de Heyning et al. 2008). The relatively new patient
group of SSD patients enables a direct comparison between a normal hearing ear
and a CI ear (e.g., Dorman et al. 2017; Peters et al. 2018; Karoui et al. 2019).

In studies by Dorman et al., SSD CI users matched the sound of a spoken sentence on
the contralateral ear to the sound of their CI (Dorman et al. 2017; 2019; 2019; 2020;
2022; 2024). The audio signal was modified via a software sound tool corresponding
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to the participant’s descriptions of the CI sound. If no further approximation of the
audio signal to the CI sound was possible, the similarity of the two signals was scored
on a scale from 1.0 (no similarity) to 10.0 (signals are identical, Dorman et al. 2017).
In this way, sound samples were created, e.g., for 14 CI users, which were scored with
an average similarity score of 8.8 + 0.9 and one full match (similarity score = 10)
was found (Dorman et al. 2020). Therefore, the most often needed modification was
a high-, low- or band-pass filter (Dorman et al. 2020). The generated sound samples
correspond to CI simulations that reflect the sound of a CI with a large degree of
similarity. In accordance with this definition (Dorman et al. 2020), the term ‘CI
simulation’ is used throughout this thesis. These replicate the CI sound and do not
simulate the functionality or processing mechanisms of a CI.

Dorman et al. conducted several studies on the design described above (Dorman et
al. 2017; 2019; 2019; 2020; 2022; 2024). CI users with shorter electrode arrays (active
length: 15.0 mm, total length: 18.5mm, Advanced Bionics AG 2022; Dhanasingh
et al. 2024, Section 2.3) and longer electrode arrays (active length: 23.1 mm, total
length: 28 mm, Med-El 2012) were tested (2022; 2024). Dorman et al. concluded that
the length of the electrode array has an influence on sound perception: CI users with
shorter electrode arrays perceive their CI to be higher pitched than CI users with
long electrode arrays do (Dorman et al. 2022; 2024). Very short electrode arrays
(total length < 18.5mm) have not yet been investigated in the above-mentioned
study design.

In another study, Dorman et al. (2022) investigated the change in CI sound over time.
For this purpose, the sound perception of a group of five CI users with shorter, mid
scalar electrode arrays (active length: 15.0 mm, total length: 18.5mm, Advanced
Bionics AG 2022; Dhanasingh et al. 2024) was examined at two study visits. The
CI experience in the first and second study visits as well as the time difference
between visits was variable between the participants. The participants had between
2.7 and 20 months of CI experience at the first study visit, and between 17 and
47months at the second visit. Even though some sound characteristics changed
over time, Dorman et al. (2022) reported that pitch perception did not change over
time in the investigated study cohort.

2.4.2 Review of Vocoder Design Considerations

As described above, vocoders alone often do not reflect the sound of a CI (Sec-
tion 2.4.1, e.g., Peters et al. 2018). Nevertheless, they have been widely used in
the literature to ‘simulate’ Cls, as they mimic certain aspects of the CI’s signal
processing, such as the impact of the spread of the electric field on speech recog-
nition (Fu et al. 2004; Fu et al. 2005; Mesnildrey et al. 2016; Rosen et al. 2015;
Steinhauer et al. 2023; Kopsch et al. 2024a). This enables a study design with large
experimental control on normal hearing people to achieve a greater number of par-
ticipants and to reach a better understanding of hearing with CIs (Cychosz et al.
2024). Furthermore, vocoders are able to provide information about certain sound
cues (Dorman et al. 2020).

Vocoding is a broad category of signal processing techniques. In this section, only
the vocoder processing steps relevant to this thesis are discussed (Figure 2.5 and 2.7).
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Figure 2.5: Block diagram of a band-pass (BP)-vocoder. m: number of frequency
bands, RMS: Root mean square.
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For further reading, please refer to Cychosz et al. (2024).

Vocoding can be divided into four processing steps: Pre-processing, analysis, syn-
thesis and post-processing. In pre-processing, a digital signal is sampled at a rate
that equates to the sampling rate of a CI coding strategy (e.g., ACE: 16 kHz,
Nogueira et al. 2005; Vandali et al. 2000) to mimic CI signal processing. As the
magnitude spectrum of a speech signal is characterized by a loss of energy toward
larger frequencies, the signal is first filtered to compensate for the loss (pre-emphasis,
Cychosz et al. 2024; Sun 2000). To analyze the pre-processed signal, a filter-bank
divides the signal into m (m € N) frequency bands. The number of frequency bands
is often oriented on the number of electrode contacts of the CI to be simulated (Cy-
chosz et al. 2024). The cutoff frequencies of frequency bands are typically logarith-
mically spaced such as in CIs (Section 2.3.1 and Appendix: Table Al). As different
CI manufacturers implement the filter-bank differently (e.g., Nogueira et al. 2005
versus Hochmair et al. 2015) various filter-banks are also used in vocoder research
(Cosentino et al. 2014). Therefore, the choice of filter-bank depends on the research
question. The most common filter-banks are based on band-pass filters (e.g., Peters
et al. 2018) or FFTs (e.g., Cucis et al. 2021, Section 2.1.1). The processing steps
of analysis differ slightly between band-pass (BP)-vocoders and FFT-vocoders and
are shown in Figures 2.5 and 2.7.

BP-vocoders (Figure 2.5) use m bell-shaped band-pass filters (Hochmair et al. 2015),
e.g., Butterworth filters (e.g. Figure 2.1c, Fu et al. 2005; Peters et al. 2018). To
determine the temporal envelope from the frequency bands, half-wave rectification
with low-pass filtering or Hilbert transformation is often used (Cychosz et al. 2024;
Fu et al. 2005). At this processing step, an n-of-m selection method could be
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Figure 2.6: Exemplary signal windowing with Hamming-windows for a complex tone.

applied. Since the BP-vocoder used in this thesis was implemented without an
n-of-m selection method, the block diagram in Figure 2.5 neglects it.

The FFT-vocoder (Figure 2.7) windows the signal into frames of a specific length,
e.g., 128 samples via Hamming-windowing (Figure 2.6, Cucis et al. 2021). Each
frame has a temporal overlap with the neighboring frame, e.g., 75 % which corres-
ponds to 96 samples. The FFTs (absolute values) of each frame result in 64 frequency
bins. The bins are combined into m frequency bands by calculating the means of
the FFT coefficients. The upper and lower cutoff frequencies of the frequency bands
are set by the filter-bank. An average FFT value is now assigned to each temporal
frame of each frequency band. At this processing step, an n-of-m selection method,
as described in Section 2.3.1, can be applied to choose the n frequency bands with
the largest amplitudes in each temporal frame. The remaining channels are set equal
to zero (Cucis et al. 2021). For temporal envelope reconstruction, Hamming win-
dows are modulated with the mean FFT values. The modulated Hamming functions
are overlapped (e.g., 75 %) and summed so that temporal envelopes are calculated
for the n selected frequency bands. Marginally, vocoders can also be used for other
signal processing, such as time stretching, if the extent of overlap in reconstruction
is changed (for further reading, see Driedger et al. 2016).

Up to this processing step, the signal processing corresponds to that of a CI. The
difference between the CI and vocoder is that a CI stimulates electrically, and a
vocoder needs an acoustic output. Therefore, a basic signal (carrier) is modulated
with the envelope of each frequency band by multiplying the carrier signal and
envelopes (Cychosz et al. 2024). The most often used carriers are sine-waves or noise
carriers. Sine functions with frequencies that correspond to the center frequencies
of the frequency bands of envelopes are used as sine-wave carriers. A narrow band
noise bank can be used as a noise carrier. For this purpose, a filter-bank is applied to
broadband Gaussian noise. By varying the filter-slope in the noise-filter-bank, the
spread of the electric field is simulated. A steep, moderate or flat slope corresponds
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Figure 2.7: Block diagram of a fast Fourier transform (FFT)-vocoder. m: number of
frequency bands, n: number of selected frequency bands with the largest
energy, RMS: Root mean square.

to a weak, moderate or broad spread of excitation (Cucis et al. 2021; Cychosz et al.
2024; Fu et al. 2005; Mehta et al. 2017).

In conclusion, the vocoded signal is created by summing the modulated carriers.
As a final step, resampling to the input sampling rate (Cucis et al. 2021) and root-
mean-square (RMS) normalization of energy to obtain a stable amplitude of output
compared with the input signal are performable (Cychosz et al. 2024). Therefore,
the RMS of the complete audio signal is calculated (Equation 2.6),

RMS =

where z[n] is the amplitude of the discrete time signal of the audio signal of length
N. The scaling factor is set to the maximum factor by which the audio signal can
be scaled without inducing clipping (Cychosz et al. 2024).

2.5 Review of Sound Quality Measurements
Sound quality is not a purely physical or acoustic quantity, as it essentially depends

on the subjective hearing perception of the human auditory system. It is a psy-
choacoustic parameter, and there is no consistent definition of sound quality. In
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product engineering, a quality evaluation based on the sounds of certain products
is used, e.g., the closing sound of a car door can have high or low sound quality.
Blauert et al. (1997) defined [...] sound quality is a descriptor of the adequacy of
the sound attached to a product [...]> In contrast, in the treatment of hearing loss,
sound quality is the perceived richness of the hearing aid (Caldwell et al. 2017). In
addition, sound appraisal is differentiated from sound quality, which describes the
subjective melodiousness of a sound (Caldwell et al. 2017).

However, sound quality is a multidimensional quantity and depends on, e.g., loud-
ness, sharpness and roughness (Fastl et al. 2007). Due to the dependency on human
perception, there is no measuring tool to record sound quality, appropriately. Cer-
tain models attempt to capture psychoacoustic quantities such as loudness, rough-
ness and sharpness and combine them into a new quantity, psychoacoustic annoy-
ance, as a measure of sound quality (Ma et al. 2020; Zhang et al. 2019; Zwicker et al.
2007). However, these models are derived from subjective data and are not validated
for all types of acoustic stimuli (Schell-Majoor et al. 2016). The sound quality of
an acoustic signal is most frequently measured via subjective rating methods (Roy
et al. 2012b).

Fastl (2005) described four methods to assess sound quality and its dimensions:
random access, semantic differential, category scaling and magnitude estimation. In
a random access task, several acoustic signals have to be sorted according to their
sound quality so that a ranking is created. The acoustic signals can be listened
to in any order and as often as desired. This method provides information on
whether the sound quality of one signal is better than that of another. In a semantic
differential task, it is decided which adjective of opposing adjectives (e.g., loud -
quiet) describes the acoustic signal better. A visual analog scale is sometimes used
to quantify the degree of appropriateness of an adjective. The semantic differential
can provide information about why a sound quality is bad or good. Category scaling
and magnitude estimation indicate the extent to which sound qualities differ between
several acoustic signals. In a category scaling task, the sound quality is assessed via
a scale (e.g., bad - poor - fair - good - excellent). The magnitude estimation task is
a pairwise comparison between a reference acoustic signal and an acoustic signal to
be evaluated. The signals are then assigned a numerical value relative to each other
depending on the sound quality. In addition to sound quality, other psychoacoustic
quantities (e.g., roughness) can be queried via random access, category scaling and
magnitude estimation (Fastl 2005).

As described above, each of the four methods provides information on a specific
question (‘which signal is better?’, ‘how much better is a signal?’, ‘why is a signal
better?’, Fastl 2005). If several questions are to be answered in the same experiment,
combinations of different methods are also possible.

Chung et al. (2006) used a combination of pairwise comparison and category scaling.
In the pairwise comparison, no anchor signal is used, but all the acoustic signals are
permuted and compared in pairs. For each signal pair, the preferred signal is chosen,
and the strength of the preference is given on a scale. The pairwise comparison
enables the detection of small differences in sound, and by counting the number of
preferences of each signal, a ranking is given. In contrast to, e.g., random access,
pairwise comparisons are carried out in a structured manner, and each acoustic
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signal is heard once in comparison to every other signal (Anderson 1994).

The International Telecommunication Union (ITU) published the recommendation
ITU-R BS.1534-3 (ITU-R 2015) to assess the average sound quality of audio systems.
The recommendation includes a method called the Multi-Stimulus Test with Hid-
den Reference and Anchor (MUSHRA, ITU-R 2015). The sound quality of acoustic
signals is rated on a MUSHRA scale from 0 (poor sound quality) to 100 (excellent
sound quality) via sliders. The rating scale has five sections (poor: 0 to 20, fair: 21
to 40, good: 41 to 60, excellent: 61 to 100). The sound quality is evaluated in com-
parison with an unaltered, reference signal (MUSHRA sound quality = 100). The
acoustic signals can be listened to in any order and as often as desired. The signals
to be evaluated include a ‘hidden reference’ and one or more ‘anchor signals’ (e.g.,
typically low-pass filtered reference signals). The evaluation of the ‘hidden refer-
ence’ is used to detect untrained listeners who do not recognize the hidden reference
as such. The ‘anchor signal’ is used to compare the audio signals to be evaluated
with known audio qualities (comparability between experiments) and enables repro-
ducible use of the entire MUSHRA scale. The ITU-R BS.1534-3 recommendation
contains fixed specifications, such as a maximum number of nine audio systems to
be evaluated (ITU-R 2015).

The MUSHRA has been used frequently and has adaptations that are discussed in
the literature (CI-MUSHRA: Roy et al. 2012b, ‘MUSHRA-simple’ and ‘MUSHRA-
drag&drop’: Vélker et al. 2015). In the ‘MUSHRA-drag&drop’, the acoustic signals
are displayed as boxes on a graphical user interface (GUI). The boxes are moveable
along the horizontal MUSHRA scale (left: 0, right: 100). The reference signal is
fixed on the scale at the value 100. The ‘drag&drop’ variant allows presorting of
the acoustic signals in a ranking according to the sound quality and determining
the exact value on the MUSHRA scale in a second step during fine adjustment.
‘MUSHRA-drag&drop’ is a combination of random access, categorical scaling and
magnitude estimation (Volker et al. 2015).

2.5.1 Review of Cochlear Implant Sound Quality
Measurements

As described in Section 2.5, sound quality is a subjective, multidimensional quantity
(Zwicker et al. 2007). It describes the richness (Caldwell et al. 2017) or pleasantness
of the sound (sound appraisal, Caldwell et al. 2017) of a CI as well as the deviation of
the sound (Blauert et al. 1997) of a CI from that of a normal hearing ear. The sound
quality of Cls depends on the electro-neural interface and is influenced by neural
plasticity, as well as the memories and experiences of the individual (Section 2.4,
Bernhardi et al. 2017; Dorman et al. 2022; Kral et al. 2016; McKay 2018). The ability
to discriminate sounds (e.g., identification of musical instruments, identification of
rhythm, pitch discrimination) with Cls could not be correlated with sound quality
in previous studies (especially in music perception) and therefore does not serve as
a measure of sound quality (Wright et al. 2012).

For this reason, questioning CI users themselves is the most commonly used method
for recording sound quality (Roy et al. 2012b). Roy et al. (2012a) developed an
adaptation of the MUSHRA, the ‘CI-MUSHRA’. They used 5 seconds long musical
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stimuli, of which seven versions with varying sound quality (high- and band-pass
filtered) were created. The sound quality of the stimuli was rated via sliders on
a MUSHRA scale from 0 (poor sound quality) to 100 (excellent sound quality) in
comparison to the unaltered, reference stimuli. The procedures were performed with
a CI group and a normal hearing control group to assess the ability to detect dif-
ferences in sound quality. As a result, Roy et al. (2012a) reported that CI users
reported significantly better sound quality on average than those with normal hear-
ing did. However, caution should be exercised when interpreting these results. As
the reference signal is fixed at 100 (excellent sound quality), this method captures
the ability to detect small differences in sound quality rather than the sound quality
perceived by CI users itself(Roy et al. 2012a).

In contrast questionnaires measure self-reported CI sound quality. The Hearing
Implant Sound Quality Index (HISQUI,g) is a questionnaire validated on a large
cohort (n = 75) to record sound quality in everyday situations (Amann et al. 2014).
However, some of the HISQUI;9 questions also ask for the ability to discriminate.
(e.g., HISQUI,9: ‘Can you effortlessly hear the ringing of the phone?’, Amann et al.
2014).

In addition to questionnaires, methods from psychoacoustics, described in Sec-
tion 2.5, are also used in CI research. For example, Gfeller et al. (2003) used a
type of semantic differential with a visual analog scale to assess the likeability of
sound samples by CI users. Questionnaires and measurements of the discrimination
ability of CI users are well suited to record the auditory benefit of the CI. However,
as summarized by Caldwell et al. (2017) in his nonsystematic review on sound qual-
ity, ‘measures like these [...] do not offer an [...] insight into the richness of sounds
heard through a CI relative to acoustic hearing’

Some studies have investigated factors influencing self-reported CI sound quality via
the HISQUI 9 (Amann et al. 2014) questionnaire (Bessen et al. 2021; Mertens et al.
2020). Bessen et al. (2021) evaluated the self-reported CI sound quality of 60 CI users
and reported on average, fair self-reported CI sound quality. The results showed that
age at implantation has a slightly negative effect on self-reported CI sound quality
and that CI experience has a slightly positive effect (Bessen et al. 2021). Although
the importance of such questionnaires should not be doubted, it should be explicitly
noted that self-reported CI sound quality is very subjective. Personal, emotional
and psychological factors such as previous hearing experience, cognitive abilities or
expectations may affect self-perceived CI sound quality (Amann et al. 2014). This
means that an interindividual comparison to determine factors influencing sound
quality via questionnaires or psychoacoustic methods is meaningful only to a limited
extent.

Since people with SSD are also implanted with Cls, it is possible to make the CI
sound audible for people with normal hearing (Section 2.4, e.g., Dorman et al.
2019a). Dorman et al. (2022) used questionnaires in addition to recording sound
perception. The results showed that some CI users described the sound quality
of their ClIs with oppositional adjectives such as ‘normal’ and ‘computer-like’. A
comparison of the description of the CI sound with the generated sound samples also
revealed major mismatches: some of the participants who described their CI sound
as ‘normal’ required large modifications in the simulation to match the CI sound.
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The mismatch between perception and description may be related to the subjective
experience that ‘normal’ tends to mean ‘well-known’ (Dorman et al. 2022). This
mismatch should be investigated further so that new methods for CI sound quality
measurements that are not based on the subjective experiences and memories of CI
users are reasonable.

One way to realize this would be an approach based on CI simulations (e.g., Dorman
et al. 2019a). Assuming that CI simulations that are identical to the CI sound could
be generated, the subjectivity of the CI user is greatly reduced. These sound samples
could then be used to determine the CI sound quality perceived by normal hearing
people using psychoacoustic methods (Section 2.5). Sound quality evaluations by
normal hearing people also lead to variability in sound quality measurement by
subjectivity (Roy et al. 2012b). However, this can be compensated with a suitable
sample size (several study participants would rate the same sound sample) and study
design (Das et al. 2016).

2.6 Radiological Evaluation of Cochlear Size and
Electrode Array Placement

For postoperative success, correct intracochlear electrode array placement is essen-
tial (Mewes 2024). For quality assurance, most German clinics perform X-ray-based
imaging (Vogl et al. 2015). These include, for example, planar X-ray images, com-
puted tomography (CT) or cone-beam CT (CBCT, Vogl et al., 2015). The know-
ledge of incorrect electrode array placement (e.g., tip-foldover, scalar dislocations,
incomplete insertion) influences processor programming (Section 2.3.1). Exemplary,
a scalar dislocation often leads to increased charge consumption to generate an au-
ditory perception (Trudel et al. 2018) and a tip-foldover can result in deactivation
of single electrode contacts (Rader et al. 2016b; Zuniga et al. 2017).

With complication-free electrode array insertion and regular electrophysiological,
intraoperative measurements, a planar X-ray image is typically sufficient to assess
electrode array projection onto the cochlea (Cohen et al. 1996). However, scalar
dislocations cannot be recognized from planar X-ray images. If intraoperative ab-
normalities are present, tomographic imaging is used to detect incorrect electrode
array placement such as scalar dislocation (Alzhrani et al. 2024; Kopsch et al. 2024b).
Tomographic imaging reconstructs cross-sectional images by combining planar X-
ray projections from multiple angles through advanced computer algorithms (Buzug
2004). As CBCT involves less radiation exposure, fewer metal artifacts and better
resolution than conventional CT does, CBCT is preferable to CT (Alzhrani et al.
2024; Knorgen et al. 2012).

In addition to monitoring correct intracochlear placement and quality assurance
(determining the actual position to identify any subsequent electrode array migra-
tion), postoperative imaging is to determine the insertion depth of the electrode
array (Aebischer et al. 2021; Mewes 2024). The insertion depth can be used for
frequency electrode contact mapping in the individual to minimize the frequency-
to-place mismatch (Section 2.4, e.g., Di Maro et al. 2022; Miiller-Graff et al. 2024).

23



2 Theoretical Background

For this purpose, the software Otoplan® is used in current studies, which measures
the size of the cochlea preoperatively, measures the insertion depth postoperatively
and outputs an individual frequency map (anatomy-based fitting, e.g., Miller-Graff
et al. 2024; Kurz et al. 2025).

In addition, initial work has shown that the insertion depth and various SCINSEV
methods for recording the spread of electric fields are related (Aebischer et al. 2021;
Schraivogel et al. 2023a; Schraivogel et al. 2023b; Schraivogel et al. 2024; Sehlmeyer
et al. 2024). Dorman et al. hypothesized that the length of the electrode array, and
thus the insertion depth, influences sound perception (Dorman et al. 2022; 2024).
The authors examined CI users with shorter (active length: 15.0 mm, full length:
18.5mm, Advanced Bionics AG 2022; Dhanasingh et al. 2024) and longer electrode
arrays (active length: 23.1 mm, total length: 28 mm, Med-El 2012). They reported
that CI users with shorter electrode arrays perceive their CI higher pitched than CI
users with longer electrode arrays (Section 2.4.1, Dorman et al. 2022; 2024).

