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Abstract

Cochlear implants (CI), a form of neural prostheses, are used to aid patients
with severe-to-profound hearing loss by representing sounds in a way funda-
mentally different compared to acoustic hearing. The healthy auditory system
constantly analyses the complex sound environment around us. It forms sound
objects from acoustic components, that, when linked over time, can form a
so-called stream, such as a voice or melody. Normal-hearing listeners perform
this auditory streaming with their two ears, unaware of the binaural processes
that integrate the information from both ears into common sound objects. Es-
pecially for bimodal CI patients with a CI in one ear and hearing aid (HA) on
the other ear, one sound can be perceived very differently across ears. Bilateral
CI patients, implanted in both ears, may also perceive sounds differently in
each ear. For CI patients the potential differences in a sound’s representation
across ears may influence how they process binaural sounds. The studies in
this thesis center on the question of whether bimodal CI patients can use their
devices effectively together and whether they can build common streams from
binaural sounds like normal-hearing listeners would. In a first study, bimodal
ClI patients were interviewed and only a minority indicated to perceive sounds
from one source as a simple, uniform sound object. Most participants reported
to perceive something more complex, non-uniform, instead, with some describ-
ing their percepts as two entirely separate sounds with strong differences in
pitch and loudness across ears. The second study dealt with the development
of a psychoacoustic experiment to test the listeners’ abilities to form streams
from sounds delivered separately to the two ears. The paradigm was validated
with normal-hearing listeners. A third study centered on bilateral CI patients,
as these could, like bimodal CI patients, show differences in their binaural
streaming. The bimodal CI patients were the focus of a fourth study. Results
suggest that at least some bilateral CI listeners can form streams binaurally, but
none of the bimodal CI patients tested, mirroring the patient’s reports from the
first study. This suggests that the extended daily use of the bimodal devices
altered the binaural processes of the bimodal CI patients so that they do not
integrate binaural stimuli into a common stream based on perceptual similar-
ity as normal-hearing listeners would. These results could help to guide the
development of CI-candidacy criteria, clinical fitting of the devices, and new
strategies for their simulation.






Resumé

Cochlear implantater (CI), en slags neurale proteser, bruges til at hjelpe pa-
tienter med alvorligt heretab ved at repraesentere lyde pd en fundamentalt
anderledes made i forhold til akustisk harelse. Det normale auditive system
analyserer hele tiden det komplekse lydmilje omkring os. Det danner lydob-
jekter fra akustiske komponenter, der, nar de er sammenhgrende over tid, kan
danne en sékaldt strem, som f.eks. en stemme eller en melodi. Normaltherende
personer kan udfere denne auditive streaming med begge orer, helt ubevidst om
de binaurale processer, der integrerer informationen fra begge orer og danner
feelles lydobjekter. Iseer for bimodale CI-brugere med et CI pd det ene ore og
et horeapparat (HA) pa det andet ore, kan en lyd opfattes meget forskelligt pa
hvert are. Bilaterale CI-brugere, implanteret i begge orer, kan ogsé opleve lyde
pé hvert gre forskelligt. De potentielle forskelle i oplevelser pa hvert ore hos
CI-patienter kan pavirke hvordan de behandler binaural lyde. Undersogelser-
ne i denne athandling centrerer omkring spergsmalet om hvorvidt bimodale
Cl-brugere kan bruge deres to enheder effektivt sammen, og om de kan forme
sammenhangende stremme fra binaural lyde pd sammen mé&de som normalt-
herende personer. I det forste studie blev bimodale CI-brugere interviewet. Kun
fd brugere indikerede at opleve lyd fra en kilde som et simpelt, ensartet lydobjekt.
De fleste reporterede at opleve noget mere komplekst og ikke-ensartet hvoraf
nogle beskrev deres opfattelse som to helt separate lydstremme og med store
forskelle i tonehgjde og lydstyrke pa hvert gre. Den andet studieomhandlede
udviklingen af et psykoakustisk eksperiment for at teste CI-brugers evne til at
forme stromme af lyde, der leveres separat til hvert ore. Paradigmet blev valide-
ret med normaltherende. Det tredje studie omhandlede bilaterale CI-brugere,
idet de kunne, som bimodale CI-brugere, vise forskelle i deres evne til at udfore
auditiv streaming. Bimodale CI-brugere var emnet i det fjerde studie. Resultater-
ne tyder p4, at idet mindste nogle bilaterale CI-brugere kan danne lydstremme
binauralt, mens ingen af de bimodale CI-brugere kan. Disse resultaterne af-
spejler det forste interview studie. Overordnet tyder dette p4, at vedvarende,
daglig brug af bimodal stimulering eendrer binaural processer hos bimodale
Cl-brugere, sdledes at de ikke integrerer binaural stimuli til én lydstrem med
ens opfattelse, som normale hgrelyttere ellers kan. Resultater kan bidrage til at
guide udviklingen af kriterier for CI-kandidatur, klinisk montering af enhederne
og nye stimuleringsstrategier af enhederne.
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General introduction