The insertion depth depends on the electrode array design (e.g., mechanical proper-
ties), the surgical technique and the size of the cochlea (Franke-Trieger et al. 2014).
As briefly mentioned in Section 2.3, CI manufacturers offer electrode arrays with
different lengths. The lengths of currently available electrode arrays are between
15mm and 34 mm (total length, Med-El 2012). The elastic properties of electrode
arrays also vary. Pre-curved, stiffer electrode arrays lie close to the cochlear axis,
and the modiolus (perimodiolar electrode arrays) and straight electrode arrays lie
close to the outer wall of the cochlea (lateral wall electrode arrays, Dhanasingh
et al. 2024). Both the length of the electrode array and the curvature, and thus
the intracochlear trajectory that the electrode array follows, influence the insertion
depth.

2.6.1 Cochlear Size

Various parameters can be used to describe cochlear size, e.g., diameter, width,
height or cochlear duct length (CDL). These parameters can either be recorded ex
vivo using a histology section or in vivo via radiological imaging techniques (Miiller-
Graff et al. 2024). Either a 3D reconstruction or reconstructions of the axial, coronal
and sagittal view of the cochlea can be used to measure the cochlea from routine,
preoperatively recorded tomographic images (Figure 2.8, Miiller-Graff et al. 2024).
The diameter, width and height are assigned capital letters A, B and H (Escudé
et al. 2006; Miiller-Graff et al. 2024).

Figure 2.8 shows exemplary measurements of A, B and H in the software Otoplan®.
To determine these quantities with the smallest possible systematic measurement
error, the correct view is necessary. In the ‘cochlear view’, the view is directed
parallel to the modiolus and the full, basal turn is shown (Marsh et al. 1993; Xu
et al. 2000). The diameter of the basal turn A corresponds to the largest distance
between the center of the round window and the lateral wall measured in the cochlear
view (Marsh et al. 1993; Xu et al. 2000). The width of the basal turn B is measured
perpendicular to the diameter A and corresponds to the distance from the inferior
to the superior point of the cochlea in the sagittal view (Escudé et al. 2006). The

80toplan, Cascination AG, Bern, Switzerland in cooperation with MED-EL, Innsbruck, Austria
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()

Figure 2.8: Cochlear size measurement. Screenshots from the software Otoplan (Cas-
cination AG 2024, Bern, Switzerland in cooperation with MED-EL, Inns-
bruck, Austria, version 3.0.0). Red markers indicate height (H), blue mark-
ers indicate width (B), and green markers indicate diameter (A). (a) Com-
puted tomography (CT), axial multiplanar reconstruction. (b) CT, sagit-
tal multiplanar reconstruction. (c) CT, coronal multiplanar reconstruction
(‘cochlear view').

Radiological data were made available with the kind permission of
Prof. Kosling (Department of Radiology, Martin Luther University Halle-
Wittenberg, University Medicine Halle, Halle, Germany).

height H measures the distance from the base to the apex of the cochlea in the axial
view (Mertens et al. 2020).

The CDL generally describes the length of the scala media or the organ of Corti.
As seen in the review by Koch et al. (2017), the definitions of the CDL differ in
the literature. For example, Alexiades et al. (2015) defined the CDL starting at
the round window, whereas Hardy (1938) considered the full length of the organ
of Corti. Different equations for the CDL based on spiral or elliptical models are
derived in earlier studies (e.g., Escudé et al. 2006; Mertens et al. 2020). For example,
the CDL is calculated via Equation 2.7 in the software Otoplan®. It considers the
full length of the organ of Corti and is calculated from the diameter A and the width
B in mm.

CDL =2.02-A+460-B—+/211-(A—1mm)- (B — 1mm) —3.94mm (2.7)

CDLs between 25.3 mm (Hardy 1938) and 46.8 mm (Di Maro et al. 2022) have been
reported in previous studies (Miiller-Graff et al. 2024). This large variability is partly
due to the variation in size between individuals, but also, as described above, caused
by different measurement and calculation methods (Hardy 1938; Miiller-Graff et al.
2024).

2.6.2 Electrode Array Insertion Depth

The insertion depth can be specified as a linear length or angle value in mm or °,
respectively (Aebischer et al. 2021; Franke-Trieger et al. 2014). The insertion angle
can be determined both from tomographic images and from planar X-ray images
(Kong et al. 2012). The cochlea should be shown in both variants in the ‘cochlear

90toplan, Cascination AG, Bern, Switzerland in cooperation with MED-EL, Innsbruck, Austria,
version 3.0.0
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(@)

Figure 2.9: Cochlear implant electrode array insertion angle measurement via cone-
beam computed tomography (CBCT) coronal thick-sliced maximum in-
tensity projection (MIP) (a) without and (b) with markers and reference
lines for insertion angle measurement. M: modiolus, RW: round window,
©: insertion angle
Radiological data were made available with the kind permission of
Prof. Kosling (Department of Radiology, Martin Luther University Halle-
Wittenberg, University Medicine Halle, Halle, Germany).

view’ (Figure 2.8c). A coordinate system is constructed with anatomical structures
as markers. The reference line (0°, multiples of 360 °) corresponds to the connecting
line between the round window and the modiolus. The angle is measured relative
to this reference line up to the tip of the electrode array. As the tip of the electrode
array is often difficult to visualize in imaging, the insertion angle is measured at
the most apical electrode contact (Cohen et al. 1996; Mertens et al. 2020; Xu et al.
2000). Figure 2.9 shows an example of the reconstruction of the ‘cochlear view’ and
the measurement of the insertion angle via a CBCT dataset.

In contrast, the round window and the modiolus cannot be imaged in planar X-
ray images (Figure 2.11a). Marsh et al. (1993), Cohen et al. (1996), and Xu et
al. (2000) developed a method to determine the insertion angle from planar X-ray
images. The associated X-ray technique is called ‘modified Stenver view’ and is used
to obtain the cochlea in the ‘cochlear view’ (Figure 2.10). The patient rotates the
head so that the head (midsagittal plane) and the X-ray detector enclose an angle
of 50° (for further information, see Xu et al. 2000, Figures 2.10 and 2.11). The
round window is approximated by the intersection of the line connecting the apex of
the superior semicircular canal and the centrum of the vestibule with the electrode
array. The modiolus is approximated as the center of the electrode array trajectory
(Figure 2.11b, Mewes 2024; Svrakic et al. 2015; Xu et al. 2000).

The measurement of insertion angles is influenced by various factors, such as image
resolution, metal or motion artifacts and contrast (e.g., Figure 2.13a, Ishiyama et al.
2020; Wang et al. 2019). For planar X-ray images, the projection angle/technique
influences the measurement of insertion angles (e.g., Figures 2.10, 2.13b and 2.12,
Svrakic et al. 2015).

According to Xu et al. (2000), a fixed projection angle of 50° between the head
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Figure 2.10: Schematic representation of acquisition angles for planar X-ray imaging
techniques in Stenver, cochlear and Altschul view (Xu et al. 2000; Brusis
et al. 1984).
D: detector, MSP: midsagittal plane, CB: central beam, IOML: infraor-
bitomeatal line (connecting line of the inferior margin of the orbit to the
superior margin of the external auditory canal, Brusis et al. (1984)).

(midsagittal plane) and the X-ray detector is required for the cochlear view (Fig-
ure 2.10). Deviations from this angle are possible due to patient-related positioning
problems (e.g., non-compliant people, patients cannot hold the head in the desired
position) or measurement errors (e.g., random errors, less experienced radiograph-
ers). In addition, some clinics use different or non-standardized imaging techniques
(Harris et al. 2011; Svrakic et al. 2015), which results in variable radiographic pro-
jection angles between the midsagital plane and the X-ray detector (e.g., Stenver
view: 45°, Figure 2.10) or the infraorbitomeatal line (IOML, connecting line of the
inferior margin of the orbit to the superior margin of the external auditory canal,
Brusis et al. (1984)) and the central beam (e.g., Stenver view: 12°, Altschul view:
35°, Figures 2.12 and 2.10, Brusis et al. 1984). Deviations in the projection angle
from the cochlear view are evident, for example, in the representation of the superior
semicircular canal. When X-rayed in the cochlear view, the superior semicircular
canal appears only as a striped shadow, and deviations in the projection angles lead
to a projection as a looped shadow (Figure 2.11 or 2.12, Marsh et al. 1993).

The effect of variable angles between the central beam and the midsagittal plane was
investigated by Svrakic et al. (2015). A high-resolution CT image of an implanted
temporal bone was recorded. From this, planar (2D) images were reconstructed
from different angles to simulate different angles between the central beam and the
midsagittal plane. The authors reported that systematic errors of up to 8% are
caused by the projection angle, which is, however, on the order of magnitude of the
interrater variability (Svrakic et al. 2015).
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Figure 2.11:

Figure 2.12:

v
*¥approx

Cochlear implant electrode array insertion angle measurement in planar X-
ray image in Stenver view (a) without and (b) with markers and reference
lines for insertion angle measurement. The vestibular organ is contoured
in blue. (c) 3D reconstruction of an inner ear, approximately at projection
angles of (a) and (b) for visual assistance in interpreting (a) and (b). Not
all three semicircular canals are visible in (a) and (b). M: modiolus, S:
superior semicircular canal, V: vestibule, RW y,,r0x: round window approx-
imation according to Marsh et al. (1993), Cohen et al. (1996), and Xu
et al. (2000), ©: insertion angle

Radiological data were made available with the kind permission of
Prof. Kosling (Department of Radiology, Martin Luther University Halle-
Wittenberg, University Medicine Halle, Halle, Germany).

-

X-ray image in Altschul view (a) without and (b) with markers. The ves-
tibular organ is contoured in blue. (c) 3D reconstruction of an inner ear,
approximately at projection angles of (a) and (b) for visual assistance in
interpreting (a) and (b).

Radiological data were made available with the kind permission of
Prof. Kosling (Department of Radiology, Martin Luther University Halle-
Wittenberg, University Medicine Halle, Halle, Germany).
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(b)

Figure 2.13: Examples of planar X-ray images not suitable for insertion angle meas-
urement according to Marsh et al. (1993), Cohen et al. (1996), and Xu
et al. (2000), Figure2.11. (a) A coordinate system constructed with the
anatomical structures as markers is not possible: Vestibular organ not
viewable. (b) Last electrode contact not viewable due to deviating X-ray
exposure angle.

Radiological data were made available with the kind permission of
Prof. Késling (Department of Radiology, Martin Luther University Halle-
Wittenberg, University Medicine Halle, Halle, Germany).
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3 Experimental Validation and
Optimization of Cochlear
Implant Simulations

3.1 Background Information

As introduced in Section 2.4, the sound of a CI can differ greatly from that of a
normal hearing ear. Thus, extensive consultation is important to ensure the pa-
tients’ acceptance to the unfamiliar sound impressions, to improve family members’
sympathy for the patients’ situation and to strengthen family support. In addition,
CI candidates often ask for the sound of a CI and fear an unfamiliar sound, which
can make them hesitant about important hearing restoration. Presenting CI simu-
lations to patients and their family members could assist with technical and medical
consulting.

To date, as described in Section 2.4.1, only English-language CI simulations for
devices with 12 and 16 electrode contacts with longer (active length: 23.1mm,
total length: 28 mm, Med-El 2012) and shorter (active length: 15.0 mm, full length:
18.5mm, Advanced Bionics AG 2022; Dhanasingh et al. 2024) electrode array lengths
have been reported (Dorman et al. 2017; 2019; 2020; 2022). Dorman et al. (2019b)
concluded that CI users with longer electrode arrays required fewer or less modific-
ations in simulations to replicate the CI sound than CI users with shorter electrode
arrays did. The participants with shorter electrode arrays showed a greater up-
ward shift in pitch perception than those with longer electrode arrays did. The
authors explained this by a larger frequency-to-place mismatch in the participants
with shorter electrode arrays (Section 2.4).

Several studies have shown that CI sound can change with CI experience (Bessen
et al. 2021; McDermott et al. 2009; Reiss et al. 2007). For example, McDermott
et al. (2009) reported a decreasing pitch with increasing CI experience. However,
as introduced in Section 2.4.1, Dorman et al. (2022) reported that pitch perception
did not change in the first 3 years of CI experience for CI users with shorter (active
length: 15.0 mm, full length: 18.5mm, Advanced Bionics AG 2022; Dhanasingh et
al. 2024) electrode arrays. This could be due to inhomogeneity in CI experiences
during study visits (first visit between 3 and 20 months, second visit between 17 and
47 months, Dorman et al. 2022, Section 2.4.1).

A homogenization of the CI experience across study visits could lead to a measurable
effect of the CI experience on the CI sound. For example, in Germany, rehabilitation
lasts approximately 2 years (Présidium der DGHNO-KHC 2021), during which CI
users learn to interpret and understand the signals transmitted by the CI (neuronal
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plasticity, Section 2.4). The rehabilitation period is divided into two phases on the
basis of CI experience: ‘basic therapy’ (from the first postoperative day until the
sixth week) and ‘follow-up therapy’ (from the sixth week up to 2 years). These
involve routine control visits at fixed times (usually: 1, 3, 6, 12 and 24 months after
initial activation) in the implantation and rehabilitation clinic. After the completion
of rehabilitation, lifelong ‘aftercare’ (> 2years) follows (Prasidium der DGHNO-
KHC 2021).

This chapter presents the first approach to create German-language CI simulations
for devices with 22 electrode contacts. In addition, the CI sound in the three phases
of rehabilitation (basic therapy, follow-up therapy and aftercare) are recorded via
CI simulations. The simulations are created on the basis of one sentence. A further
ailm was to investigate whether the application of the CI simulation parameters to
two other sentences still approximates the CI sound.

3.2 Materials and Methods

A prospective, non-interventional, experimental study consisting of two study parts
was conducted with adult SSD CI users. All study measurements were performed at
the Department of Otorhinolaryngology, Head and Neck Surgery at the University
Hospital Halle (Saale), Germany, between August 2022 and January 2024. The
ethical review board of University Medicine Halle approved the study protocol and
the informed consent forms according to the Declaration of Helsinki with approval
number 2022-048. Informed consent forms for participation were obtained from all
study participants.

All study participants were adult CI users with Nucleus!® devices (CIx22, CIx12,
CIx32 or CI24RE(CA)) in which at least 19 electrode contacts were activated. A
further inclusion criterion was contralateral pure-tone hearing thresholds for air-
conduction, averaged over 0.5, 1, 2, and 4kHz (four frequency pure tone average,
4PTA) not worse than the age- and sex-related 95th percentiles according to DIN EN
ISO 7029 (2017). In addition, the study participants were native German speakers
and their CI indication was acquired postlingually. Pregnant persons and persons
who were unable to understand the study procedure or who did not consent to
participate in the study were excluded from the study.

3.2.1 Longitudinal Study during the First 6 Months of CI
Experience

The first part of the study was a longitudinal, hypothesis-generating multiple case
study. For this purpose, a case series with five participants was planned. This part
of the study comprised two study visits. At the first visit, the participants had a
maximum CI experience of 5 days. The second visit was at the routine 6 month
follow-up, 5 to 7 months after the first visit.

10Cochlear Ltd., Sydney, Australia
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3.2.2 Cross-Sectional Study After at Least 2 Years of CI
Experience

The second part of the study had a cross-sectional study design, consisting of one
study visit at which the participants had at least 2 years of CI experience. An
additional inclusion criterion was that participants had a word recognition score of
at least 50 % in the Freiburg monosyllable test (Hahlbrock 1953) in open sound field
with frontal presentation at 65 dB SPL (sound pressure level, SPL) in previous tests.
The sample size calculation is based on the results of earlier studies (Dorman et al.
2020) and an assumption of a standard deviation (SD) of the primary endpoint of
1.5 (similarity score). Including a drop out of three participants, this results in a
sample size of 15 participants under the requirement of determining the mean value
with a 95 % confidence interval and a confidence interval length of 2.0 (Dhand et al.
2014).

3.2.3 Procedures

Computer with
software sound tool Participant user interface

vei ote Schune
Wie &hnlich ist die Simulation
im Vergleich zum Klang Ihres CIs?

12345678910

-0 | -0

.
/ Reference audio aignal
P
Ll 7 Wireless TV
Simulation Streamer
Stereo Y-adapter °
-~
L = g
CI audio
processor
Earphones
Experimenter Participant

Figure 3.1: Experimental set-up to create Cl simulations.

The experimental set-up for creating the CI simulations is illustrated in Figure 3.1.
The study measurements were performed in a quiet room. The participants heard
an unprocessed speech signal (‘reference’) via their CI. Therefore, a wireless TV
streamer!!, which transmits a stereo signal, was connected to the computer and to
the participants’ CI. A modified version of the reference signal was presented on
the contralateral, age-appropriate normal hearing ear via an insert earphone!?. In

" Cochlear Ltd., Sydney, Australia
12ER-3C, Etymotic Research Inc., Elk Grove Village, USA
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3 Experimental Optimization of Cochlear Implant Simulations

the following, the modified version is referred to as ‘simulation’. The participants’
task was to rate the similarity of both signals (simulation vs. reference) on a visual
analogue scale from 1.0 (= no similarity) to 10.0 (= signals are identical) in steps
of 0.5. The experimenter heard the simulation via a second insert earphone!® and
led through the study. The participants watched supporting materials (the visual
analogue scale, an adjective list, written sentences to read along) on a display.

The Oldenburg children’s sentence test ([‘Oldenburger Kinder-Satztest’], OlKiSa,
Ist test list: the first 10 sentences, Wagener et al. 2005), whose sentences consist of
three words (number, adjective, object), was used as speech material. The sentences
used are listed in Table A2 in the Appendix. The study procedure was performed
with the processor-setting of the everyday use.

In a preliminary talk, the study tasks and study consent were explained to the
participants. Social activity level (‘How many times in the last 7 days have you
met friends or talked to friends on the phone for more than 5 minutes?’), and the
occupation was queried for later characterization of the study cohort (Li et al. 2016).

The participants were also asked for a subjective description of the sound of their
CIL.

Training Task

Before starting the study tasks, the participants completed a training task. The
training task consisted of a short version of the first study task. During this task,
the sound volume of both signals was individually set to a subjectively comfortable
level and it was ensured that the participant understood the study task and was able
to perform it. Furthermore, it introduces the participants to the simulations and
the use of the similarity score scale. Afterwards, three study tasks were performed.

Ranking Experiment

In the first task, the ranking experiment, participants alternately heard a reference
speech signal on the CI ear and one of 100 simulations on the contralateral ear. After
each pair of signals, the participant rated the similarity of both signals on the scale
ranged from 1.0 to 10.0. Each of the ten sentences of the OlKiSa (Table A2, Wagener
et al. 2005) was simulated with each of the ten parameter sets from Table 3.1. The
parameter sets were created on the basis of previous studies (Dorman et al. 2020;
Peters et al. 2018). Participants could listen to the signal pairs as often as desired.
The simulations for each sentence were presented in a randomized order. The par-
ticipants could read the sentences on the participant user interface (Figure 3.1) to
avoid evaluating speech recognition instead of sound similarity. The presentation of
the speech signals and the documentation of the similarity scores were controlled via
a GUI developed for this purpose (Figure 3.2). The GUI exported the acquired data
automatically to Microsoft Excel'* for data storage. After rating all 100 simulations,
the software generated a boxplot representing the similarity scores as a function of
the parameter set. The parameter set with the largest median similarity score was
used for the second study task.

IBER-3C, Etymotic Research Inc., Elk Grove Village, USA
1 Excel, Microsoft Corporation, Mircosoft Office Professional Plus 16
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Figure 3.2: Screenshot of the graphical user interface (GUI) for the ranking experiment.

The three exclamation points mark the next simulation to be played for
randomized presentation.

Table 3.1: Simulation parameter sets for the ranking experiment. Each parameter set

was applied to each of the ten test sentences (Table A2).

No. Parameter

1. Band-pass filter: 4th order, f. = 188 Hz and 7938 Hz

2. High-pass filter: 4th order, f. = 1000 Hz

3. Low-pass filter: 4th order, f. = 1000 Hz

4. Comb filter: @ = 30, fo = 60Hz

5. Frequency/pitch shift: fs = 300 Hz/4 semitones; overmodulation: factor = 2.5
6. BP-vocoder: carrier = sine, m = 8, SOE-order = 4

7. BP-vocoder: carrier = noise, m = 8, SOE-order = 4

8. FFT-vocoder: carrier = sine, n = 8, SOE-order = 4

0. FFT-vocoder: carrier = noise, n = 8, SOE-order = 4

10. BP-vocoder: carrier = sine, m = 8, SOE-order = 4, pitch shift: fs = 10 semitones

BP: band-pass, FFT: fast Fourier transform, SOE: spread of excitation, f.: cutoff filter
frequency, QQ: quality factor, fo: fundamental frequency, f, frequency shift, m: number
of frequency bands, n: number of selected frequency bands with the largest energy.
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Opimization Experiment
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Figure 3.3: Screenshot of the graphical user interface (GUI) for the optimization ex-
periment.

In the second task, the optimization experiment, the simulation, which had the
largest median similarity score over all sentences from the ranking experiment,
served as a starting point for an optimization procedure similar to that described
by Dorman et al. (2020). The optimization was performed for the sentence ‘drei
rote Schuhe’ [‘three red shoes’] (Wagener et al. 2005). The experimenter asked the
participants how the simulation should be changed to make it sound more similar to
the CI sound. A list of adjectives (Appendix: Table A3) assisted the participants in
describing the CI sound. The simulation was modified according to the participants’
response via the software sound tool GUI (Figure 3.3). This optimization procedure
was repeated until no further improvement in similarity was subjectively achieved.
Finally, the similarity score of the optimized simulation was recorded. In addition,
the participant was asked for suggestions on how the simulation could be improved
to evaluate the limitations of the perception of a signal transmitted through a CI.

Application Experiment

In the third task, the application experiment tested the effect of the sentences used.
The parameter set of the optimized simulation was applied to two further sentences
(‘vier nasse Autos’, [‘four wet cars’] and ‘neun weile Tassen’ [‘nine white cups’],
Wagener et al. 2005). As in the previous tasks, the simulated and reference sen-
tences were presented, and the similarity score was rated by the participants. The
participants in the ‘Longitudinal Study during the First 6 Months of CI Experience’
(Section 3.2.1), who participated at repeated measurements, additionally evaluated
the optimized simulations from their first visit during their second visit.
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3.2 Materials and Methods

3.2.4 Signal Processing

GUIs (Figures 3.2 and 3.3) were programmed for the experiments described in Sec-
tion 3.2.3. Therefore, and for signal processing, the programming language Python'®
in the integrated development environment Spyder'® was used. The Python pack-
age TkInter!” was used to create the GUIL. The Python library SciPy'® (function:
io.wavfile.read) was used to read audio WAVE files for the following processing steps.
The input signal was digitized with a sampling rate of 44.1kHz. After signal pro-
cessing, the data were converted into a PCM format and saved as a WAVE file
(Section 2.1.1, SciPy, Virtanen et al. 2020, function: io.wavfile.write). The library
Winsound!'? (function: PlaySound) was used to play WAVE files.

Normalization

To generate a comfortable and consistent loudness in processed signals, a level nor-
malization was inserted. A RMS normalization was performed according to Sec-
tion 2.4.2 (Cychosz et al. 2024). Therefore, the RMS of the complete audio signal
was calculated (Equation 2.6). The scaling factor was set to the maximum factor
by which the audio signal can be scaled without inducing clipping. The normaliz-
ation function was applied after each signal processing step except for the clipping
function.

Low-, high-, band-pass filter

A Butterworth low-pass, high-pass and band-pass filter (Section 2.1.1, Figure 2.1)
was implemented by using the Python library SciPy'® (functions: scipy.signal.butter
and scipy.signal lfilter). The GUI offers the option to choose the order (first to 10th)
and the cutoff frequency (between 0 and 8 kHz). This corresponds to the frequency
range of CI signal coding strategies (Section 2.3.1, Appendix: Table A1).

The low-pass filter has a damped sound. The sound of a high-pass filtered signal
is less voluminous and far away. The sound of the band-pass filtered signal was a
combination of low- and high-pass filters.

Comb filter

A peaking comb filter (Section 2.1.1, Figure 2.1) was implemented by using the Py-
thon library SciPy'® (functions: scipy.signal.iircomb and scipy.signal.lfilter). Since
the fundamental frequency f, must be a divisor of the sampling frequency and meet
the Nyquist theorem 2.3 (fy < fs/2 = 22.05kHz with f, = 44.1kHz), the GUI gives
the option to set fy between 1 Hz and 14.7kHz. To generate a variety of sounds, the
quality factor @) can be changed between 5 and 300.

15Python, van Rossum (1991), version 3.9.7
16Spyder, Raybaut (2009), version 5.1.5

" TkInter, Lundh 1999 version 8.6

18SciPy, Virtanen et al. (2020), version 1.7.1
YWinsound,Python Software Foundation (2016)
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3 Experimental Optimization of Cochlear Implant Simulations

Depending on the parameters f; and @), the sound of a comb filter ranges from
echo-like, reverberant, metallic to sharp. It mimics the processing of a CI in that a
comb filter transmits individual frequency bands such as a CI.

Pitch shift

The pitch of the audio signal was shifted by using the Python wrapper PyRub-
berband? (function: pitch_shift). The GUI gives the option to shift the pitch
between 0 and 15 semitones in both directions (step-size = 1 semitone, toward larger
or lower frequencies). Changing the pitch to larger frequencies can create, e.g., sound
impressions such as a voice of a cartoon character, and mimic the frequency-to-place
mismatch in cochlear implantation (Eisner et al. 2010).

Frequency shift

A frequency shift of the spectrum up or down by a fixed frequency was implemented
by first calculating the DFT (Equations 2.4, Section 2.1.1) with the library NumPy?!
(functions: numpy.fft.rfft and numpy.fit.irfft). The DFT is shifted by the chosen
frequency selected on the GUI. Afterwards, the inverse of the DFT (Equation 2.5)
is calculated. The frequency to be shifted can be set between —30 and +300 Hz. By
shifting the spectrum toward larger or smaller frequencies the harmonic relations
are destroyed, and a disharmonic high- or low-frequency sound occurs.

Clipping

The audio signal is multiplied by a factor that is set by the GUI. The factor is
between 1.0 (no clipping) and 20 (very strong clipping). By choosing the data
type as an integer with a bit size of 16, the signal was clipped. This leads to an
overmodulated sound impression with a sizzling noise.

Fast Fourier Transform-Vocoder

An FFT-vocoder, as described in Section 2.4.2 (Figure 2.7), was implemented. The
signal was downsampled to a sampling rate of 16.0 kHz with the Python package
Librosa?? (functions: resample). A pre-emphasis was implemented by applying a
Ist-order high-pass filter with a cutoff frequency of 4kHz (Chung et al. 2011). The
FFT-filter-bank was implemented by calculating the STFT (Section 2.1.1) of the
signal by using the Python library SciPy?*® (function: scipy.signal.stft). Further
signal processing corresponded to that described in Section 2.4.2. The upper and
lower cutoff frequencies of the frequency bands were selected according to the default
setting of the ACE?! strategy (Section 2.3.1, Appendix: Table Al, Peters et al.
2018). The n (n € [1,22]) bands for the n-of-m algorithm were set via the GUI. The
overlap-and-add procedure for temporal envelope reconstruction was performed by

20pyRubberband, McFee et al. (2015), version 0.3.0

2INumPy, Harris et al. (2020), version 1.20.3

22Librosa, McFee et al. (2022), version 0.9.1

238ciPy, Virtanen et al. (2020), version 1.7.1

24Custom Sound Pro Software, Cochlear Ltd. (2022b), Sydney, Australia, version 7.0
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using the Python library TensorFlow? (function: tensorflow.signal.overlap_ and_
add).

The GUI provided the option to choose between a noise- or sine-carrier. Band-pass
filtered Gaussian noise was generated as a noise-carrier, and the GUI offered the
option of variable spread of excitation. A steep, moderate and flat slope of the filter
(e.g., 4th, 2nd and 1st-order) corresponds to a weak, moderate and broad simulated
spread of excitation (Cucis et al. 2021; Fu et al. 2005; Mehta et al. 2017). The
modulated signal was upsampled to 44.1kHz with the Python package Librosa?®
(function: resample).

Band-pass-Vocoder

A BP-vocoder (Figure 2.5) as described in Section 2.4.2 was implemented. Res-
ampling and pre-emphasis was implemented as in the FFT-vocoder. To calculate
the frequency-bands a band-pass-filter-bank was used. 4th-order Butterworth filters
(SciPy?", functions: scipy.signal.butter and scipy.signal.lfilter) were used. The signal
was divided into m frequency bands, whereby m was set via the GUI (m € [1, 22]).
The filter-bank consisted of logarithmically spaced cutoff frequencies (Mehta et al.
2017). The amplitude envelopes were computed by low-pass filtering of the half-wave
rectified signals of the m frequency bands (Fu et al. 2005). Therefore, a 4th-order
Butterworth filter with a cutoff frequency of 160 Hz was used (Fu et al. 2005). The
carrier type (sine or noise) and the simulated spread of excitation (weak, moderate
or broad) could be selected via the GUI as for the FFT-vocoder.

Echo

An echo was created by adding the reference and a time-shifted audio signal. The
GUI gives the option to choose no (0ms), little (10 ms), medium (30 ms) or strong
(90 ms) delay between the superposed signals.

Concatenation

The GUI offers the option to concatenate several signal processing steps. If the
option was selected, all processing steps that were activated were applied to the
audio signal successively. The concatenation function was implemented by applying
one processing function on the output of another processing function until all pro-
cessing functions that were activated were applied. The order of application of the
processing steps is listed in Table A4 in the Appendix.

3.2.5 Data Analysis

Data analysis was performed using the software SPSS?®. The data were analyzed
descriptively by calculating the means, medians and SDs. The level of significance

ZTensorFlow, Abadi et al. (2015), version 2.8.0
26Librosa, McFee et al. (2022), version 0.9.1
27SciPy, Virtanen et al. (2020), version 1.7.1
28SPSS, IBM (2021), version 28.0.0.0
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3 Experimental Optimization of Cochlear Implant Simulations

was set to 0.05 for all the statistical tests. Bonferroni correction was used for post hoc
comparisons. A visual inspection was used for testing data for normal distribution.
Wilcoxon signed-rank tests were performed to examine the effect of time between
the first visit and second visit in the ranking experiment on similarity scores. The
symmetry of distribution was confirmed via visual inspection.

The effects of the sentence and simulation parameter sets on the similarity score
in the ranking experiment for participants with at least 2 years of CI experience
were calculated via repeated measures analysis of variance (ANOVA). The Green-
house—Geisser adjustment was used to correct for violations of sphericity. The ho-
mogeneity of variance of the data was confirmed visually.

Wilcoxon signed-rank test was performed to determine the effect of simulation op-
timization compared with the ranking experiment on similarity scores. The sim-
ulation parameter set that produced the best median similarity score for sentence
1 (the sentence used in the optimization experiment), and the median of the best
similarity scores for sentence 1 in the ranking experiment for each participant indi-
vidually, was investigated. The symmetry of distribution was confirmed via visual
inspection.

The Friedman test followed by sign tests were used to calculate the effect of sentences
on similarity scores during the application experiment. The software Prism? and
Inkscape® were used for visualization.

3.3 Results

3.3.1 Longitudinal Study during the First 6 Months of CI
Experience

This case series included five participants (three male, two female). All the par-
ticipants completed all the measurements. The first study visit took place 4 days
after implant activation for all participants. The time between the first visit and
second visit ranged from 172days (=~ 5.7months) to 202 days (= 6.6 months, me-
dian: 187 days ~ 6.2months). In the following, the first visit is referred to as the
‘4d-visit’, and the second visit after approximately 6 months is referred to as the
‘6m-visit’. During the 4d-visit, the participants were aged between 35 and 65 years
(median: 48years). All 22 electrode contacts were activated for all participants
at the 4d-visit. At the 6m-visit, three apical electrode contacts were deactivated
in participant #102. All participants used the ACE strategy with n = 8. The
participants’ characteristics are summarized in Table 3.2.

Figure 3.4 shows the similarity scores for each participant for the 100 simulations
in the ranking experiment. The variation in the similarity scores varied with the
participant as well as with the parameter set and the sentence used. The similarity
scores in the ranking experiment for each participant were not normally distributed,
as assessed by visual inspection. The median of each participant for both visits is
given in Figure 3.4. The median similarity score changed for all participants except

29Prism, GraphPad Software (2020), version 8.4.3
30Inkscape, Inkscape Community (2003), version 1.2

40



3.3 Results

Table 3.2: Characteristics of the participants at the first (4 days after implant activa-
tion) and second (6 months after implant activation) study visit.

ID  Sex/ Age/DoD Implant/ WRS [%] 4PTA [dB] Etiology Occupation Socializing*

Cl ear [years| Processor 4d/6m  4d/6m 4d/6m
#101 m/I  50/0.9 Cl632/ 35/45 11.3/13.8 ISSNHL fotographer 5/5
N7
#102 m/l  65/1.9 Cl632/ 0/60  23.8/25.0 ISSNHL pensioner 3/3
N7 (admin)
#103 f/r 35/1.9 CI612/ 40/40 11.3/11.3 SOL  medical 2/3
Kanso 2 assistant
#104 m/l 48/28.0 Cl632/ 60/25 18.8/16.3 trauma supervisor T/>7
N7
#105 f/r 41/1.5 Cl632/ 45/65  6.3/6.3 ISSNHL scheduler  4/7
Kanso 2

f: female, m: male, |: left, r: right, Cl: cochlear implant, 4d: 4 days after activation,
6m: 6 months after activation, WRS: word recognition score measured with the Ger-
man Freiburg monosyllables test (Hahlbrock 1953) at 65dB SPL in quiet, 4PTA: four
frequency pure tone average at 0.5, 1, 2 and 4kHz in dB HL (hearing level, HL), DoD:
duration of deafness, ID: identification number, ISSNHL: idiopathic sudden sensorineural
hearing loss, SOL: subtotal ossifying labyrinthitis, admin: administrator.

* Social activity level was queried by asking ‘How many times in the last 7 days have
you met friends or talked to friends on the phone for more than 5 minutes?".

for participant #104 significantly between both study visits (#101: z = —7.41,
p < 0.001, » = 0.74, #102: z = 7.23, p < 0.001, r = 0.72, #103: z = 7.15,
p < 0.001, r = 0.72, #104: z = 1.28, p = 0.202, r = 0.13, #105: z = 7.51,
p < 0.001, » = 0.75). Figure 3.4 shows that all participants except #101 at the
second visit evaluated simulation parameter sets 1 to 3, which correspond to simple
filter functions (band-pass, high-pass and low-pass filters, Table 3.1), with larger
similarity scores (yellow/orange horizontal areas in the heatmaps).

The modifications used to create the optimized simulations are shown graphically in
Figure 3.5 and are named in detail in the Appendix in Table A5. Between one and
three modifications were required to optimize the simulation for the 4d-visit, whereas
between zero and five were needed during the 6m-visit. A frequency shift and a
high-pass filter was most often required for optimization. The similarity scores of
the optimized simulations (sentence 1) were between 8.0 and 10.0 during the 4d-visit
and between 7.5 and 10.0 during the 6m-visit (Figure 3.6, mean £ SD of all optimized
simulations of both visits: 8.940.8). The sound files of the optimized simulations, as
well as the unprocessed reference signal (Wagener, Kollmeier, 2005) are included in
the Supplemental digital content (1 to 13, Appendix: Table A7). In the application
experiment, the similarity scores of simulations generated from optimized parameter
sets and two further sentences, were between 1.0 and 9.5 during the first visit and
between 7.0 and 9.0 during the second visit, respectively (Figure 3.6).

The starting point for participant #101 for the optimization experiment from the
screening experiment was the FFT-vocoder (sine) simulation during the 4d-visit and
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Figure 3.4: Similarity scores (1: no similarity, 10: signals are identical) of each parti-
cipant (#101 to #105) for each cochlear implant (Cl) simulation in the

ranking experiment shown as heatmaps.

100 simulations were generated

by applying ten simulation parameter sets to ten sentences. The sentences
and parameter sets used are shown in Tables A2 and 3.1. Data from the 4
day (4d) and 6 month (6m) visits are shown. The median of all similarity

scores for each visit and participant is shown.

The significance test was

performed with Wilcoxon signed-rank tests (* p < 0.05)

the BP-vocoder (noise) simulation during the 6m-visit (Figure 3.4). In the 6m-visit,

the participant reported a shift in his evaluation criteria, stating that they had
become stricter than those in the 4d-visit. He explained that the sound did not
change during the first 6 months of CI experience, but the subjective perception

3 and 4, Appendix: Table A7).

of the sound had evolved (Table A5, sound sample, Supplemental digital content
This statement aligns with the finding that the

recorded similarity scores were larger during the 4d-visit than during the 6m-visit
across all the study tasks. For participant #101, changing sentences for simulation

had no effect on the similarity score (Figure 3.6). The optimized simulation from
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Figure 3.5: Parameters used (filled circles) or not used (open circles) for optimization
of cochlear implant (Cl) simulations for all participants (#101 to #105)
for the 4 day (4d) and 6 month (6m) visits. The achieved similarity scores
(1: no similarity, 10: signals are identical) of each optimized simulation are
shown. For more details on the parameter settings, see Table A6.

BP: band-pass; FFT: fast Fourier transform

the 4d-visit was rated with smaller similarity scores (sentence 1: 6.5, sentence 2:
4.0, sentence 3: 7.0, Figure 3.6).

Participant #102 had an audiological outcome that was below expectations 1 month
after CI activation. Upon re-evaluating the intracochlear position of the electrode
array, initially considered appropriate on the basis of radiological reports, a tip fold-
over in the three most apical electrode contacts was found so that the electrode
contacts E18, E21, and E22 were deactivated. This led to an improvement in open
word recognition from the 4d-visit (0 %) to the 6m-visit (60 %, Table 3.2). Parti-
cipant #102 reported that the CI sound had remained the same during the first
6 months of CI experience, but acclimatization had occurred. The optimized simu-
lation had a thin sound impression, as if caused by a low-pass filter (sound sample,
Supplemental digital content 5 and 6, Appendix: Table A7). Figure 3.5 indicates
that the modifications were consistent across both visits, whereas the similarity was
assessed differently (Figure 3.5). The usage of other sentences for simulation led to
similarity scores between 7.0 and 9.0 (Figure 3.6).

Participant #103 experienced subtotal ossifying labyrinthitis, which led to a special
surgical and implantation technique (subtotal cochlectomy and reconstruction of the
surgical defect). In the ranking experiment during the 4d-visit, the participant rated
80 out of 100 simulations with no similarity (similarity score = 1, Figure 3.4). The
participant mentioned difficulty scoring the similarity and expressed a preference for
a scale from 1.0 (no similarity) to 3.0 (identical signals). During the optimization,
the participant struggled to describe her CI sound perception, resulting in a trial-
and-error approach for optimization. The optimization resulted in a low-pitched
sound impression as if caused by a frequency and pitch shift (sound sample, Sup-
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Figure 3.6: Similarity scores (1.0: no similarity, 10.0: signals are identical) of all the
study participants for three sentences (1: ‘drei rote Schuhe' [‘three red
shoes'], 2: ‘vier nasse Autos' [‘four wet cars’], 3: ‘neun weiBe Tassen’
['nine white cups’], Wagener et al. 2005). The similarities of the optimized
simulations at the 4 day (4d) visit were scored twice: at the same visit
(sim_4d @ 4d) and 6 months (6m) later (sim_4d @ 6m). The similarities
of the optimized simulations of the 6m visit were scored once (sim_6m @
6m).

plemental digital content 7, Appendix: Table A7). The usage of other sentences for
simulation led to lower similarity scores (similarity score for sentence 1: 9.0, sentence
2: 1.0, sentence 3: 2.0; Figure 3.6). In the ranking and application experiments, par-
ticipant #103 rated the simulations with larger similarity scores during the 6m-visit
than during the 4d-visit. During the 6m-visit, the participant stated that the CI
sound had changed in the last 6 months. For optimization, one fewer modification
was required than for the 4d-visit (Figure 3.5, sound sample, Supplemental digital
content 8, Appendix: Table A7). The usage of other sentences for simulation led
to comparable similarity scores (similarity score for sentence 1: 8.0, sentence 2: 7.0,
sentence 3: 8.0; Figure 3.6).

Participant #104 reported different sound perceptions during the ranking experi-
ment of the 4d-visit depending on the sentence used. For sentences 3 to 10 (Table A2),
he perceived a noisy envelope (as generated with a vocoder with a noise-carrier),
and sentences 1 and 2 were perceived more clearly (as with a high-pass filter). Since
the optimization experiment used sentence 1 as the reference signal, a high-pass fil-
ter led to the largest similarity score (10.0 = simulation and reference are identical,
Figure 3.5, sound sample, Supplemental digital content 9, Appendix: Table AT).
Supplemental digital content 10 provides an example of the noisy sound impression
perceived by the participant in some sentences (FFT-vocoder with noise carrier, sim-
ilarity score = 10.0). During the application experiment, the similarity scores were
9.0 and 7.0 for sentences 2 and 3, respectively (Figure 3.6). During the 6m-visit, the
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participant explained that the CI sound had changed since the noisy envelope was
no longer present in everyday hearing. Participant #104 scored the FFT-vocoder
(noise) simulation in the ranking experiment in median with a smaller similarity
score than the high-pass filter (Figure 3.4, simulation 7). The optimization resul-
ted in a simulation based on a high-pass filter that was rated with the maximum
similarity score (10.0, sound sample, Supplemental digital content 11, Appendix:
Table A7). The usage of other sentences in combination with the optimized para-
meter set also led to simulations with large similarity (sentences 1 and 2: 9.0). The
optimized simulation from the 4d-visit was also rated with large similarity scores
(sentence 1: 9.0, sentence 2: 10.0, sentence 3: 10.0, Figure 3.6).

Participant #105 perceived her CI as ‘high-pitched’, ‘squeaky’, and ‘metallic’. Three
modifications were used to optimize the simulation (Figure 3.5, Appendix: Table A5
and sound sample, Supplemental digital content 12, Appendix: Table A7). When
applied to sentences 1 and 2, the simulations were rated with a similarity score of
9.0. During the 6m-visit, the participant reported that the squeaky, high-pitched
impressions were less present and more in the background than they were during
the 4d-visit. The squeaky background sound could not be fully replicated with
the software sound tool. However, the unmodified simulation scored a similarity
of 9.0 (sound sample, Supplemental digital content 13, Appendix: Table A7). In
the application experiment, unmodified sentences 2 und 3 were also scored with a
similarity of 9.0. The optimized simulation of the 4d-visit, was rated with lower
similarity scores (4.0 and 5.0, Figure 3.6) during the 6m-visit.

3.3.2 Cross-Sectional Study after at Least 2 Years of CI
Experience

This study included 15 participants (seven male, eight female). All participants com-
pleted all the measurements. The participants were aged between 19 and 80 years
(mean + SD: 62418 years). An appropriate electrode array position was ensured by
the postoperative radiological reports. In the processor-setting of the everyday use
of participant #210, two medial electrode contacts were deactivated (short circuits),
whereas all 22 electrode contacts were activated in the everyday settings of the other
participants. All participants used the ACE strategy with n = 8. The participants’
characteristics are summarized in Table 3.3.