The human sense of hearing is paramount to our life, providing us not only
with an omnidirectional way to sense our surroundings but also, perhaps most
importantly, giving us the ability to communicate verbally with each other. For
this reason, an impairment of the auditory system may require fundamental
changes to how we live our lives. A hearing impairment can make it difficult
to lead a conversation in a busy, noisy place, so that an everyday occurrence
becomes a challenging task. Insecurity, distress, and social isolation can follow
(Erikson-Mangold and Carlsson, |1991). Fortunately, technology can be used to
aid people with hearing-impairment and even deafness in the form of hearing
aids (HA; Kates, |2008) and cochlear implants (CI; Zeng et al.,2008). Apart from
the question how well this technology can improve speech reception and other
outcome measures for hearing-impaired patients, it can be fascinating to ex-
plore how this technology changes a person’s perception of the world. Especially
with CIs, which represent sounds in a fundamentally different way compared
to normal hearing or HAs, the changes may be hard to understand for anyone
who is not utilizing such a device. Nevertheless, one can use rational thinking
and experiments to gain knowledge about what one may call another sense of
hearing altogether.

Day-to-day life exposes us to complex sound environments and the auditory
system continuously analyzes these, forming sound objects from overlapping
acoustic components and linking these objects over time into so-called streams,
such as a voice or melody. The healthy auditory system performs this based on
signals collected by the two ears (Bregman,|1990). Our auditory system must
process the input from our two ears and associate the components that come
from the same sound source. If it did not perform this integration, we would
perceive every sound twice, separated for left and right ear. The perceptual
changes introduced by a cochlear implant may affect the perception of sounds
differently in each ear and, hence, may also affect the binaural processing. This
applies whether a patient is aided with a CI unilaterally, possibly with a HA on



2 1. Introduction

the other ear, or utilizes bilateral CIs. Notably, the outcome of cochlear implan-
tation not only depends on the devices, but equally on how well the patient’s
auditory system adapts to the new stimulation (Polonenko et al., 2019; Reiss
et al.,[2014b).

Differences between HAs and Cls are fundamental in both stimulation and
perception, and may become most striking considering the so-called bimodal
CI patients, who are aided with a CI in one ear and a HA on the other. In the
bimodal case, the CI’s settings are generally adjusted first, independently of
the HA. Then the HA is adjusted in its settings, although if and how can vary
(Scherf and Arnold, |2014). So far, some fitting strategies for bimodal patients
aim to align percepts across ears in loudness, but do not address potential dif-
ferences in percepts, such as pitch, timbre, or timing. Hence, this configuration
raises questions about how well the two kinds of devices work together. These
studies’ aim to understand whether bimodal CI patients can combine stimuli
from their two ears into single percepts like normal-hearing listeners. Such
an ability may be essential for a natural perception and can affect listening
performance and effort (Chang et al., 2016). While several studies have assessed
this for the grouping of short dichotic stimuli (binaural fusion), the abilities of
ClI listeners to form streamed percepts from binaural stimuli have not received
as much attention. Changes in the patients’ binaural processes could explain
much of the difficulties CI patients exhibit when it comes to tasks relying on
binaural hearing and streaming, such as the localization of sounds and speech
understanding in a noisy environment (Goupell et al.,[2013; Kan et al., 2013;
Seeber, 2004; Staisloff et al., 2016; Yoon et al.,|2013). The motivation for the
studies described in this thesis lies in finding out if these binaural processes
work differently in bimodal CI patients.

This chapter begins with a description of how the healthy auditory system anal-
yses the acoustic environment, followed by a brief overview of how HAs and Cls
present sounds to patients and which limitations CI patients might experience.
After that, a description of how Cls can affect the auditory system’s ability to
analyze the acoustic environment is given, along with a section dedicated to the
situation of bimodal CI patients.This introduction concludes with an overview

of this thesis’ chapters and the four studies they describe.



1.1 Auditory scene analysis and streaming in normal-hearing listeners 3

1.1 Auditoryscene analysis and streaming in normal-hearing

listeners

Everyday situations provide listeners with a complex acoustic scenery, origi-
nating from a variety of sound sources and sound reflections that lead to rever-
beration. The healthy human auditory system can decode these signals, even
though there is no explicit information about the number of sound sources
present in the complex mixture. Colin Cherry famously described the problem
to listen selectively to one source out of such a complex mixture as the cocktail
party problem (Cherry, [1953). Later, the concept of auditory scene analysis
was established, describing the formation of auditory objects from complex
simultaneous sounds and the formation of streams, auditory objects linked over
time (Bregman, 1990; Shinn-Cunningham et al.,2017). Such streams are formed
based on grouping of simultaneous (Micheyl and Oxenham, 2010b), as well
as sequential stimuli (Moore and Gockel, 2002). Simultaneous grouping relies
upon a spectral decomposition of the sound, to determine which frequency-
components belong to which sound object. These components can then be
integrated into a stream over time through sequential grouping.