Figure 3.7 shows similarity scores for all participants for all 100 simulations in the
ranking experiment and similarity scores averaged across all participants as heat-
maps. Most participants (#201, #202, #204, #205, #206, #208, #209, #210,
#211, #212, #214, #215) scored parameter sets 1 to 3 (band-, high- and low-
pass filter) and 8 (FFT-vocoder with sine-carrier, Table 3.1) with larger similarity
than sets 4 to 6 and 10 (comb filter, frequency shift, BP-vocoder, Table 3.1). For
participants #203 and #213, the heatmaps show an increased intensity depending
on the sentence, especially for parameter sets 7 and 9 (vocoder). The heatmap of
participant #207 shows no intensity maxima.

A repeated measures ANOVA with a Greenhouse-Geisser correction revealed that
the mean similarity scores were significantly different between simulation parameter
sets (F'(2.27,31.77) = 21.12, p < 0.001), but there was no significant main effect for
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Table 3.3: Characteristics of the participants.
ID Sex/ Age/DoD Implant/ WRS 4PTA Cl experience  Etiology  Cl usage Occupation/

Cl ear [years| Processor [%] [dB] [years] [hours]*  Socializing**
#201 f/r 80/2.0 Cl422/ 75 38.8 8.1 ISSNHL 14.1 pensioner
N7 (nurse) /7
#202 f/I  45/2.0 CI512/ 65 15.0 5.5 ISSNHL 5.5 carer/1
N6
#203 m/l 38/1.0 CI632/ 60 7.5 2.3 ISSNHL 7.8 order picker/7
N7
#204 f/l 73/60.0 CI512/ 55 31.3 5.9 cholesteatoma 7.1 pensioner
N6 (teacher)/7
#205 m/l 19/0.2 CI24RE 85 7.5 9.9 trauma 0.1 illuminator/4
(CA)/N7
#206 f/r 78/5.0 ClI632/ 55 33.8 2.1 ISSNHL 13.0 pensioner
N7 (pharmacist) /7
#207 f/r 63/12.0 CI512/ 55 21.2 6.0 ISSNHL 7.8 service
N7 worker /7
#208 f/r 50/0.2 CI522/ 80 16.0 5.6 ISSNHL 10.0 manager/0
Kanso 2
#2009 f/I  57/3.0 Cl632/ 75 8.8 2.2 Meniere's 1.1 pensioner
N7 disease (salesperson) /2
#210 m/l 72/40.0 CI532/ 75 30.0 4.2 otosclerosis  10.8 pensioner
N7 (painter)/3
#211 m/r 63/0.9 CI632/ 65 18.8 2.9 ISSNHL 4.6 pensioner
N7 (metalworker)/1
#212 m/l 80/46.0 CI512/ 65 48.8 6.3 cholesteatoma  12.3 pensioner
N6 (bank director)/3
#213 m/l 73/52.0 CI632/ 50 28.8 3.0 Meniere's 15.2 pensioner
N7 disease (supplier) /0
#214 m/l 58/28.0 CI512/ 50 6.3 6.8 ISSNHL 59  goldsmith/6
Kanso 1
#215 f/r 77/3.0 CI632/ 75 31.3 3.9 Meniere's 8.0 pensioner
N7 disease (engineer)/2
mean 62/17 65 23 5.0 8.2 3.8
SD 18/21 13 13 2.6 4.5 2.8

f: female, m: male, I: left, r: right, Cl: cochlear implant, WRS: word recognition score
measured with the German Freiburg monosyllables test (Hahlbrock 1953) at 65 dB SPL
in quiet, 4PTA: four frequency pure tone average at 0.5, 1, 2 and 4kHz in dB HL
(hearing level, HL), DoD: duration of deafness, ID: identification number, SD: standard
deviation, ISSNHL: idiopathic sudden sensorineural hearing loss.

* Cl usage is an average usage time (hours per day) recorded from the data logging of
the processor.

** Social activity level was queried by asking ‘How many times in the last 7 days have
you met friends or talked to friends on the phone for more than 5 minutes?’

T Reimplantation 9.9 years before participating in this study. The first implantation was
11.4years before participating in this study. Short duration of usage, as participant
subjectively does not rely on Cl.

T Short duration of usage due to comorbidity.
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sentences (£'(1.99,27.85) = 1.85, p = 0.17). Bonferroni-adjusted post-hoc analysis
revealed significantly (p < .001) larger similarity scores for simulation parameter sets

1 to 3 and 8 than for parameter sets 4 to 6 and 10 (Mp;sr14 = 4.78, C'I; 4]1.08, 8.52],
Mpifras =4.88, CI; 5[0.99,8.78], Mpifsi16 = 4.30, C1; 6[0.30,8.30], Mpifs1.10 = 5.16,
CT1.10[1.36,9.06], Mpifso4 = 3.65, CLya[1.57,5.74), Mpyf a5 = 3.74, Cl5[1.89, 5.59],
MDiff,Q,G = 315, 01276[0.84, 547], MDiff,?,lO = 401, 012710[1.76, 626], MDiff,3,4 = 344,
C'T5.4[1.38,5.50], Mpisrs5 = 3.53, Cl35[1.20,5.86], Mpyfps6 = 2.94, Cls[0.79, 5.00],
MDiff,3,10 - 380, 013’10[1.52, 608], MDiff,8,4 - 343, 018,4[1-557 532], MDiff,8,5 - 352,
Cls5[1.67,5.37], Mpisrse = 2.93, CTs6[1.18,4.68], Mpisrs10 = 3.79, Cls10[1.94, 5.64]).

#201 #202 #203 #204 #205

0

9

8

7

6

5

4

3

2

1

0
.9
o 8 10.0
- ¢ 9.0
b4 .
@ 5
® 3 80 o
) g °
] 7.0
£ e
o o>
] 0=
g ., 505
s 2 4072
I E
5 ¢ o
g e 2.0
» 3 1.0

1

123456780910 12345678910
Mean - SD Mean + SD

-
e

12345678910 12345678910 123456780910
Sentence no.

0
9
8
7
6
5
4
3
2
1

Figure 3.7: Similarity scores (1: no similarity, 10: signals are identical) of each par-
ticipant (#201 to #215) for each simulation in the ranking experiment
shown as heatmaps. 100 simulations were generated by applying ten simu-
lation parameter sets to ten sentences. The sentences and parameter sets
used are shown in Tables A2 and 3.1. The last row shows the average simil-
arity scores across all participant and plus or minus the standard deviations

(SD).

The subjective descriptions of sound perception before the optimization experiment
ranged from ‘normal’ to ‘high pitched’ to ‘robotic’ (Appendix: Table A6). The sound
files of the optimized simulations and of the reference signal (Wagener, Kollmeier,
2005) are listed in the Supplemental digital content (1 and 14 to 28, Appendix:
Table A7). In the optimization experiment, between none and three modifications
were required to replicate the CI sound in the best possible way.
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Figure 3.8: Parameters used (filled circles) or not used (open circles) for optimization
of simulations for all participants (#201 to #215). The achieved similarity
scores (1: no similarity, 10: signals are identical) of each optimized simula-
tion are shown. For more details on the parameter settings, see Table A6.
The participants’ identification numbers (IDs) are sorted by the similarity
score in the first step and by the number of needed modifications in the
second step.

BP: band-pass; FFT: fast Fourier transform

Figure 3.8 and Table A6 in the Appendix show the modifications needed for optimiz-
ation of the simulations. Two of the optimized simulations required no modifications
(#205 and #212). Eight simulations were modified by one parameter, four simula-
tions required two parameters, and one simulation required three modifications. A
low-pass filter or a comb filter was used most often for this purpose (Figure 3.8).
Sound descriptors such as ‘normal’ also occurred with strong modifications of the
optimized simulation, such as a vocoder (participant #203). On average, the op-
timized simulations were rated with a similarity score of 9.7 £ 0.5 (median: 10.0).
For 67 % (10 of 15) of the participants, a simulation with a perfect match (similarity
score = 10.0) could be created. Four participants (27 %) rated the similarity of their
optimized simulation as 9.0 and one participant (7 %) rated it as 9.5. Among the
participants who scored a similarity score of less than 10.0, some could not describe
which sound impressions were missing in the simulation. Otherwise, the CI was
described as more feminine or less clear. Two of the participants (#207 and #215)
stated that the feeling of hearing with the CI was different from hearing with the
contralateral ear. After optimization, the participants were asked again for a sub-
jective description of which sound aspect was not yet replicated by the simulation.
After 10 of 15 optimizations, participants stated that no further optimizations were
necessary.

The Wilcoxon signed-rank test revealed that the median similarity score in the
optimization experiment was significantly larger than the median similarity score of
the simulation parameter set 1 for sentence 1 (median: 6.0, Z = 3.184, p < 0.001)
and than the median of the best similarity scores for sentence 1 in the ranking
experiment for each participant (median: 7.0, Z = 3.195, p < 0.001).

Similarity scores from the application experiment are shown in Figure 3.9. Sentence
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Figure 3.9: Similarity scores (1.0: no similarity, 10.0: signals are identical) of all the
study participants for three sentences (1: ‘drei rote Schuhe' [‘three red
shoes'], 2: ‘vier nasse Autos' [‘four wet cars'], 3: ‘neun weiBe Tassen’
['nine white cups’], Wagener et al. 2005). The optimization procedure was
performed with sentence 1 and the modifications were applied to sentences
2 and 3. The boxes show the lower and upper quartiles (25th and 75th per-
centiles). The horizontal lines mark the median, and the crosses mark the
means of the similarity scores across all the study participants. Whiskers
indicate the minimum similarity score. * indicates statistically signific-
ant differences between similarity scores of different sentences (p < 0.05,
Bonferroni-corrected, Friedman test followed by sign tests).

2 had a mean similarity score of 8.4 + 1.5, while sentence 3 has a mean score of
8.9+ 1.3. Some participants scored all sentences the same (e.g., #208), whereas
others scored the sentences differently (e.g., #207). No participant scored sentences
2 and 3 with larger similarity than sentence 1. The Friedmann test showed a signi-
ficant difference between similarity scores of the three sentences (X?(2) = 16.60,
p < 0.001). Differences in similarity scores of sentences 1 and 2 (Z = 3.02,
p = 0.003), as well as sentences 1 and 3 (Z = 2.27, p = 0.048) were statistic-
ally significant according to the sign test. The difference between the similarity
scores for sentences 2 and 3 was not statistically significant (Z = 7.00, p = 0.21).

3.4 Discussion

The aim of this study was to create German-language CI simulations for devices with
22 electrode contacts. In addition, the CI sound in the three phases of rehabilitation
(basic therapy, follow-up therapy and aftercare = rehabilitated) was recorded via
CI simulations. A further aim was to investigate whether the application of the
simulation parameters to two other sentences still approximates the CI sound.
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The study design presented in this chapter was suitable for comparing the similarity
of acoustic simulations with the perception of a signal transmitted through a CI.
This was demonstrated in two study cohorts, one with little CI experience (4 days
and 6 months) and one with extensive CI experience (2 years, rehabilitated). This
study design has a very subjective character, as there is no objective method for
measuring the sound perception of a CI, as described in Section 2.4. The optimiz-
ation and rating of similarity during the optimization experiment depend not only
on the individual participant’s description and evaluation criteria (which may have
changed between the visits in the study cohort with little CI experience, e.g., #101),
but also on the proceeding and competence of the experimenter. Due to the sub-
jective character of the study, it is not possible to validate the results, but good
communication between the experimenter and the participant was essential for the
success of the study.

For this reason, the ranking experiment was conducted before the optimization ex-
periment, in contrast to the study design of Dorman et al. (2020), which mainly
consisted of the optimization experiment. Through the ranking experiment, the
participants were presented with a series of simulations and sound impressions,
thus prompting them to focus on their CI sound perception. This enabled them
to communicate this perception to the experimenter. Simultaneously, the ranking
experiment can evoke a bias in the rating of similarity, as the participants have
already heard the sentence to be simulated several times on both ears, which may
have led to an adaptation. However, the ranking experiment used ten sentences,
thereby minimizing the impact of familiarization.

In the rehabilitated study cohort (n = 15), the similarity scores of the ranking
experiment showed a significant effect of the simulation parameter sets on the rating
of the similarity. In the study cohort with little CI experience, statistics were omitted
because of the small case number (n = 5). The ranking experiment revealed in both
study cohorts that simple filters (low-, high-, and band-pass filters) achieved better
similarity scores (Figures 3.4 and 3.7) than the other simulation parameter sets did
(Table 3.1). In addition, the FFT-vocoder with a sine carrier (simulation parameter
set no. 8, Table 3.1 and Figure 3.7) was rated with large similarity by most of
the participants. This may be due to the similar processing mechanisms of the
implemented FFT-vocoder to the ACE?*!' coding strategy used by all participants
(Sections 2.3.1 and 2.4.2, Nogueira et al. 2005). The FFT-vocoder tended to perform
better with sine carriers than with noise carriers. This finding is in agreement with
the results of Dorman et al. (2017), who reported median similarity scores of 2.9
and 1.9 (scale: 0 to 10, Dorman et al. 2017) for sine and noise carriers, respectively.
In contrast, Peters et al. (2018) found larger similarity for noise carriers than for
sine carriers.

CI simulations with large similarity were generated for both study cohorts (mean
similarity score, study cohort with little CI experience: 8.940.8, rehabilitated study
cohort: 9.740.5). The similarity of the optimized simulations increased significantly
compared to those without optimization in the ranking experiment. The similarity
scores achieved are comparable to the results of Dorman et al. (2020), who achieved
an average similarity score of 8.84+0.9 (Dorman et al. 2020). In a review by Dorman

31Custom Sound Pro Software, Cochlear Ltd. (2022b), Sydney, Australia, version 7.0
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et al. (2024), the authors reported a mean similarity score of 9.640.3, which resulted
from the ten best similarity scores (greater than 9.5) from a total cohort of 30 study
participants.

Like in the studies of Dorman et al. the CI sound was very individual in all three
phases of rehabilitation (Supplemental digital content 1 to 28, Appendix: Table A7,
e.g., 2019; 2020; 2022; 2024). The number of modifications for optimization (between
zero and five, Figures 3.5 and 3.8), as well as the strengths of the modifications
(Tables A5 and A6), were variable.

In the study cohort with little CI experience across both visits, a frequency shift
or a high-pass filter (n = 6) was most often required to optimize the simulations.
The result of these modifications is a high-frequency (frequency shift) or thin and
tinny (high-pass) sound. The high-frequency sound impressions found for many of
the participants with little CI experience may be caused by the frequency-to-place
mismatch explained in Section 2.4. The frequency range of an electrode contact
and the physiologically correct place for processing that frequency range can differ,
especially in cases of short electrode arrays (Baumann et al. 2006; Canfarotta et
al. 2020; Dorman et al. 2019b). Another possible cause of the frequent use of a
high-pass filter includes the frequency response of the insert earphone used. Due to
their design, insert earphones have a high-pass filter effect (Lehnhardt et al. 2009), so
that the CI sound is compared with a high-pass filtered sound from the contralateral
ear. Since not all participants required a high-pass filter (see also participants with
CI experience > 2years), it is unlikely that the frequency response of the insert
earphones had a major effect.

In comparison, a low-pass or comb filter (n = 4) was most frequently used to op-
timize the simulations in the rehabilitated participants. In the rehabilitated parti-
cipants, a frequency shift was never used to optimize the simulations. A pitch shift
was used three times in both study cohorts. This finding is in agreement with the
results of Reiss et al. (2007) and McDermott et al. (2009), who reported that pitch
perception changes with CI experience toward lower frequencies. This is explained
by neuronal plasticity (Section 2.4), as the brain is reorganizable in response to new
stimuli, using memories and experiences (Bernhardi et al. 2017; Gazerani 2025).
During rehabilitation, all participants had a normal hearing contralateral ear. This
input facilitated the learning process. The rehabilitated participants had at least 2
years of experience hearing with CI, which may have led to a reduction in the per-
ceived frequency-to-place mismatch. Notably, rehabilitated participants often even
needed a low-pass filter to optimize the simulations, which leads to a damped sound
in the simulations. A possible explanation for this finding includes a overregulation
of neuronal plasticity and the use of an age-dependent hearing threshold as a cri-
terion for normal hearing in the contralateral ear was used. Thus, some participants
had hearing loss (4PTA) greater than 30 dBHL (hearing level, HL, Table 3.3), and
compared the CI sound with an already low-pass filtered contralateral ear (due to
hearing loss). However, among the four participants (#203, #204, #207, #210)
for whom a low-pass filter was applied, only two had high-frequency hearing loss
(#207, #210). Participant #204 also had a hearing loss of 31.3dBHL (4PTA), but
this hearing loss did not range from high frequencies.

In addition to low-pass filters, comb filters were also often used to optimize sim-
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ulations. In the signal processing of Cls, the input sound signal is divided into
logarithmic frequency bands by a filter-bank (Section 2.3.1). In comparison, a comb
filter also divides the sound signal into several frequency bands, but these are not
spaced logarithmically (Section 2.1.1, Figure 2.1d). Comb filters produce a metallic,
tinny sound (flanging, Section 2.1.1), so this step in the signal processing of CIs may
cause the often used description of CI sound: tinny. To improve the naturalness of
sound perception in CIs, a promising direction for future research is enhancing the
filter bank used in the ACE strategy.

Notably, in the ranking experiment, the post hoc test after the repeated measures
ANOVA resulted in a significantly lower average similarity score for simulation para-
meter set 4 (comb filter) than for set 3 (low-pass filter). This is due to the different
cutoff frequencies and quality factors used in the ranking experiment compared with
the optimization experiment. For the parameter sets of the ranking experiment, the
parameters were based on the literature and partly used a ‘first guess’ to repro-
duce the typical sound descriptions (e.g., ‘tinny’). This shows the relevance of the
optimization of simulations to individual perceptions to improve the similarity score.

In the subjective description of the CI sound, the descriptor ‘normal’ was used four
times for the rehabilitated participants, whereas the participants with little CI ex-
perience did not use this description once. Participant #205 used the description
‘normal’” and did not need to change the simulation to achieve perfect similarity.
However, some participants used the description ‘normal’ with other descriptions
that suggest a deviation of the sound impression from a normal hearing ear (e.g.,
#203: ‘female, softer’). For participant #203, a vocoder was used to create the
optimized simulation. A vocoder leads to a strong spectral change. However, par-
ticipant #203 described this sound as ‘normal’. Dorman et al. (2022) made similar
observations and suspected that the description ‘normal’ is probably used as a syn-
onym for ‘familiar’.

The result that 10 of the 15 rehabilitated participants stated that no further op-
timizations had to be made fits with the results that they rated the similarity with
a 10.0. This also shows that the software sound tool already covers many aspects
of CI sound. For participants with little CI experience, several aspects of sound
could not be fully replicated via the software sound tool. This finding is in agree-
ment with the reduced mean similarity in the study cohort with little CI experience
(8.9 £ 0.8) than in the cohort with rehabilitated participants (9.7 £ 0.5). Sound
aspects that could not be simulated by the software sound tool developed for this
study were, for example, synthetic sound characteristics such as robotic and em-
phasis (Tables A5 and A6). For subsequent projects, the change in emphasis could
be realized by increasing the sound pressure level of certain speech components. The
reduced similarity of the optimized simulations compared with the CI sound may
be due to the limited CI experience. On the one hand, the participants are still in
the learning phase, and neuronal plasticity has not yet been exhausted, thus the CI
sound is still very unfamiliar. An artificial sound is more difficult to simulate than
a sound that comes very close to that of a normal hearing ear. On the other hand,
the participants had a shorter period to address unfamiliar CI sound and may had
difficulties describing it, consequently complicating the optimization process on the
basis of these descriptions.
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Despite the small study population (n = 15 and n = 5), certain sound characteristics
occurred several times. For example, to optimize the simulations for participants
#201, #214 and #215, a band-pass filter was used in all the cases, and only the
cutoff frequencies had to be chosen differently. For participants #201 and #214,
the simulation parameter sets were identical. For participants #202 and #209,
a comb filter was used for both simulations, which resulted in similar sounds of
simulations. Participants #205 and #212 did not require any modifications to the
reference signal. This is remarkable as it shows that the sound of a CI can be very
similar to that of a normal hearing ear (similarity score = 10.0) and that CI sound
can be similar or even identical between individuals.

However, CI sound is very individual. This may be due to differences in program-
ming of the processors, inhomogeneities of etiology, duration of use, duration of
deafness, depth of insertion, surgical technique, complications (tip foldover, n = 1)
or implant type (Section 2.4). Even if the study cohorts are characterized in terms
of their CI experience, CI experience may still influence the CI sound even after 2
years of CI experience.

Dorman et al. (2022) investigated the influence of CI experience on the parameters
necessary to create CI simulations via a case series of five participants. The authors
created CI simulations at two time points. Therefore, a frequency shift was most
often needed to approximate the CI sound. This is in accordance with our obser-
vation in the study cohort with little CI experience. Dorman et al. (2022) reported
little to no change in (especially high-frequency) CI sound during the examined
time period. The authors concluded that the CI sound cannot be compensated by
neuronal plasticity within the first 3 years of CI experience if short electrode arrays
(active length: 15.0mm, total length: 18.5mm, Advanced Bionics AG 2022) are
used. The authors assumed that this is due to a large frequency-to-place mismatch
caused by short electrode arrays (Dorman et al. 2022). This is consistent with the
explanation of some of our participants with little CI experience, that the sound
had not changed but that the perception of the characteristics of the sound had
changed (#101, #104, #105). In addition, participant #103 stated that the CI
sound had changed between the two visits. For all participants except participant
#102, different simulation parameters were used between the visits. The differences
in the results of this study and those of Dorman et al. (2022) may be due to the
different inclusion criteria used in the two studies. The CI experience of participants
at both visits varied across the studies. Our participants had 4 days (4d-visit) and 6
months (6m-visit) of CI experience. In comparison, the CI experience between the
two visits in the study by Dorman et al. (2022) was more inhomogeneous (first visit
between 3 and 20 months, second visit between 17 and 47 months). The participants
had CIs from different manufacturers that come with differences in their technical
designs (e.g., lengths of the electrode arrays) and signal processing. Furthermore,
there are interindividual differences in participants, such as the etiology and dura-
tion of deafness, and different software sound tools have been used for simulation
optimization. These factors may affect the CI sound (Section 2.4), but further re-
search is necessary to support these considerations. More fundamental studies of
tonal sound perception based on electrical to acoustic pitch matching experiments
(McDermott et al. 2009; Reiss et al. 2007; Tan et al. 2017) found a change in pitch
perception with increasing CI experience, which is in accordance with our results.
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3 Experimental Optimization of Cochlear Implant Simulations

If the simulations of the rehabilitated study cohort are examined as a function of CI
experience, all participants with more than 6 years of CI experience (#201, #205,
#212, #214) either needed no or only a weak modification (broad band-pass filter)
to optimize the simulation and obtain a perfect match (similarity score = 10). This
may indicate that neuronal plasticity is not exhausted even after the completion
of follow-up therapy. Moreover, neuronal plasticity can compensate for frequency-
to-place mismatches in CI users with relatively short electrode arrays (e.g., #212:
CI512: active length: 14.25 mm, total length: 19.2 mm, Cochlear Ltd. 2022a).

When the parameters of the optimized simulations were applied to two other sen-
tences, the application experiment (rehabilitated study cohort) showed that al-
though the sign test showed significant differences in the similarity scores of sentences
2 and 3 compared with the optimized simulation with sentence 1, the similarity was
still rated with large similarity on average (sentence 2: 8.4+1.5, sentence 3: 8.941.3,
Figure 3.9). In addition, the sentences in the ranking experiment had no significant
main effect (F(1.99,27.85) = 1.85, p = 0.17). Furthermore, the mean similarity
scores of the optimized simulations applied to sentences 2 and 3 are comparable
to the mean similarity score of (8.8 & 0.9) obtained in the study by Dorman et al.
(2020).

One limitation of this study is the small number of study participants (n = 15,
n = 5). In addition, only the audio signal from one male speaker was used for
simulation. In future projects, CI simulations based on speech signals with female
speakers, speakers of other languages or music should be created to capture CI
sound to a greater extent. Furthermore, all study participants had Cls from one
manufacturer, so no statement can be made about sound perception with other
implants on the basis of these study results. However, since studies with a similar
study design have already been conducted with CIs from other manufacturers (e.g.,
Dorman et al. 2019a; 2020; 2022), the focus of this study was on creating simulations
with large similarity for CIs from a single manufacturer. Nevertheless, this was an
explorative study design and is suitable for generating hypotheses. In particular, a
number of noteworthy observations could be made on the basis of individual study
participants. These observations will now be discussed.

For participant #102, three electrode contacts were deactivated between the 4d-
visit and the 6m-visit. Deactivation of electrode contacts led to a change in the
frequency distribution of the individual electrode contacts (frequency bands). After
deactivating electrode contacts the participant developed word recognition (4d-visit:
0%, 6m-visit: 60 %, Table 3.2). This finding is in accordance with the results of
Zwolan et al. (1997), who deactivated non-discriminable electrode contacts in a study
cohort of eleven CI participants, which led to an improvement in speech recognition.
Since participant #102 stated that the CI sound did not change between visits, it
can be concluded that deactivating electrode contacts does not necessarily lead to an
impairment of the CI sound. This should be taken into account when programming
CI sound processors.

For participant #104, a reduction in speech recognition occurred from 60 % to 20 %
between the 4d- and the 6m-visit (Table 3.2). According to the participant, this
was due to stress. Nevertheless, he stated that the CI sound had changed between
both visits. For sentences 3 to 10 (Table A2), the participant reported the per-
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ception of a noisy envelope, whereas the sound impressions for sentences 1 and 2
(Table A2) were clear during the 4d-visit. The participant previously reported a
noisy sound impression during the first processor-activation, during single-channel
stimulation at the basal electrode contacts (E1 to E14, frequency range: 1188 Hz to
7938 Hz, Appendix: Table A1), whereas the other electrode contacts were described
as clear-sounding pulsed tones. For this reason, the different sound perceptions of
the individual sentences can be attributed to the different frequency components
in the sentences. During the 6m-visit, he stated that the noisy impression was no
longer present in everyday hearing. For a perfect match in the optimization ex-
periment, a lower cutoff frequency of the high-pass filter (1000 Hz) was used in the
6m-visit than in the 4d-visit (2000 Hz, Table A5). This means that the CI sound
in the 6m-visit was closer to the hearing of the normal hearing ear than it was in
the 4d-visit. The results of both participants (#102 and #104) show that the CI
sound does not necessarily have to be linked to speech recognition. This fits with
the results of Gfeller et al. (2003), who reported only a weak correlation between
speech recognition and sound quality.

Participant #205 did not use the system in everyday life (average daily CI usage
time: 0.1 hours), but still has a word recognition of 85% (corresponding to the
best word recognition score of the entire study cohort, Table 3.2). Furthermore, he
reported no difference between the CI sound and his normal hearing, contralateral
ear (Table A6). These good results of auditory processing (word recognition and CI
sound), together with the short daily usage time, may be caused by a short duration
of deafness (two months), as the participant was implanted shortly after a trauma.
Although the participant was reimplanted due to an implant defect 9.9 years before
participating in the study, he still has a large CI experience of 11.4years (first
implantation). In addition, he was implanted in childhood and had intensive all-
day usage at that time. As children have larger neuronal plasticity (Johnston 2009),
these factors may be possible causes for the CI sound being close to that of a normal
hearing ear.

Speech recognition and CI sound are not necessarily related in the investigated CI
participants. Some participants in the rehabilitated study cohort did require no or
weak modifications in their CI simulations, rated them with a maximum similarity,
and yet still did not achieve 100 % speech recognition (Table 3.3, Figure 3.8). Since
the CI simulations, as defined in Section 2.4.1, are intended to replicate the CI sound
and not simulate the functionality or processing mechanisms of a CI, this discrepancy
between CI simulation and speech recognition is understandable. Sound perception
and speech recognition are distinct phenomena, after all.

This observation was noteworthy during the study, prompting us to ask participants
about it. Some participants were asked whether they could explain why their CI
sound was so close to that of a normal hearing ear, yet they did not recognize all
the words in the speech test. All the participants confidently confirmed that they
understood the study tasks correctly. However, they could not provide a definit-
ive explanation, but noted that the sensation of hearing with a CI was different,
requiring more concentration to recognize speech.

Possible explanations include learning effects due to the experimental design, as par-
ticipants had already heard the sentences multiple times in both ears (adaptation).

95



3 Experimental Optimization of Cochlear Implant Simulations

As discussed above, this effect is likely small; for example, participant #205 stated at
the beginning of study participation, that his CI sound was equal to that of his nor-
mal hearing contralateral ear. Another factor could be the cognitive load associated
with processing the CI transmitted signals. If the brain is already heavily engaged
in processing CI sound, this could limit the resources available for speech recogni-
tion. This hypothesis is supported by neurocognitive studies showing that processing
speech in acoustically challenging environments requires additional cognitive effort
(Eckert et al. 2016) and by the participants’ statements that understanding with a
CI requires more concentration.

Due to the large similarities of the CI simulations presented in this study compared
with the CI sound (12 out of 25 optimized CI simulations were rated with a max-
imum similarity), they are suitable for scientific and educational purposes. They
enable a realistic assessment of the sound perception of CI users. The application
experiment showed that the application to other sentences also resulted in a large
similarity to the CI sound, suggesting these simulations can be used in future studies
investigating sound perception with CI. This allows such studies to be conducted on
participants with normal hearing, facilitating the recruitment of large study popula-
tions. Additionally, study designs that are challenging or impossible with actual Cls,
such as those involving electroencephalography (EEG) or functional magnetic reson-
ance imaging (fMRI), can benefit from these simulations. However, it is important
to remember that these CI simulations do not replicate the processing mechanisms
of a CI, but rather the CI sound.

Furthermore, they can be used to educate patients and all interprofessionals involved
in the care process. Of course, the CI simulation only simulates the possibilities of
CI sound, which, as already discussed, is very individual and the one CI sound does
not exist. Both, the technical characteristics of the Cls (signal processing, hardware,
etc.) and patient-related data (CI experience, duration of deafness, etc.) may influ-
ence CI sound. Additionally, the simulations provided in this thesis primarily reflect
the CI sounds experienced by SSD CI users. For example, bilateral CI users may
experience CI sounds that differ from those of SSD CI users due to differences in
adaptation mechanisms influenced by contralateral hearing. To increase CI simula-
tions’ utility, future projects should develop German-language simulations for other
CI manufacturers. Moreover, further research into the causes of individual differ-
ences in CI sound is essential, as this could enable predictions of CI sound quality
for CI candidates and support decision-making processes. The CI simulations do
not represent additional effects related to cochlear implantation, such as changes
in quality of life or social interactions (Andries et al. 2021; Cychosz et al. 2024).
To ensure extensive consultation, the CI simulations should therefore be used as
supportive tools and not be presented without further explanation.

3.5 Conclusions

The method presented in this chapter was successfully used to generate German-
language CI simulations for devices with 22 electrode contacts. CI simulations were
generated in the form of sound samples that reproduce CI sound with large similarity
in the three phases of rehabilitation (basic therapy, follow-up therapy and aftercare).

o6



3.5 Conclusions

Even if certain sound characteristics (e.g., a muffled sound perception as if through
a low-pass filter) occurred more frequently, the simulations show that the CI sound
is very different among the participants in basic therapy, follow-up therapy and
aftercare. In addition, the simulations revealed that the CI sound can also change
to a more normal perception within the first 6 months of CI experience. The results
of individual participants showed that deactivation of electrode contacts does not
necessarily result in a change in CI sound (n = 1) and that speech recognition and CI
sound are not necessarily related (n = 2). Applying the parameters of the optimized
simulations to two other sentences led to significantly lower similarity scores, which
nevertheless corresponded to a large degree of similarity.

Further research is needed to explain the large interindividual differences in CI sound
between the participants. One possibility is to investigate influencing factors such as
etiology, duration of deafness, insertion depths, surgical techniques, implant types
or CI experience.

The CI simulations can be used for scientific and educational purposes because of
their large similarity to CI sound. However, CI simulations are primarily used to
simulate the CI sound and cannot reflect other factors, such as communication skills
or quality of life that may change as a result of cochlear implantation.
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4 New Quantification Methods for
Cochlear Implant Sound Quality

4.1 Background Information

In Chapter 3, various modifications were required to create CI simulations with large
similarity to the CI sound of individual participants. This variety of parameters
illustrates the individuality of CI sound. To investigate possible factors influencing
the individuality of CI sound, a quantification is necessary. A suitable measure for
quantification is sound quality. A variety of outcome measurements are used to
prove the success of cochlear implantation. These tests include speech recognition
tests in quiet and in noise, sound localization tests, and quality of life or sound
quality measurements (Arndt et al. 2017).

As discussed in Section 2.5.1, there are currently only limited ways to determine
the sound quality of a CI. Most evaluations are based on psychoacoustic/subject-
ive assessments by CI users themselves (self-reported CI sound quality), as there
are no objective measurement methods of human perception (Amann et al. 2014).
For example, a questionnaire to record the Hearing Implant Sound Quality Index
(HISQUI 9, Amann et al. 2014) is available. Many factors are included in question-
naires, such as the sound quality itself, as well as personal, emotional and psycho-
logical factors, e.g., previous hearing experience, cognitive abilities or expectations
(Amann et al. 2014). In addition, in questionnaires, each CI sound of an individual
can only be evaluated by that individual person. On the one hand, this leads to
reduced statistical power and, on the other hand, makes it more difficult to identify
other factors influencing sound perception.

Sound quality is a multidimensional variable and there is no consistent definition.
In the treatment of hearing loss, sound quality in terms of perceived richness with
the hearing device (e.g., hearing aid, CI) is relevant (Caldwell et al. 2017). Since a
small deviation from CI sound compared with normal hearing is desirable (Blauert
et al. 1997), this chapter will focus in particular on quantifying the deviation in
sound perception between CI ear and a normal hearing ear.

The CI simulations described in Chapter 3 therefore provide a completely new way
of investigating the CI sound quality. The sound quality of acoustic signals is of-
ten measured by subjective rating methods (e.g., random access, semantic differ-
ential, category scaling and magnitude estimation, Fastl 2005; Roy et al. 2012b,
Section 2.5). Each of these methods provides specific information on questions such
as ‘which signal is better?’ or ‘how much better is a signal?’ (Fastl 2005).

In this chapter, two methods for quantifying sound quality are presented: a subject-
ive method using a combination of psychoacoustic assessment methods on normal
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hearing subjects (Chung et al. 2006) and an objective method using spectral ana-
lysis of CI simulations. The CI simulations of the rehabilitated study cohort are
considered here, since the participants with little CI experience showed more prob-
lems in describing the CI sound and the CI simulations of the rehabilitated study
cohort had larger similarity to the CI sound.

The aim of this chapter is therefore to quantify the sound quality of CIs on the basis
of CI simulations of rehabilitated participants from Chapter 3. Two methods of
quantification are presented and evaluated to develop a new method for measuring
the sound quality of CI simulations.

4.2 Materials and Methods

A prospective, non-interventional, experimental study was conducted. All study
measurements were performed at the Department of Otorhinolaryngology, Head and
Neck Surgery at the University Hospital Halle (Saale), Germany, in July 2023. The
ethical review board of University Medicine Halle approved the study protocol and
the informed consent forms according to the Declaration of Helsinki with approval
number: 2023-144. Informed consent forms for study participation were obtained
from all study participants.

4.2.1 Participants

All the study participants were normal hearing adults and native German speakers
(inclusion criteria). Pure-tone audiograms for both ears were measured for all par-
ticipants via a clinical AT1000%? and HDA300 headphones®® in a soundproof booth.
The inclusion criterion was a pure-tone hearing threshold for air-conduction, av-
eraged over 0.5, 1, 2, and 4 kHz (4PTA), corresponding at least to the age- and
sex-related 95th percentile according to DIN EN ISO 7029 (2017). The sample size
calculation was based on the results of earlier studies (e.g., Morise et al. 2018; Roy
et al. 2012b; Roy et al. 2015) and an assumption of a SD of the primary endpoint
of 15 (CI sound quality, MUSHRA). Including a drop out of three participants, this
results in a sample size of 15 participants under the requirement of determining the
mean value with a 95% confidence interval and a confidence interval length of 20
(Dhand et al. 2014).

4.2.2 Psychoacoustic Procedures

The experiment was performed in a quiet room with HD201 headphones®®. The
participants rated all CI simulations with different simulation parameter sets from
Chapter 3 (Supplemental digital content 1, 14 to 28, Appendix: Table A7) in terms
of their sound quality in a combination of pairwise comparison, MUSHRA and
semantic differential tasks (Chung et al. 2006; Fastl 2005; ITU-R 2015). As a result,
13 of the 15 CI simulations were rated.

32 AURITEC, Hamburg, Germany
33Sennheiser, Wedemark, Germany
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4.2 Materials and Methods

A GUI, developed for this purpose, guided the participants through the three study
tasks. It was used for simplified and quick application by the study participants.
The GUI was developed in Python®* in the integrated development environment Spy-
der® with the package TkInter®®. The library Winsound®” (function: PlaySound)
was used to play WAVE files. The GUI exported the acquired data automatically
to Microsoft Excel®® for data storage. Each participant was introduced to the study
with the same wording at the beginning of the participation. A written experi-
mental instruction was presented before each study task. An adviser stayed in the
experimenter room to answer questions arising while handling the GUI.

The participants’ data (name, sex, age, native language, occupation), musical edu-
cation (‘How many years did you take lessons in a musical instrument or singing?’)
and social activity level (‘How many times in the last 7 days have you met friends
or talked to friends on the phone for more than 5 minutes?’) were queried for later
characterization of the study cohort (Li et al. 2016).

Training Task

Before starting the study tasks, the participants completed a training task. The
training task consisted of a short version of the three study tasks. The aim of the
training task was that the participants heard the simulations and reference signal
at least once and learned how to handle the GUI. During the training task, the
participants were instructed to set the sound volume to a subjectively comfortable
level. During the training task all components of the GUI were explained via short
instructions.

Pairwise Comparison

In the first study task, a pairwise comparison was performed (Figure 4.1). Each
simulation was compared with each other, so that 78 (n % (n — 1)/2 with n = 13)
pairs were generated. The pairs were randomly presented to the participants. The
participants were able to listen to each simulation several times. The participants
had to choose their preference between both simulations concerning the sound qual-
ity. Figure 4.1 shows a screenshot of the GUI of the pairwise comparison during the
training task.

MUSHRA

For the random access-task, an adaptation of the MUSHRA was chosen, since the
original MUSHRA is recommended for a maximum of nine sound samples (ITU-R).
The ‘MUSHRA-drag&drop’ method according to Vélker et al. (2015) was performed
since it enables a visualization of the ranking and thus allows an increased number of
sound samples to be examined (Volker et al. 2015, Section 2.5). The GUI presented

34Python, van Rossum (1991), version 3.9.7

35Spyder, Raybaut (2009), version 5.1.5

36TkInter, Lundh (1999) version 8.6

3T"Winsound,Python Software Foundation (2016)

38Excel, Microsoft Corporation, Mircosoft Office Professional Plus 16
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Anhand dieser Zahl sehen Sie Ihren Fortschritt.
Nach jeder Bewertung erhoht sich diese Zahl um eins. Nr. 1 von 3

Durch Klicken auf diese zwei Buttons kdnnen zwei
verschiedene Simulationen abgespielt werden. . . . . y .
Sie diirfen die Simulationen beliebig oft horen. Simulation 1 Abspielen. Simulation 2 Abspielen.

Achten Sie auf die Klangqualitat beider
Simulationen und entscheiden Sie,

e 2
welche die bessere Klangqualitat hat. pREChedianoquaitatisibess ey

Durch Klicken auf einen dieser zwei Buttons,
entscheiden Sie, welche Simulation

die bessere Klangqualitat hat.

Nach lhrer Entscheidung gelangen Sie automatisch
zum nachsten Paar an Simulationen.

Sie kénnen nicht zu bereits bewerteten
Simulationen zurtickkehren.

Simulation 1 klingt besser. Simulation 2 klingt besser.

Figure 4.1: Screenshot of the graphical user interface (GUI) for pairwise comparison
during training task with short instructions. On the left, all the compon-
ents of the GUI are explained. On the right, two cochlear implant (Cl)
simulations to be compared can be listened to via two buttons. The sim-
ulation with the better sound quality is selected via one of the two other
buttons below.

a continuous horizontal MUSHRA scale from the left (bad sound quality = 0) to
the right (excellent sound quality = 100, Figure 4.2). The scale consisted of five
categories (0 to 20: ‘Sehr schlecht’/[‘Bad’], 20 to 40: ‘Schlecht’/[‘Poor’], 40 to 60:
‘MittelmaBig’/[‘Fair’], 60 to 80: ‘Gut’/[‘Good’], 80 to 100: ‘Exzellent’/[ Excellent’]).

13 boxes presented the simulations on the GUI. Those were movable on the scale
via drag and drop. The actual scale-value of the moved box was written on top
of the scale. By clicking at the box, the simulation was played back. A 14th box
served as reference signal (unmodified audio signal) and was fixed at the scale at 100.
Simulation #205 (= simulation #212) served as ‘hidden reference’; since participants
#205 and #212 did not need any changes in the audio signal to reflect his CI sound.
Since the ‘anchor signal’ is typically a low-pass filtered version of the reference signal
and to avoid further increasing the number of sound samples, the low-pass filtered
simulations #207 and #204 were used as ‘anchor signals’ The participants were
able to listen to each audio signal in any order several times (ITU-R 2015). The
pairwise comparison task was used to identify a rough order in which the simulations
on the GUI on the MUSHRA-scale were arranged in equal distances as a function
of how often it was preferred in the pairwise comparison task. The participants
were instructed to rate the sound quality concerning the deviation in comparison
to the reference signal. Several simulations were allowed to be related to the same
sound quality. The participants were instructed that at least one simulation had to
be assigned a sound quality of 100 and that the simulation with the lowest sound
quality did not have to be assigned a scale value from the bad category (ITU-R
2015).

Semantic Differential

The last study task was a semantic differential task. The GUI displayed sliders
with an adjective at one end (artificial, high-frequency) and the opposite adjective
(natural, low-frequency) at the other end (Figure 4.3). The participant decided how
appropriate these adjectives were for each of the simulations by placing the sliders
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Klangqualitat: 100
Bitte beurteilen Sie nach dem Unterschied zur Referenz.
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Figure 4.2: Screenshot of the graphical user interface (GUI) for the Multi-Stimulus Test
with Hidden Reference and Anchor (MUSHRA)-'drag&drop’ task (Volker
et al. 2015). The horizontal MUSHRA scale is shown on the top (from ‘Sehr
schlecht’/['Bad’], over ‘Schlecht’/['Poor’], over ‘MittelmaBig'/['Fair'], over
‘Gut’/['Good'], to ‘Exzellent’ /['Excellent’]). Boxes present the cochlear im-
plant (Cl) simulations. Boxes are moveable via drag and drop. Simulations
can be listened to by clicking on the boxes.

between the adjectives. The participants were able to listen to the reference signal
at any time. The outcome of the semantic differential task is referred to as ‘pitch
deviation” and ‘naturalness’ in the following.

4.2.3 Data Analysis

To calculate an objective measure for the deviation of the simulation spectra in com-
parison to the reference spectra, a spectral analysis was performed. The frequency
spectra over time (STFTs, Section 2.1.1) were calculated and plotted as spectro-
grams by using the Python®® libraries SciPy?® (function: signal.spectrogram) and
Matplotlib*! (function: pyplot.pcolormesh). The FFT length was set to 2048. The
linear spaced frequency bands of the STFT-spectrogram, were mapped to 128 log-
arithmically spaced frequency bands via the package Librosa’? (function: melspec-
trogram). The absolute values of the differences between the spectra of the sim-
ulations and the reference signal (spectral deviation) were calculated and summed
for each simulation. The spectra were plotted as spectrograms with the package
Matplotlib*! (function: pyplot.pcolormesh). Data analysis was performed using the
software SPSS*3. The data were analyzed descriptively by calculating the means,
medians and SDs of the sound quality (‘MUSHRA dragé&drop’), number of pref-
erences (pairwise comparison), pitch deviation, naturalness (semantic differential)

39Python, van Rossum (1991), version 3.9.7
408¢iPy, Virtanen et al. (2020), version 1.7.1
4IMatplotlib, Hunter (2007), version 3.4.3
42Librosa, McFee et al. (2022), version 0.9.1
438PSS, IBM (2021), version 28.0.0.0
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Simulation Nr. 1 von 13

Simulation abspielen Referenz abspielen

Welches Adjektiv beschreibt die Simulation
(bezogen auf die Referenz) zutreffender?
Bitte verschieben Sie den Regler.

Die jetzige Position entspricht der Referenz.

kinstlich | 1] natdrlich
Referenz

tieffrequent | 1 hochfrequent

Speichern und zur nachsten Simulation ‘

Figure 4.3: Screenshot of the graphical user interface (GUI) for the semantic differential
task. On the top, one cochlear implant (Cl) simulation and the reference
signal can be listened to via two buttons. Sliders were movable between
the adjective pairs (‘kiinstlich’ [‘artificial’), ‘natiirlich’ ['natural’] and ‘tief-
freqeunt’ ['low-frequency’] and ‘hochfrequent’ [‘high-frequency']).

and spectral deviation. Correlations between sound quality, number of preferences,
naturalness and spectral deviation were analyzed via linear regression. Spearman’s
correlation coefficient was calculated to test for significance. The software Prism**
and Inkscape®® were used for visualization.

44Prism, GraphPad Software (2020), version 8.4.3
45Inkscape, Inkscape Community (2003), version 1.2
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4.3 Results

This study included 15 participants (four male, eleven female). The participants
were aged between 18 and 29 years (mean + SD: (24 £ 3) years). The mean 4PTA
for both ears was (6 £+ 2) dBHL. All participants completed all the study tasks.
Participants’ characteristics are summarized in Table 4.1.

Table 4.1: Characteristics of the participants for the sound quality study.

ID Sex Age 4PTA left/right Occupation Socializing* Musical edu.**
[years] [dB] [years]
#301 f 25 5.0/5.0  student (medical physics) 5 0
#302 f 23 6.3/5.0 student (German studies) 4 0
#303 f 25 8.8/7.5 student (music) 10 17
#304 f 18 5.0/7.5 trainee (logopedics) 6 3
#305 m 25 5.0/7.5 food chemist 3 0
#306 f 26 5.0/2.5 trainee (logopedics) 5 0
#307 f 20 2.5/2.5 trainee (logopedics) 2 10
#308 f 25 5.0/7.5 student (anglistic) 3 10
#309 f 24 7.5/8.8 student (art) 5 0
#310 m 25 5.0/6.3 student (mathematics) 5 19
#311m 23 6.3/7.5 student (biology) 4 0
#312 f 24 8.8/10.0 student (psychology) 10 0
#313 f 29 6.3/8.8 student (pedagogy) 4 8
#314 £ 22 6.3/5.0 student (physics) 6 15
#3115 m 25 2.5/3.8 medical physicist 2 3
mean 24 5.7/6.3 5 5.7
SD 3 1.8/2.4 2 7.0

f: female, m: male, 4PTA: four frequency pure tone average at 0.5, 1, 2 and 4kHz in
dB HL (hearing level, HL), ID: identification number, SD: standard deviation.

* Social activity level was queried by asking ‘How many times in the last 7 days have
you met friends or talked to friends on the phone for more than 5 minutes?’

** Musical education level was queried by asking ‘How many years did you take lessons
in a musical instrument or singing?".

Spectral Analysis

Figure 4.4 shows spectrograms for each CI simulation from Chapter 3 and its spectral
deviation (absolute values of difference spectrograms) compared with the reference
signal (top of the figure). The spectral deviation varied with frequency for each CI
simulation and was largest for simulation #213 and smallest for simulations #205
and #212, which equate with the reference signal.

Figure 4.5 shows the sum of the spectral deviation for each simulation. The sim-
ulations were ranked according to the sum. The sums were between 0dB and
5.0 * 10° dB. Averaged over all the simulations, the mean sum of the spectral devi-
ation was (1.8 £ 1.5) * 10° dB.
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Figure 4.4: Spectrograms of cochlear implant (Cl) simulations for participants with
Cl experience larger than two years. Each spectrogram is named by the
participants’/simulations’ identification number (ID) from the Cl simulation
study in Chapter 3. At the top of the figure the spectrogram of the reference
(unmodified) signal (‘drei rote Schuhe’, ['three red shoes'], Wagener et al.
2005) is shown. For each simulation the spectral deviation (absolute values
of difference spectrogram, reference — simulation) is shown in addition to
the spectrogram. Redundant Cl simulations, i.e., that based on the same
parameter sets (simulation #201 = simulation #214, simulation #205
= simulation #212 = reference), were shown once. The frequency and
amplitude axes are shown logarithmically.
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Figure 4.5: Sum of the spectral deviation for each cochlear implant (Cl) simulation.
The simulation identification numbers (IDs) were ranked according to the
sum of the spectral deviations.
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Psychoacoustic Analysis
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Figure 4.6: Boxplots presenting (a) sound quality (Multi-Stimulus Test with Hidden
Reference and Anchor, ‘"MUSHRA drag&drop’, Volker et al. (2015)), (b)
number of preferences (pairwise comparison), (c) pitch deviation (semantic
differential) and (d) naturalness (semantic differential) for each simulation.
The simulation identification numbers (IDs) were ranked according to the
sound quality in the MUSHRA task. Each point is one score of one normal
hearing participant. The boxes show the lower and upper quartiles (25th
and 75th percentiles). The horizontal lines mark the median.

To assess the variance of the results, Figure 4.6 shows the rating of each CI simula-
tion for each normal hearing participant in the MUSHRA, pairwise comparison and
semantic differential task. The simulations were ranked according to the rated mean
sound quality in the MUSHRA task (Figure 4.6a). The sound quality was scored
best on average for simulation #205 and worst for simulation #203. Averaged over
all simulations, a mean sound quality in the MUSHRA of (51 4+ 33) was scored. The
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statistical dispersion was smaller at the edges of the scale (near 0 or 100) than for
fair sound quality in the MUSHRA, paired comparison and semantic differential task
for naturalness (Figures 4.6a, 4.6b and 4.6d). For simulation #207 the statistical
dispersion was the largest during MUSHRA task. Averaged over all simulations, a
mean naturalness of (58 +38) % was scored. In the pairwise comparison, simulation
#205 was most often preferred, whereas simulation #203 was the least preferred on
average (Figure 4.6b). The pitch deviation had the smallest statistical dispersion
for simulations #205 and #201 and the largest for simulation #208 (Figure 4.6¢).
Averaged over all simulations, a mean pitch deviation of (11 £ 41) % was scored.
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Figure 4.7: Relations between the means and standard deviations of (a) sound qual-
ity (Multi-Stimulus Test with Hidden Reference and Anchor, ‘MUSHRA
drag&drop’, Volker et al. (2015)) and number of preferences, (b) sound
quality and naturalness, (c) sound quality and pitch deviation and (d) nat-
uralness and pitch deviation. Each point represents one cochlear implant
(Cl) simulation. The solid lines show linear regression curves, and the coef-
ficient of determination R? is given on the graphs.

Figure 4.7 shows the means and SDs of the sound quality, number of preferences,
naturalness and pitch deviation plotted against each other. The sound quality and

69



4 New Quantification Methods for Cochlear Implant Sound Quality

number of preferences, as well as naturalness and sound quality, showed signific-
ant linear correlations in Spearman correlation tests (rs(15) = 1.00, p < 0.05 and
rs(15) = 0.97, p < 0.05, respectively, Figures 4.7a and 4.7b). For an excellent sound
quality (> 80), a small pitch deviation (< 20 %) was necessary, but bad sound qual-
ity (< 20) occurred also with small pitch deviation. Large pitch deviations (> 40 %)
led to fair to bad sound quality (Figure 4.7¢). For a large naturalness (> 90 %) small
pitch deviations were necessary, but pitch deviations to lower pitches produced also
larger naturalness. Large pitch deviations (> 60 %) to higher pitch tended to lead
to a reduction in naturalness (Figure 4.7d).
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Comparison of Spectral and Psychoacoustic Analysis
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Figure 4.8: Relations between the means and standard deviations of (a) sound qual-
ity (Multi-Stimulus Test with Hidden Reference and Anchor, ‘MUSHRA
drag&drop’, Volker et al. (2015)) and the sum of the spectral deviation,
(b) number of preferences and the sum of the spectral deviation, (c) pitch
deviation and the sum of the spectral deviation and (d) naturalness and the
sum of the spectral deviation. Each point represents one cochlear implant
(ClI) simulation. Solid lines show linear regression curves, and the coeffi-
cient of determination R? is given on the graphs.

Figure 4.8 shows the means and SDs of the sound quality, number of preferences,
naturalness and pitch deviation as a function of the sum of the spectral deviations
for each simulation. Spearman correlation analysis identified significant correlations
between the sound quality, number of preferences, naturalness and spectral deviation
(rs(15) = —0.90, p < 0.05, r4(15) = —0.90, p < 0.05 and r4(15) = —0.82, p < 0.05).
In particular, the sound quality, number of preferences and naturalness increased
with decreasing spectral deviation (Figures 4.8a, 4.8b and 4.8d). Figure 4.8¢ showed
a reduced pitch deviation with smaller spectral deviation (< 1.0 x 10° dB).
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4.4 Discussion

The aim of this chapter was to develop a new method for measuring the sound
quality of CI sound via psychoacoustic and objective methods. The quantification of
CI sound quality on the basis of CI simulations by normal hearing people assessment
and by spectral analyses was suitable for comparing the sound quality aspects of
different CI users.

The spectral (Figure 4.4, Figure 4.5), as well as the psychoacoustic evaluation of the
CI simulations (Figure 4.6) confirm the individuality of sound perception. This is in
good accordance with the results of Chapter 3 in which various modifications were
required to create CI simulations for individual participants. Thus, the variability in
CI simulations is reflected in the CI sound quality measures of this chapter. Further
investigations are necessary to identify factors influencing this variability in CI sound
quality.

The results of the single study tasks are consistent, since a more natural sound
leads to a better sound quality (Figure 4.7b) and, e.g., a high-pitched sound leads
to worse sound quality (Figure 4.7c). The assessment of sound quality in MUSHRA
and in the pairwise comparison was based on different questions (comparison of the
sound deviation from the reference signal or comparison of the sound quality among
the simulations). Thus, the subjective pleasantness could influence the evaluation
during the pairwise comparison, whereas these evaluation criteria may have a smaller
effect during the MUSHRA. However, sound quality and the number of preferences
were strongly linear correlated (R? = 0.99). This may be because the pairwise
comparison task was used to identify a rough order in which the simulations on the
GUI on the MUSHRA-scale were arranged or because the sound quality between
each pair in the pairwise comparison was also assessed by the deviation from the
reference signal, which was heard in the training task once by each participant.

The accuracy of the study design is shown since no (#205) or weak modifications
(broad band-pass filter, #201) in the CI simulations lead to excellent sound quality,
a large number of preferences, no or little pitch deviation and large naturalness
(Figure 4.6). During the MUSHRA, all participants identified the hidden reference
(#205). Furthermore, no participant scored the anchor signals (#204, #207) with a
score larger than 90, which is important for sufficient reliability of the participant’s
evaluation (ITU-R 2015). The study cohort was very homogenous concerning the
age. Sound quality is a measure that is dependent on human perception so that
an age dependency of evaluation is possible. Since the focus of the MUSHRA and
the semantic differential tasks was set on the sound quality in terms of deviation
from the reference signal (= normal hearing), the age-dependent effect is considered
rather small.

However, sound quality (MUSHRA), the number of preferences (pairwise compar-
ison) and naturalness (semantic differential) show large statistical dispersion, espe-
cially for simulations with fair sound quality. At the edges of the scales (near 0 or
100, no unit or %, respectively), the statistical dispersion was smaller. The statist-
ical dispersion of pitch deviation was small for simulations #201, #205 and #215,
which are simulations with no or very weak sound modifications (Table A6, band-
pass filters with broad passbands), but was larger for all other simulations. The large
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statistical dispersion shows that sound quality is a very subjective, multidimensional
quantity (Zwicker et al. 2007), that is rated very individually (Section 2.5).

As discussed in Section 2.5.1 and Section 4.1, most CI sound quality evaluations are
based on subjective assessments by CI users themselves, e.g., questionnaires (self-
reported CI sound quality, Amann et al. 2014). In such questionnaires, the CI sound
of an individual can only be evaluated by that individual person. Particularly, with
the results of this chapter on how individual sound quality is rated (large statistical
dispersion), the statistical power of such questionnaires must be considered. By
using the method introduced in this chapter, increasing statistical power by cal-
culating averages over sound quality ratings of larger participant cohorts (n > 1)
is possible. Nevertheless, this method does not substitute CI users’ questionnaires
or self-reported CI sound quality. First, this method is not applicable to all CI
users because of the strict inclusion criteria (SSD) for generating CI simulations
in Chapter 3. Generating CI simulations for bilateral or bimodal (hearing aid and
CI) supplied persons using the method described above is currently not possible.
Secondly, this method does not capture all aspects that a questionnaire does. As
discussed in Section 3.4, CI simulations only offer an assessment of CI sound, they
do not simulate other effects associated with cochlear implantation. Nonetheless,
this newly developed method for recording sound quality can contribute to investig-
ate factors influencing CI sound quality. A comparison of the self-reported CI sound
quality assessed by the CI users participating in the study of Chapter 3 and the CI
sound quality determined in this chapter would be interesting.

However, the aim of determining CI sound quality from CI simulations resulted
from the individuality of CI simulations. For this reason, sound quality was not
previously assessed via questionnaires in the study in Chapter 3. Since a change in
sound quality with increasing CI experience is likely, a questionnaire was not made
after the study in Chapter 3 had been completed.

In the validation study of the HISQUI,g, the authors analyzed data from 75 CI
participants and reported a mean self-reported CI sound quality index of 75 (Amann
et al. 2014). The original scale ranged from 19 to 133. When converted to a 0 to
100 scale such as the MUSHRA scale, this corresponds to a sound quality of 49
(Amann et al. 2014). Mertens et al. (2015) investigated data from the HISQUI;q
(Dutch version) for 65 adult CI users and found a mean self-reported CI sound
quality index of 65 £ 21 (converted to a 0 to 100 scale: 40 + 2). Considering these
results under conversion to the MUSHRA scale, both studies found, on average, fair
sound quality. This study found on average a fair sound quality (51 £+ 33) from
CI simulations. Although direct comparisons between the sound quality outcomes
of different study designs are difficult, as discussed in Section 2.5, due to lack of a
consistent definition of sound quality, the results of this study are in good accordance
with earlier studies (Amann et al. 2014; Mertens et al. 2020; Saki et al. 2023).

The subjective characteristics of sound quality, depending on the human perception,
is one reason why there is no standard measuring tool to record sound quality
objectively. The calculation of spectral deviation by subtracting the simulations’
and references’ spectrograms was an attempt to capture CI sound quality in terms
of deviation from normal hearing since in treatment of hearing loss a small deviation
from CI sound compared to normal hearing is desirable (Caldwell et al. 2017). Even

73



4 New Quantification Methods for Cochlear Implant Sound Quality

when considering the more objective method of calculating the spectral deviation,
a certain degree of subjectivity is also involved here, since the CI simulations were
determined and evaluated on the basis of subjective descriptions. The spectral
deviation was significantly, moderately correlated with the sound quality, number
of preferences and naturalness (Figure 4.8) and thus only roughly approximated
these quantities. The simulation with the largest pitch deviation toward low pitches
(simulation #207) was scored with fair sound quality, whereas simulations with
similarly large pitch deviations toward high pitches were scored with bad sound
quality (#203 and #206, Figure 4.7¢). Thus, pitch deviations to high pitches showed
a greater effect on the perceived sound quality than shifts to low pitches. This
finding may be caused by the cognitive processing and the human perception. The
calculated spectral deviation did not consider such differences in human perception.
Thus, one possible approach to improve the objective measure of sound quality in
a future project is to determine and use scaling factors that weight certain spectral
cues according to human perception or a neural network model including several
objective and subjective measures in a sound quality prediction model (e.g., Zhang
et al. 2019).

4.5 Conclusions

The two new methods presented in this chapter were successfully used to quantify
the sound quality of Cls on the basis of CI simulations. On average, a fair CI sound
quality was found in the psychoacoustic experiment, which combined a pairwise
comparison, MUSHRA and a semantic differential task. The objective method used
to assess sound quality by calculation of the spectral deviation between CI sim-
ulations and reference signal showed a significant correlation with psychoacoustic
results based on human perception. Although the psychoacoustic results for sound
quality showed large statistical dispersion, both the psychoacoustic and the spectral
results showed large variability in median sound quality.

Improvements in modeling or calculating sound quality via spectral analyses are
possible in future projects by developing a neural network model. Further research
is needed to explain the large interindividual differences in CI sound quality between
CI simulations. One possibility is to investigate influencing factors such as etiology,
duration of deafness, insertion depths, surgical techniques, implant types or CI ex-
perience.
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5 Influencing Factors of Cochlear
Implant Sound Quality

5.1 Background Information

Many studies have investigated factors influencing speech recognition (Blamey et al.
2013; Canfarotta et al. 2022; Hoppe et al. 2021; Kim et al. 2018; Lazard et al. 2012).
Technical characteristics of Cls as well as patient-related data were investigated to
predict or identify correlations to the postoperative speech recognition with Cls. To
mention only a few investigated factors: electrode array design (perimodiolar or lat-
eral wall), CI processor programming (e.g., percentage of active electrode contacts,
Lazard et al. 2012), onset of deafness (pre- or postlingual), duration of deafness,
preoperative performance (with or without hearing aid), hearing performance of the
contralateral ear, etiology, and CI electrode array insertion depths (Blamey et al.
2013; Canfarotta et al. 2022; Hoppe et al. 2021; Kim et al. 2018; Lazard et al. 2012).

Moreover, Chapter 3 showed that even CI users with strong modifications in CI
simulations were able to achieve a good speech recognition (#208, word recognition
score at 65dBSPL: 80 %, Table 3.3). Furthermore, Chapter 4 showed large inter-
individual variability in CI sound quality determined from CI simulations. Gfeller
et al. (2003) reported only a weak correlation between speech recognition during
speech tests and sound quality in music perception. However, limited research has
examined the factors that influence CI sound quality, which highlights the import-
ance of investigating these influencing factors (Bessen et al. 2021; Gfeller et al. 2008;
Mertens et al. 2015; Saki et al. 2023). These studies captured sound quality with
questionnaires (e.g., HISQUI9, Amann et al. 2014) or appraisal tests and investig-
ated the correlation between self-reported CI sound quality and possible influencing
factors. In particular, age at implantation, age at onset of hearing loss and CI
experience moderately affect the self-reported sound quality (Bessen et al. 2021;
Gfeller et al. 2008; Mertens et al. 2015; Saki et al. 2023). The methods used for
measuring sound quality include many aspects, such as the ability to discriminate
(e.g., HISQUI49: ‘Can you effortlessly hear the ringing of the phone?’, Amann et al.
2014). Furthermore, these are self-reported sound qualities, so that there is only
one rater for each sound quality and emotional factors in evaluation might be large.
These studies receive statistical power by including a large number of participants
(n > 65). Compared with these studies, in Chapter 4, the CI sound quality was
investigated in terms of deviation in sound perception between a CI ear and a nor-
mal hearing ear. To date, no studies have investigated factors influencing CI sound
quality defined in that way.

As discussed in Chapter 3, CI simulations are suitable for educational purposes, as
they allow a realistic assessment of the sound perception of CI users through large
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similarities with CI sound. As the CI sound is very individual, the CI simulation only
simulates possibilities of CI sound. To provide extensive consulting further analysis
of influencing factors is necessary. The aim of this chapter is therefore to investigate
correlations between patient-related factors and CI sound quality parameters (CI
sound quality, pitch and spectral deviation) determined from CI simulations.

5.2 Materials and Methods

A retrospective non-interventional, experimental data analysis of the CI participants’
characteristics from Chapter 3 and the study results of Chapter 4 was conducted.
The ethical review board of University Medicine Halle approved the study protocol
and the informed consent forms with approval number: 2023-144.

The participants’ data were previously collected within the study described in Chapter 3
and from the corresponding patient records (approval number: 2022-048).

5.2.1 Data Analysis

Data analysis and visualization were performed using the software Prism?¢, SPSS*"
and Inkscape®®. The CI sound quality parameters and CI participants’ data were
graphically visualized as scatter plots to identify possible influencing factors. Addi-
tionally, correlations between sound quality and spectral deviation and participants’
data were analyzed by linear and non-linear regression. Coeflicients of determination
were calculated.

The following participants’ data were used for investigation: electrode array design
(implant type), percentage of active electrode contacts, duration of deafness/onset
of deafness, maximum preoperative word recognition score (unaided), preoperat-
ive word recognition score in the Freiburg monosyllable test (Hahlbrock 1953) in
open sound field with frontal presentation at 65dB SPL with hearing aid, 4PTA of
the contralateral ear, postoperative word recognition score at 65dB SPL with CI,
etiology, age at implantation, CI experience, social activity level, age at study parti-
cipation, average CI usage time recorded from the data logging of the processor, sex,
surgical technique (cochleostomy, subtotal cochlectomy, round window approach),
anatomical data (cochlear size, malformations), CI electrode array insertion angle
and intracochlear spread of the electric field (transimpedances).

To evaluate the spread of the electric field, the SCINSEV method of Cochlear
Ltd.? called transimpedance measurement was used (Section 2.3). Investigated
transimpedances were measured postoperatively with stimulation currents of 100
or 110 current level in ‘MP2 Stim Rec’ measurement mode. The pulse width and
measurement time point were 37 us. Incomplete transimpedance recordings caused
by open or short circuits were excluded from the investigation. As a characteristic
parameter for transimpedances, the percentage decrease in neighboring electrode

46Prism, GraphPad Software (2020), version 8.4.3

17§PSS, IBM (2021), version 28.0.0.0

48Inkscape, Inkscape Community (2003), version 1.2

49Custom Sound EP Software, Cochlear Ltd. (2020), Sydney, Australia, version 6.0
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contacts was calculated for a basal (E4), medial (E12) and apical (E19) electrode
contact. According to Wagner et al. (2025), the off-diagonal transimpedance values
were used as reference values. The percentage decrease to the second neighbor elec-
trode contact was calculated toward the apical and basal directions (Wagner et al.
2025). Both decreases (toward the apical and basal) were averaged. The random
error of transimpedance measurement was set to 0.2 % (Kopsch 2021). Gauss’ law
of error propagation was used to determine the error of the percentage decrease in
transimpedances.

Anatomical data were measured from preoperative CT or CBCT, with primary slice
thicknesses smaller than 0.6 mm. CT or CBCT data were evaluated in the software
Otoplan®. The diameter A, width B, height H and CDL were measured accord-
ing to Section 2.6.1 with automatic detection. The automatically set markers for
determining the specified lengths were subsequently visually inspected and optim-
ized if deviations between automatic detection and visual detection occurred. The
measurement error was estimated for diameter A, width B and height H for each
participant’s CT or CBCT, individually. Gauss’s law of error propagation was used
to determine the error of CDL.

The electrode array insertion angles were measured from postoperative CT, CBCT or
planar X-ray images. Planar X-ray images had to be recorded in Stenver, cochlear or
Altschul view (Section 2.6.2, Figure2.10). Planar X-ray images were excluded from
investigation if the anatomical structures (superior semicircular canal, vestibule) or
the most apical electrode contact were not identifiable (Figure 2.13). If multiple
postoperative images were available, a tomographic image was preferred over planar
imaging. Insertion angle measurements were performed according to the description
in Section 2.6.2 (Figure 2.11b, Marsh et al. 1993; Cohen et al. 1996; Xu et al. 2000)
using the image processing software ImageJ°!.

5.2.2 Estimation of Insertion Angle Precision

As described in Section 2.6.2, to measure the insertion angle adequately from planar
X-ray images, X-ray imaging should be performed in the cochlear view (Xu et al.
2000). To estimate the systematic error that occurred in the insertion angle meas-
urement due to deviations from the cochlear view, a three-dimensional (3D) model
was created.

The 3D model was based on the CBCT data of participant #204 with a primary
slice thickness of 0.125 mm (Figures 5.1a and 5.1¢). The requirements for the data
set for the 3D model were availability of pre- and postoperative CBCT data from
the same patient, absence of malformation or incorrect electrode array placement,
and that the cochlea did not have a particularly large (> 40 mm) or small CDL
(< 28 mm, Tavora-Vieira et al. 2023). The CDL of participant #204 was 35.3 mm,
and the CI electrode array type was CI512 (Cochlear Ltd. 2022a).

For further processing the pre- and postoperative CBCT data were anonymized. The
inner ear was reconstructed in the software Otoplan®® and exported in an STL file

%00toplan, Cascination AG, Bern, Switzerland in cooperation with MED-EL, Innsbruck, Austria,
version 3.0.0
*TmageJ, Rasband (1997), version 1.54p
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format (Figure 5.1b). The electrode array was reconstructed from the postoperative
CBCT with the software 3D Slicer®? and was also exported in an STL file format.
The 3D model of the electrode array was revised with the software FreeCad® by
removing of the extracochlear electrode array cable. The 3D models of the electrode
array and inner ear were fused in Python®® in the integrated development environ-
ment Spyder®® with the library Open3D?® (Figure 5.1d). Fusion was conducted by
visual adjustment according to the postoperative CBCT data.

Electrode contacts were modeled by 35 spheres aligned along the electrode array
model. The modeled electrode contacts served as fixed measurement points to
measure the insertion angles. Six further electrode contacts were inserted at the
electrode array model tip, following the spiral trend of the electrode array model
(Figure 5.1e). The 3D model was rotated to the cochlear view by comparison with
the cochlear view of the pre- and postoperative CBCT (Figures 5.1a and 5.1c).

The center points of the superior semicircular canal, vestibule and electrode array
(approximation for the modiolus) were identified by extracting the superior semicir-
cular canal, vestibule and upper part of the electrode array from the 3D model.

The semicircular canal and the vestibule were extracted with the software FreeCad®?
from the 3D model (Figure 5.1f). The STL files of the 3D models included the
surface of the models as triangulated mesh. The center point of the vestibule was
calculated by averaging the coordinates of each triangle for the three directions in
space individually. The apex point of the semicircular canal was calculated by using
the projection in the cochlear view to calculate the center point coordinates in the x
and y directions (the coordinate system was defined according to that presented in
Figure 5.1g) by averaging the relevant coordinates. The z-coordinate for the center
point was calculated by averaging all the z-coordinates of all the triangles of the
extracted semicircular canal model. The center point of the electrode array model
was calculated by averaging the coordinates of the 22 most apical electrode contact
spheres. The center points were marked with green spheres (Figure 5.1g).

To simulate variations in the X-ray projection technique, the 3D model was rotated
around two axes. The angle between the midsagittal plane and the X-ray detector,
as well as the angle between the IOML and the central beam (Figure 2.10) was
simulated by rotating the 3D model around the y (angle ) and z-axes (angle 3,
Figures 5.1g and 5.2). « and 8 angle model therefore variations in angles between
the midsagittal plane and the X-ray detector and between the IOML and the central
beam, respectively (Section 2.6.2, Figure 2.10).

The cochlear view was used as the reference view with « = g = 0°. Figure 5.2
shows the extrinsic rotation of the 3D model. Extrinsic means, that rotation was
performed around the primary, fixed coordinate axes x, y, z not around the new,
rotated coordinate axes x, y and z. The first rotation was around the y-axis (angle
«), and the second rotation was around the z-axis (angle 8, Figure 5.2). Equation 5.1
gives the calculation formula for the rotation matrix. Rotation was performed by

523D Slicer, The Slicer Community (2025), version 5.6.1
53Freecad, Riegel et al. (2001), version 0.21.2

54Python, van Rossum (1991), version 3.9.7

55Spyder, Raybaut (2009), version 5.1.5

560pen3D, Zhou et al. (2018), version 0.19.0
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(a)

(b)
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Figure 5.1: Design of the 3D model for estimation of systematic error in insertion angle
measurement due to deviations from the cochlear view. (a) Preoperative
cone-beam computed tomography (CBCT) data of participant #204 in the
cochlear view (coronal). (b) Inner ear reconstruction from the data in (a)
shown as a 3D model. (c) Postoperative CBCT data of participant #204
in the cochlear view (coronal). (d) Fused electrode array and inner ear 3D
model. Electrode array model was inserted into the 3D model in (b) accord-
ing to the view in (c). (e) Electrode contacts modeled as spheres aligned
along the electrode array model in the inner ear model. Apical, colored
electrode contact spheres mark electrode contacts used for insertion angle
measurements. (f) Structures used to define markers for insertion angle
measurements. Apical electrode contact spheres (modiolus approximation)
and the vestibule model used for center point definition. Superior semicir-
cular canal volume for apical point definition. (g) Complete 3D model and
definition of the coordinate systems. The green spheres mark the markers
used for the insertion angle measurements. (h) 3D model shown in the
projection angle o« = = 0° with markers and reference lines for insertion
angle measurement according to Xu et al. 2000. M: modiolus, S: superior
semicircular canal, V: vestibule, RW: round window, ©: insertion angle
Radiological data were made available with the kind permission of
Prof. Kosling (Department of Radiology, Martin Luther University Halle-
Wittenberg, University Medicine Halle, Halle, Germany).

multiplying the rotation matrix 5.3 and all coordinates of the 3D model.

R= R.y=0) - R.(B) ' Ry() (5.1)
1 00 1 0 0 cos(a) 0 sin(w)
=10 1 0]-{0 cos(B) —sin(f) | - 0 1 0 (5.2)
001 sin(8)  cos(f) —sin(a) 0 cos(«)
cos() 0 sin(«)
= | sin(a)sin(8) cos(8) —sin(f)cos(a) (5.3)
—sin(a) cos(B) sin(B)  cos(a) cos()

The 3D model was validated by comparing the insertion angles of the 3D model
(last electrode contact sphere covered completely by the electrode contact model,
Figure 5.1e) measured in the cochlear view (o« = § = 0°) and CBCT data (Fig-
ure 5.1c).

Insertion angle measurements were performed for the 14 most apical, colored elec-
trode contact spheres (Figure 5.1h). Measurements were performed for variable «
and [ projection-angles. a was varied between 0° and —55° in steps of 5° and
was varied between —20° and 45° in steps of 5°. The image processing software
ImageJ®” was used for the insertion angle measurements. The insertion angles were
measured according to the method described in Section 2.6.2. Figure 5.1h shows
one exemplary measurement on the basis of the 3D model for one projection angle
(o = 8 =10°). The round window is approximated by the intersection of the line

5TImageJ, Rasband (1997), version 1.54p
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Figure 5.2: Schematic visualization of the extrinsic rotation of the 3D inner ear model,
associated head positions and coordinate systems for variable projections
(from the cochlear view to the Altschul view). Definition of the coordinate
systems and rotation axes.

connecting the apex of the superior semicircular canal and the centrum of the ves-
tibule (green spheres) with the electrode array. The reference line was drawn from
the modiolus approximation to the round window approximation. The insertion
angle was measured from each of the colored electrode contact spheres relative to
the reference line (Marsh et al. 1993; Cohen et al. 1996; Xu et al. 2000).

The relative error related to the insertion angle in the cochlear view of each electrode
contact sphere was calculated. The relative errors were analyzed as a function of
the two projection angles o and f.
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5.3 Results

5.3.1 Precision of Insertion Angle Measurement
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Figure 5.3: Insertion angles and its relative errors measured for all electrode contact
spheres (E1 to E14) from the 3D inner ear model for variable § projection
angles and two fixed « projection angles (« = 0° and 40°). The errors
were calculated relative to the insertion angles measured in the cochlear
view (& = 8 = 0°). The colored dashed lines represent insertion angles
measured in cochlear view for each electrode contact sphere. The black
vertical line represents the projection angle for Altschul view.

The 3D model of the inner ear is shown in Figure 5.1g. The insertion angle of the
last electrode contact sphere covered completely by the electrode contact model had
an insertion angle of 347° and the CBCT led to an insertion angle of 344° for the
most apical electrode contact. This corresponds to a relative error of 0.9 % in the
insertion angle between the 3D model and the CBCT data.

Figure 5.3 shows the insertion angles and relative errors for variable 8 projection
angles and two fixed a projection angles (« = 0° and 40°). For a = 0°, the re-
lative error increased with increasing deviation from the cochlear view (8 = 0°).
The relative error depends on the absolute insertion angle/position of the electrode
contact sphere within the cochlea. For o = 40°, the relative error decreased for
larger f-values. For a = 40° and 8 = 35°, which corresponds to Altschul view (Fig-
ure 2.10), the relative error was smaller than 5% (absolute value) for all electrode
contact spheres but increased if 5 decreased. For deep inserted electrode contact
spheres and 8 = —20° the relative error is around 10 % (absolute value). Figure 5.4
shows the relative errors of the insertion angles for the 14 electrode contact spheres
as a function of the o and [ projection angles. The relative error is color coded and
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Figure 5.4: Heatmaps of the relative errors of the insertion angles measured for all
electrode contact spheres (E1 to E14) from the 3D inner ear model for

variable o and (3 projection angles. The errors were calculated relative to
the insertion angles measured in the cochlear view (o = 5 = 0°).

varied as a function of the projection angles as well as a function of electrode con-
tacts. Both negative and positive relative errors occurred. Relative error averaged
over all electrode contacts spheres and over the considered range of projection angles
was (2.6 +2.8) %. For further consideration, it is assumed, that the relative error of
the insertion angle from planar X-ray images was smaller than 10 % (Figure 5.3).

5.3.2 Influencing Factors of Cochlear Implant Sound Quality

This retrospective data analysis included CI sound quality parameters and patient-
related data from 15 CI participants who participated in the study described in
Chapter 3, (Cross-Sectional Study after at Least 2 Years of CI Experience). As
inclusion criteria (Section 3.2), all CI participants had a CI indication acquired
postlingually. Table 3.3 shows all the participants’ data queried during the study
visit. Further data (maximum preoperative word recognition score (unaided), preop-
erative word recognition score in the Freiburg monosyllable test in open sound field
with frontal presentation at 65 dB SPL with hearing aid, surgical technique, cochlear
diameter, cochlear width, cochlear height, CDL, CI electrode array insertion angle
and transimpedances) were registered from the corresponding patient records.

An investigation of the influence of the number of deactivated electrode contacts on
CI sound quality was not performed since only one participant had two deactivated
electrode contacts (n = 1, #210). No participant had an inner ear malformation.
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Figure 5.5: Relations between cochlear implant (Cl) sound quality parameters (Cl sound
quality, pitch and spectral deviation) and age at onset of deafness, age
at implantation, Cl experience and social activity level, respectively. The
gray curves are linear regression and logistic regression lines (RZ,... =
R}, istic = 0.41). The red line marks 6 years of Cl experience, where the
sound quality saturates with Cl experience. All further factors showed no
correlation (R* < 0.2).

* Social activity level was queried by asking ‘How many times in the last 7
days have you met friends or talked to friends on the phone for more than
5 minutes?’.

For 12 CI participants the preoperative word recognition score in the Freiburg mono-
syllable test in open sound field with frontal presentation at 65 dB SPL with a hearing
aid was not documented in the patient records. For this reason, an investigation of
this factor was not performed.

Figure 5.5 shows scatter plots of CI sound quality parameters and age at onset of
deafness, age at implantation, CI experience and social activity level, respectively.
For all of these factors, complete data sets were available. Age at onset of deafness
and age at implantation were not correlated with sound quality, spectral deviation
(R? < 0.2) and pitch deviation. CI experience showed moderate linear and logistic
correlation with sound quality (Rf,... = Rigisic = 0-41). The sound quality and
pitch deviation varied strongly for CI experiences smaller than 6 years, but saturated
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Figure 5.6: Relations between cochlear implant (Cl) sound quality parameters (Cl sound
quality, pitch and spectral deviation) and the cochlear duct length (CDL),
insertion angle and transimpedance decrease at electrode contacts E4, E12
and E19, respectively. Error bars of the insertion angles measured from
cone beam computed tomography (CBCT) represent 5 % of the measured
values. Error bars of the insertion angles measured from planar images
represent 10 % of the measured values. The measurement errors of the
CDL and transimpedance decrease were calculated with Gauss's law of
error propagation. The transimpedance decrease errors were smaller than
0.3% for all the data points, so that error bars were neglected. No factor
was correlated with Cl sound quality or spectral deviation (R? < 0.2).

to excellent sound quality and no pitch deviation for large CI experiences (> 6 years).
CI experience and spectral deviation, as well as social activity level and CI sound
quality parameters were not correlated (R? < 0.2). Sound quality increased for
increasing social activity levels up to three social contacts per week, saturated up
to six social contacts and varied strongly for seven contacts per week. The pitch
deviation decreased for increasing social activity levels up to three social contacts
per week and varied strongly for seven contacts per week.

Figure 5.6 shows scatter plots of CI sound quality parameters and CDL, insertion
angle and transimpedance decrease at electrode contacts E4, E12 and E19, respect-
ively. For participants #205, #208 and #214 no preoperative CT or CBCT data
with primary slice thicknesses smaller than 0.6 mm were available. Thus, for 12 CI
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Figure 5.7: Relations between cochlear implant (Cl) sound quality parameters (Cl sound
quality, pitch and spectral deviation) and the maximum preoperative word
recognition score (WRS, unaided), postoperative WRS at 65 dB SPL with
Cl and four frequency pure tone average (4PTA), respectively. No factor
was correlated with Cl sound quality or spectral deviation (R* < 0.2).

participants, the CDLs were measured. The mean (£ SD) CDL was (36.4+2.0) mm.
For participants #202, #208 and #214 the insertion angle could not be measured
from postoperative radiological images, caused by a lack of availability or unfavor-
able projection (last electrode contact was projected on the residual electrode array).
Insertion angle data were available for 12 participants. The mean (4 SD) insertion
angle was (368 + 38)°. A postoperative measured CBCT was available for three
participants. Nine participants had postoperative planar X-ray images in Altschul
view. Transimpedances were available for 13 participants. The scatter plots in
Figure 5.6 show no correlation between the described factors (R? < 0.2).

Figure 5.7 shows scatter plots of CI sound quality parameters and maximum pre-
operative word recognition score (unaided), postoperative word recognition score
at 65 dB SPL with CI and 4PTA, respectively. The preoperative maximum word
recognition score was not available for participants #208 and #214. Thus, for 13
participants, an evaluation was possible. The 4PTA and the word recognition score
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with CI were available for all participants. However, the data considered in Fig-
ure 5.7 show no correlation between the described factors (R? < 0.2).

Further scatter plots with possible influencing factors, such as duration of deafness,
age at study participation, usage time, cochlear size (height H, width B, diameter
A), electrode array type, etiology, sex and surgey technique, are shown in Figures A1
and A2 in the Appendix. The surgical technique was not available for participants
#208 and #214. For 12 CI participants height H, width B and diameter A were
available (see above). For all other factors, data sets were available from all 15
CI participants. All factors shown in Figures A1l and A2 in the Appendix, had
no correlation with the sound quality, the spectral deviation or pitch deviation
(Figure Al: R? <0.2).

5.4 Discussion

5.4.1 Influencing Factors of Cochlear Implant Sound Quality

The aim of this chapter was to investigate the correlations between patient-related
factors and CI sound quality parameters (CI sound quality, pitch and spectral de-
viation) determined from CI simulations. Mainly, a correlation between CI sound
quality and CI experience was found (> 6years, R}, .., = Ri i = 041). Espe-
cially, a saturation of sound quality and pitch deviation of excellent quality, and
no deviation was observed if the CI experience was large. The sound perception of
the CI participants with more than 6 years CI experience closely approximates the
sound perception of a normal hearing ear. In this study, however, only CI simula-
tions of fully rehabilitated CI users were considered (Chapter 4). Thus, even after
two years of CI experience and completion of the ‘follow-up therapy’ (Section 3.1),
the CI sound quality may change.

The correlation between CI sound quality and CI experience is in accordance with
e.g., Reiss et al. (2007) and McDermott et al. (2009). They found in acoustic to
electric pitch-matching experiments that pitch perception and perceived frequency-
to-place mismatch changed with CI experience (McDermott et al. 2009; Reiss et al.
2007). Additionally, Bessen et al. (2021) found that self-reported CI sound quality
and CI enjoyment were significantly positively correlated with CI experience. These
findings highlight the importance of learning, adaptation and neuronal plasticity
in the rehabilitation of CI users and CI sound quality. The results of this chapter
showed that CI sound quality, in terms of deviation in sound perception with CI
compared to a normal hearing ear, can change with CI experience.

Dorman et al. (2022) reported little to no change in CI sound (especially in pitch)
within the first 3years of CI experience and concluded that the CI sound cannot
be compensated by neuronal plasticity during this time period if CI users have
short electrode arrays. However, our data analysis of cochlear size (CDL, height H,
width B, diameter A), and the insertion angle showed no correlation with CI sound
quality parameters (Figure 5.6 and Al). In this study , the mean (£ SD) CDL and
insertion angle was (36.4 + 2.0) mm and (368 4 38) °, respectively. These findings
were comparable with those of previous studies, e.g., Paouris et al. (2023) reported
a mean CDL of (35.5 £ 1.9) mm for automatically detected CDLs with the software
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Otoplan® in 109 ears and Landsberger et al. (2015) found a mean insertion angle
of (381 £ 51)° for 44 implanted CIx12%? electrode arrays.

Hearing loss or deafness leads to functional reorganization of the central auditory
system (Kral et al. 2016; McKay 2018). Thus, the ability of an individual’s nervous
structures in the brain to reorganize and adapt itself to new stimuli (Bernhardi et
al. 2017), postoperatively, is highly relevant. It is reasonable that CI sound quality
also depends on the strength of preoperative reorganization of the central auditory
system or the incidence of exposure to new stimuli postoperativly. Since this study
was a retrospective data analysis, factors that measure preoperative reorganization
directly, such as electroencephalography (EEG), were not included in the data ana-
lysis. Instead, this research investigated the duration of deafness, the age at onset
of deafness, the age at implantation and the age at study participation, which may
be related indirectly to the preoperative reorganization of the nervous system. CI
usage time and social activity level were examined as factors for the incidence of
exposure to new stimuli that affect postoperative reorganization.

However, none of these factors were correlated with the CI sound quality paramet-
ers in this study. Bessen et al. (2021) reported significant, moderate correlations
between self-reported CI sound quality and age, age at implantation and age at on-
set of hearing loss (r between —0.3 and —0.4, Bessen et al. 2021). Saki et al. (2023)
found no correlation between age at implantation and self-reported CI sound qual-
ity, but found a significant correlation between duration of deafness and CI sound
quality. Mertens et al. (2015) found a moderate correlation between age at study
participation and self-reported CI sound quality (r = 0.35, Mertens et al. 2015).
Thus, previous studies have identified different influencing factors. The differences
in the results from the literature in comparison to the results of this data analysis
can be explained by the investigation of different sound qualities. Previous studies
have considered only self-reported CI sound quality, whereas the approach presented
in this thesis is based on the evaluation of the sound quality of CI simulations. As
described in Section 2.5.1, most questionnaires used to measure self-reported sound
quality include many factors, such as the ability of discrimination (e.g., HISQUIq:
‘Can you effortlessly hear the ringing of the phone?’, Amann et al. 2014) but per-
sonal, emotional and psychological factors also have a large impact since each sound
quality is only rated by one rater (self-reported). Since a small deviation from a CI
sound compared with normal hearing is desirable (Blauert et al. 1997), this thesis
focused on CI sound quality in terms of the deviation in sound perception between
a CI ear and a normal hearing ear. On the one hand, it was evaluated by normal
hearing people, and on the other hand, evaluated by a more objective method by
calculating the spectral deviation of the CI simulations compared with the reference
signal. Considering different sound qualities results in a limited comparability of
the literature with these data analyses.

This data analysis also revealed no correlations between the sound quality para-
meters and implant type and sex, respectively (Figure A2), which is in accordance
with previous studies (Gfeller et al. 2008; Mertens et al. 2015; Saki et al. 2023).
Large spread of the electric field, leads to ‘spectral smearing’ that showed a moder-

580toplan, Cascination AG 2024, Bern, Switzerland in cooperation with MED-EL, Innsbruck,
Austria, version 3.0.0
59Cochlear Ltd., Sydney, Australia
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ate correlation with the spread of excitation in previous studies (Kopsch et al. 2022;
Soderqvist et al. 2021), leading to a reduced spectral resolution (Bingabr et al. 2008;
Tang et al. 2011; van den Honert et al. 1987; Zeng et al. 2014; Zwolan et al. 1997).
For that reason, a moderate correlation of transimpedances and CI sound quality
was expected (Section 2.4). However, this data analysis showed no effect of the
spread of the electric field (transimpedance decrease) on CI sound quality paramet-
ers (Fgure 5.6). A possible explanation is that investigated transimpedances were
measured at different time points, postoperatively, whereas Wagner et al. (2025)
found a change of transimpedances in time course. To reduce this effect, transim-
pedance data measured at a specific time point would have had to be analyzed.

Many studies have investigated factors influencing speech recognition (Blamey et al.
2013; Canfarotta et al. 2022; Hoppe et al. 2021; Kim et al. 2018; Lazard et al. 2012)
and have reported several factors and prediction models (Sections 5.1 and 2.4). It
has been suggested that the factors that influence speech recognition also influence
CI sound quality. The data analysis showed no correlation between CI sound quality
parameters and pre- or postoperative word recognition scores (Figure 5.7). This fits
with the results of Gfeller et al. (2003), who reported only a weak correlation between
speech recognition and sound quality in music perception, whereas Mertens et al.
(2015) reported a moderate effect of speech recognition on self-reported CI sound
quality (r = 0.36, Mertens et al. 2015). As already discussed in Section 3.4, CI sound
perception and CI sound quality do not have to be linked with speech recognition.

This remarkable discrepancy between CI sound quality and word recognition raises
important questions regarding the underlying mechanisms involved. In particular,
some participants had excellent sound quality but were unable to achieve full speech
recognition (e.g., #205, word recognition score at 65dB SPL: 85 %, sound quality:
100), whereas others with bad sound quality demonstrated a high level of speech
recognition (e.g., #208, word recognition score at 65 dB SPL: 80 %, MUSHRA sound
quality: (9 £ 10)), suggesting complex interactions between acoustic and cognitive
processes. Possible explanations have already been discussed in Section 3.4 and
include, e.g., the cognitive load associated with processing CI transmitted signals. If
the brain is already heavily engaged in processing the CI sound and its sound quality,
this could limit the resources available for speech recognition. This hypothesis is
supported by neurocognitive studies showing that processing speech in acoustically
challenging environments requires additional cognitive effort (Eckert et al. 2016).

The fact that the 4PTA did not affect the pitch deviation (Figure 5.7) supports the
discussion in Section 3.4, where it was noted that the participants often used a low-
pass filter to optimize the simulations. Thus, the hearing losses in some participants
greater than 30 dB HL of the contralateral ear (4PTA, Table 3.3), did not lead to
pitch deviation in CI simulations.

Nevertheless, correlations between the above-mentioned factors and CI sound quality
would have been expected, but none were found. CI usage time and social activity
were recorded at the study visit. However, the incidence of exposure to CI stimuli
over the entire postoperative period, rather than at just one point in time, would
have been more relevant. Furthermore, one limitation of this study is the small
number of CI simulations (n = 15). An analysis of multifactorial relationships, for
example, through multiple regression, was therefore not meaningful. In addition,
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some factors that could influence sound quality, such as cognition (Lee et al. 2003),
were not considered. In future projects, the generation of a larger number of CI
simulations and investigation of further factors would be meaningful to enable better
analysis of factors influencing CI sound quality or to enable a prediction of CI sound
quality for CI users or candidates.

5.4.2 Precision of Insertion Angle Measurement

The preview of the insertion angle measurement from planar X-ray images as a
function of the two projection angles a and § (Figure 5.2) led to an estimation
of a systematic, relative error. The systematic error varied with the angles o and
(. Both an overestimation (orange) and an underestimation (blue) of the insertion
angle are possible in dependency of the projection angle. The effect of variable angles
between the central beam and the midsagittal plane (corresponding to o) were also
investigated by Svrakic et al. (2015) (Section 2.6.2). The authors reported that
systematic errors of up to 8 % are caused by the projection angle, which is, however,
on the order of magnitude of the interrater variability (Svrakic et al. 2015). This
finding is in good accordance with the systematic errors found with the 3D model
developed in this chapter (< 10 %), even though the second angle 3 was considered.

Furthermore, the 3D model revealed that the systematic error depends not only
on the projection angles but also on the absolute, intracochlear position/insertion
depth of the electrode contacts. One possible explanation is that the anatomical
structures and the trajectory of the electrode array are not symmetrical. Varying the
projection angles also varies the projected spatial relation of the individual electrode
contacts to each other. This finding is in accordance with the results of Alahmadi
et al. 2024, who compared the insertion angles measured from CT and planar X-
ray images for all inserted electrode contacts. The investigated X-ray images were
acquired in the cochlear view, and the difference in the insertion angles measured
from C'T images compared with those from planar X-ray images varied between 0.3 °
and 9.8°. Although the X-ray images were acquired in the standardized cochlear
view, a mean relative error of 9% occurred at most basal electrode contacts, for
example. The systematic error evoked by deviation of radiological projection angles
is consequently in the order of magnitude of the measurement error, which occurred
already by evaluation of planar X-ray images in the cochlear view compared with
CT evaluations (Alahmadi et al. 2024).

For this reason, in the clinical context, the performance of planar imaging according
to Altschul view instead of the cochlear view is also justified. It should be explicitly
pointed out that the model presented in this chapter did not take all aspects of the
insertion angle measurement into account. Further measurement errors in the inser-
tion angle measurement arise, e.g., from the placement of the markers corresponding
to the anatomical structures (modiolus, the apex of the superior semicircular canal
and the centrum of the vestibule, Figure 2.11).

This consideration is not only relevant for investigating possible factors influencing
sound quality but also has clinical relevance. The latest version of the software
Otoplan® offers the option of calculating anatomy-based fitting on the basis of

500toplan, Cascination AG (2024), Bern, Switzerland in cooperation with MED-EL, Innsbruck,
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planar X-ray images. In this context, the clinical audiologist should be aware of
the measurement errors of the insertion angles from planar imaging to adjust the
anatomy-based fitting accordingly. In general, the relevance of the measurement
accuracy of the insertion angle should always be considered when addressing clin-
ical questions, and tomographic imaging should be considered if high measurement
accuracy is necessary and if an increased radiation dose is justifiable. To keep radi-
ation dose as low as possible, special detectors, such as a low-dose photon-counting
detector can be used in CT imaging (Spahn et al. 2025).

5.5 Conclusions

This chapter presented an explorative data analysis of factors influencing not self-
reported CI sound quality. Despite the relatively small number of CI simulations,
CI sound quality and CI experience showed a moderate correlation. Especially, a
saturation in sound quality to excellent quality was found for CI experiences larger
than 6 years. Further factors did not show any correlations with CI sound quality
parameters. To improve the investigation of CI sound quality influencing factors and
to enable a prediction of postoperative CI sound quality, an increase in the number
of CI simulations to evaluate sound quality is necessary.

Furthermore, this chapter contributes to the radiological evaluation of cochlear im-
plantations. The 3D model developed in this chapter showed that measuring the
insertion angle of planar X-ray images with variable projection angles led to system-
atic errors. In addition, the systematic error of the insertion angle also depends on
the absolute depth of insertion of electrode contacts into the cochlea. If X-rays are
acquired in Altschul view instead of the cochlear view, relative errors of less than
10 % are assumable.

Austria, version 3.1.0
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6 Thesis Conclusions and Outlook

This thesis investigated the sound perception and sound quality perceived by CI
users. A software-based sound tool was designed that enabled the creation of CI
sound simulations on the basis of the descriptions of CI users. The participants were
able to compare the auditory impressions of the normal hearing, contralateral ear
with the reference signal perceived through the CI. By adjusting various simulation
parameters via a software sound tool, it was possible to generate German-language
CI simulations with a large degree of similarity to the CI sound, for the first time.
No comparable CI simulations existed for devices with 22 intracochlear electrode
contacts. Furthermore, CI sounds could be replicated for CI participants at different
stages of rehabilitation. The results revealed considerable interindividual variability
in sound perception, even among rehabilitated users, highlighting the individuality
of auditory experiences with Cls.

In contrast to earlier studies, which relied primarily on discrimination tasks or sub-
jective self-assessments (e.g., questionnaires) to evaluate sound quality, this thesis
enabled, for the first time, an assessment of CI sound quality on the basis of CI
simulations. Through various psychoacoustic experiments, the sound quality of CI
simulations was rated by normal hearing participants. This approach not only al-
lowed a comparative assessment between CI sound and normal hearing but also
facilitated a multi-rater evaluation that extended beyond the subjective view of the
CI user alone.

On average, the simulations were rated as having fair sound quality, and individual
CI simulations sound quality ranged from ‘bad’ to ‘excellent’. The sound quality
was scored with large statistical dispersion, highlighting the strong subjectivity of
sound quality. To address this dispersion of sound quality, an objective measure was
introduced: the spectral difference between the spectrograms of the CI simulations
and the reference signal. This spectral deviation showed a moderate correlation with
the CI sound quality ratings provided by the participants with normal hearing. To
enable better prediction of sound quality from CI simulations via objective measures,
future studies should consider developing sound quality models that incorporate the
psychoacoustic properties of human auditory perception.

To explore the individuality of CI sound quality, several potential influencing factors
were examined. CI experience emerged as the most relevant factor: in particular,
a saturation effect was observed. Especially, a saturation in sound quality to excel-
lent quality was found for CI experiences larger than 6 years. This finding suggests
that, over time, the auditory perception of a CI can closely approximate the sound
perception of a normal hearing ear in SSD CI users. This observation highlights the
relevance of neuronal plasticity in the rehabilitation process after cochlear implant-
ation. No further CI sound quality influencing factors were found, which may be
due to multifactorial interactions. To enable more comprehensive analyses, such as
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6 Thesis Conclusions and Outlook

multiple regression, an increased number of CI simulations is meaningful for future
projects.

Since in general, CI performance strongly depends on the actual CI electrode array
position in the cochlea, a 3D model was developed to estimate the systematic error of
the electrode array insertion angle as a function of the X-ray projection angle. The
resulting systematic error was similar in magnitude to the error previously reported
when planar X-ray imaging was compared with tomographic imaging (Alahmadi et
al., 2024). Therefore, the relevance of the measurement accuracy of the insertion
angle should always be considered when addressing clinical questions. If high preci-
sion is required and increased radiation exposure is justifiable, tomographic imaging
should be considered.

Several noteworthy individual observations emerged throughout this thesis. For in-
stance, CI participants with little CI experience demonstrated that auditory percep-
tion can change significantly within the first 6 months after cochlear implantation.
Additionally, deactivating electrode contacts did not lead to noticeable changes in
sound perception, and auditory perception and speech recognition did not correlate.

Due to the large similarity between CI simulations and CI sound, these simula-
tions offer valuable potential for scientific and educational purposes, as they allow
a realistic assessment of the sound perception of CI users. Given that the technical
parameters of implants and processors may also influence CI sound, future research
should develop CI simulations for CI users implanted with CIs from other manu-
facturers and CI simulations with further acoustic signals (e.g., female speaker and
music) to enable extensive consulting. Notably, the CI simulations presented in
this thesis are primarily used to simulate CI sound and cannot reflect other factors
that may change as a result of cochlear implantation (e.g., communication skills and
quality of life). Thus, CI simulations should therefore be used as a supportive tool
and should not be presented without further explanation.
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Table Al: Upper and lower cutoff frequencies f. of the frequency bands according to
the default setting of the Advanced Combination Encoder (ACE) strategy
(Cochlear Ltd. 2022b).

Electrode contact 22 21 20 19 18 17 16 15 14 13 12
Lower f. [kHz] 188 313 438 563 688 813 938 1063 1188 1313 1563
Upper f. [kHz] 313 438 563 688 813 938 1063 1188 1313 1563 1813
Electrode contact 11 10 9 8 7 6 5 4 3 2 1
Lower f. [kHz] 1813 2063 2313 2688 3063 3563 4063 4688 5313 6063 6938
Upper f. [kHz] 2063 2313 2688 3063 3563 4063 4688 5313 6063 6938 7938

Table A2: Sentences from the Oldenburg children’s sentence test used for the ranking
experiment (1st test list: the first 10 sentences, Wagener et al. 2005). An
English translation is given in brackets.

No. Sentence

1. 'Drei rote Schuhe’ [‘Three red shoes']

2. ‘Vier nasse Autos’ [‘Four wet cars’]

3. 'Neun weiBe Tassen' ['Nine white cups’']

4.  'Sieben griine Bilder' ['Seven green pictures’]
5. 'Vier Griine Schuhe’ ['Four green shoes']

6. 'Acht kleine Autos’  [‘Eight small cars’]

7.  'Sieben rote Blumen' ['Seven red flowers']

8.  'Fiinf schéne Tassen’ [‘Five beautiful cups’]
9.  'Fiinf schone Steine' ['Five beautiful stones’]
10. ‘Acht kleine Messer'  ['Eight small knifes']
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Table A3: Adjective list for describing Cl sound and handling to participants during the
optimization experiment.

Hochfrequent Schrill Nachhallend
Ubersteuert Klar Verschmiert
Metallisch Monoton Verrauscht
Elektrisch Blechern Verzerrt
Fremd Doppelt Spitz
Droéhnend Leise Stumpf
Melodisch Brummend  weit entfernt
Verschwommen Gedampft Laut
Roboterartig Hohl Nah

‘Darth-Vader'!-ahnlich ~ Schmutzig  Voll
‘Chipmunks’'2-3hnlich  Tieffrequent Pfeifend
‘Mickey-Maus'3-3hnlich Nasal Piepsig

LA trademark of the Lucasfilm Ltd. LLC, a subsidiary of the Walt Disney Company.
2 A trademark of the Bagdasarian Productions, LLC and the Walt Disney Company.
3 A trademark of the Walt Disney Company.

Table A4: Order of application of the processing steps

No. Processing

BP-vocoder
FFT-vocoder
Echo

Comb Filter
Low-pass Filter
High-pass Filter
Band-pass Filter
Frequency shift
. Pitch shift

0. Clipping

1. Normalisation

HE©LoNOoO WD

BP: band-pass, FFT: fast Fourier transform.
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ID: identification number, Cl: cochlear implant, BP: band-pass, LP: low-pass, HP: high-
pass, FFT: fast Fourier transform, SOE: spread of excitation, f.: cutoff filter frequency,
fo: fundamental frequency, @): quality factor, m: number of frequency bands, n: number
of selected frequency bands with the largest energy, 4d: 4 days after activation, 6m: 6
months after activation, sentence 1: ‘drei rote Schuhe' [‘three red shoes'], sentence 2:
‘vier nasse Autos’ [‘four wet cars'], sentence 3: ‘neun weiBe Tassen' ['nine white cups’]
(Wagener et al. 2005).

* The participants’ subjective descriptions of their Cl sound before starting the study
tasks. ** The participants’ suggestions on how the simulation could be improved to
evaluate the limitations of the software sound tool were queried after the optimization
procedure.
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ID: identification number, Cl: cochlear implant, BP: band-pass, LP: low-pass, HP: high-
pass, FFT: fast Fourier transform, SOE: spread of excitation, f.: cutoff filter frequency,
fo: fundamental frequency, @): quality factor, m: number of frequency bands, n: number
of selected frequency bands with the largest energy, sentence 1: ‘drei rote Schuhe’ [‘three
red shoes'], sentence 2: ‘vier nasse Autos’ ['four wet cars'], sentence 3: ‘neun weiBe
Tassen' ['nine white cups'] (Wagener et al. 2005).

* The participants’ subjective descriptions of their Cl sound before starting the study
tasks. ** The participants’ suggestions on how the simulation could be improved to
evaluate the limitations of the software sound tool were queried after the optimization
procedure.
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Table A7: Supplemental digital content. All digital content files have an audio WAVE

file format.
No. File name Description
1 reference_sentencel  Reference audio signal for optimization experiment (sentence 1).

2

reference_sentence3

Reference audio signal of sentence 3.

Longitudinal Study during the first 6 month of Cl Experience

= © 00 NO 1~ W

e =
W N =

#101_sentencel_4d
#101_sentencel_6m
#102_sentencel_4d
#102_sentencel_6m
#103_sentencel_4d
#103_sentencel_6m
#104_sentencel_4d
#104_sentence3_4d

#104_sentencel_6m
#105_sentencel_4d
#105_sentencel_6m

Optimized simulation for participant #101 during the 4d-visit.
Optimized simulation for participant #101 during the 6m-visit.
Optimized simulation for participant #102 during the 4d-visit.
Optimized simulation for participant #102 during the 6m-visit.
Optimized simulation for participant #103 during the 4d-visit.
Optimized simulation for participant #103 during the 6m-visit.
Optimized simulation for participant #104 during the 4d-visit.
Sound sample that captures the noise-envelope perception, that
participant #104 described in sentence 3 during the 4d-visit.
Optimized simulation for participant #104 during the 6m-visit.
Optimized simulation for participant #105 during the 4d-visit.
Optimized simulation for participant #105 during the 6m-visit.

Cross-Sectional Study after at Least 2 Years of Cl Experience

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

#201_sentencel
#202_sentencel
#203_sentencel
#204_sentencel
#205_sentencel
#206_sentencel
#207_sentencel
#208_sentencel
#209_sentencel
#210_sentencel
#211_sentencel
#212_sentencel
#213_sentencel
#214_sentencel
#215_sentencel

Optimized simulation for participant #201.
Optimized simulation for participant #202.
Optimized simulation for participant #203.
Optimized simulation for participant #204.
Optimized simulation for participant #205.
Optimized simulation for participant #206.
Optimized simulation for participant #207.
Optimized simulation for participant #208.
Optimized simulation for participant #209.
Optimized simulation for participant #210.
Optimized simulation for participant #211.
Optimized simulation for participant #212.
Optimized simulation for participant #213.
Optimized simulation for participant #214.
Optimized simulation for participant #215.

4d-visit: Study visit 4 days after cochlear implant activation, 6m-visit: Study visit 6
months after cochlear implant activation.
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Figure Al:

Duration/Age [years]

Relations between cochlear implant (Cl) sound quality parameters (Cl sound
quality, pitch and spectral deviation) and duration of deafness, age at study
participation, average Cl usage time (data logging) and cochlear size (height
H, width B, diameter A), respectively. No factor was correlated with Cl

Usage time [hours]

sound quality or spectral deviation (R? < 0.2).
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such as cochleostomy or extended RW insertion), respectively. The hori-
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ISSNHL: idiopathic sudden sensorineural hearing loss.
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List of Abbreviations

3D
4d-visit

4PTA

6m-visit

ACE

ANOVA
BP

BP
C-level

CB
CBCT

CDL
CI
CT
DFT

DoD
EEG
FFT
fMRT

GUI
HISQUT,,

HL
HP
ID

Three dimensional
Study visit 4 days after
implant activation

Four frequency pure tone
average

Study visit approxim-
ately 6 month after im-
plant activation
Advanced Combination
Encoder

Analysis of variance
Band-pass
Bipolar
Comfortable
level

Central beam
Cone-beam
tomography
Cochlear duct length
Cochlear implant
Computed tomography
Discrete Fourier trans-
form

Duration of deafness
Electroencephalography
Fast Fourier transform
Functional magnetic res-
onance imaging
graphical user interface
Hearing Implant Sound
Quality Index

Hearing level

High-pass

Identification number

current

computed
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IOML
I[SSNHL

ITU

LP
MIP

MP
MSP
MUSHRA

OlKiSa

PCM
RMS
SCINSEV

SD
SOE
SOL

SPL
SSD
STFT

T-level
WRS,

Infraorbitomeatal line
Idiopathic sudden sen-
sorineural hearing loss

International Telecom-
munication Union
Low-pass

Maximum intensity pro-
jection

Monopolar

Midsagittal plane
Multi-Stimulus Test
with Hidden Reference
and Anchor
Oldenburger Kinder-
Satztest [‘Oldenburg
children’s sentence test’]
Pulse-code modulation
Root mean square
Stimulation-current-
induced non-stimulating
electrode voltage record-
ing

Standard deviation
Spread of excitation
Subtotal ossifying
labyrinthitis

Sound pressure level
Single sided deafness
Short-time Fourier
transform

Threshold current level
Word recognition score
at a fixed level x
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