The formation of auditory objects is generally ruled by similarity or proximity
in perceptual aspects (Bregman, 1990). Conversely, differences in any such
perceptual aspect can be used as a cue to segregate sounds (Moore and Gockel,
2002). An auditory object or stream can for example be formed of components
with synchronous onset or duration (Bregman, [1990), similar frequency content
(Bregman and Campbell, (1971; Noorden, 1975), timbre (Singh and Bregman,
1997), temporal envelope (Cusack and Roberts, [2000; Iverson, (1995; Vliegen
et al.,|1999b), spatial characteristics (David et al.,[2015; Sach and Bailey, |2004;
Stainsby et al.,2011), intensity (Noorden,|1975,(1977), and/or temporal coher-
ence (Christiansen et al.,[2014; Shamma et al., 2011} [2013). Stimuli that match
or are sufficiently similar in such grouping cues can be integrated into one
common stream, and stimuli with larger differences in these aspects are likely
to be segregated into separate sound objects (Bregman, |1990). For changes
over time, perceptual continuity rules their integration, so that more similar,
slowly-varying stimuli are likely to form one stream, whereas more different,
fast-varying stimuli are likely to be segregated.

Listeners often face difficulties in focusing their attention selectively on one out
of multiple concurrent streams (McDermott, 2009). Studies have demonstrated
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that selective attention and the segregation of auditory objects and streams
are closely intertwined, as the segregation of concurrent streams does not only
depend on differences in perceptual aspects between components of the sound
but also attention (Bregman, [1990; Moore and Gockel, 2002; Noorden, [1975).
The temporal coherence model described in Shamma et al. (2011,2013) even
suggests that attention to an auditory feature is the starting point for auditory
object formation, from which further matching features are grouped.

The processes that give rise to the formation of an object or stream are also
known to be not necessarily occuring instantaneously, instead auditory streams
have been reported to arise gradually over a time of several seconds of listening,
referred to as a build-up effect (Anstis and Saida, |1985; Bregman,|1978; Bregman,
1990).

Auditory stream segregation stands at the foundation of how the human brain
builds up a percept of the acoustic scene. Similarities and differences among
the perceptual quantities of sounds’ components are used for grouping and
segregation of auditory objects and streams. Consequently, changes to these
percepts introduced by listening devices may also fundamentally change a lis-

tener’s percept of the acoustic environment.

1.2 Hearing aids

Hearing impairment is often assessed using audiograms, measuring the thresh-
olds of sound pressure levels at which a person begins to perceive a pure tone at
various frequencies in the range of hearing and comparing them to the average
threshold of normal-hearing listeners. A hearing loss can then be defined as
a sound pressure level difference to the normal-hearing average (Sataloff and
Sataloff, [2005). Hearing aids (HA) address hearing impairment by changing
the sounds delivered to the impaired ear, foremost by frequency-band specific
amplification, aiming to compensate for the difference in hearing thresholds
and lack of compression, but also by processing the sounds to reduce back-
ground noise, enhance certain features, or audibility in general (Kates, 2008).
The hearing aids’ usefulness can reach its limit for severe-to-profound losses,
that surpass 70 dB above the threshold for normal-hearing listeners. This also
includes patients who only have residual hearing limited to low frequencies.

Patients with such extensive hearing losses, areas of poor neural survival along
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the basilar membrane, inner hair cell loss, or poor speech discrimination are
typically considered candidates for cochlear implantation (Flynn et al.,|1998;
Moore and Alcantara, 2001} Vickers et al.,2016).

1.3 Cochlear implants

CIs can partly restore hearing in patients with hearing losses so severe that
patients no longer benefit from HAs (Flynn et al.,{1998) and can also be used
to give a sense of hearing back to deaf patients (Zeng et al., |2008). Different
configurations are possible: Bilateral implantation, unilateral implantation with
anormal-hearing ear on the other side (so-called single-sided deafness patients;
SSD) or unilateral implantation combined with impaired hearing aided by a
HA, a middle ear implant, or bone conduction HA on the other ear (so-called
bimodal CI patients). In addition to that, there exist hybrid CI devices that aid
residual acoustic hearing in the implanted ear via a HA-component in the CI,
also referred to as electro-acoustic stimulation (EAS) (Offeciers et al.,2005; Zeng
etal.,2008).

ClIs bypass large sections of the auditory system, namely the outer, middle,
and inner ear, with an array of electrodes surgically inserted along the basilar
membrane of the cochlea. In the healthy auditory system, about 3500 inner
hair cells are distributed along the roughly 3.5 cm of the basilar membrane. The
sounds’ energy is coupled into the cochlea via the oval window and creates trav-
elling waves along the membrane. Consequently, the ends of the inner hair cells
(stereocilia) are bend, which leads to electric spikes in the auditory nerve fibers
of the spiral ganglia. Due to a tonotopic organization of the cochlea, higher
frequencies lead to a maximum excitation closer to the oval window, while lower
frequencies lead to a maximum excitation towards the opposing apical end of
the basilar membrane. Each point along the basilar membrane has a maximum
sensitivity for a characteristic frequency (Oxenham,2018; Plack,|2018).

The CI’s electric stimuli stimulate the auditory nerve fibers in the spiral gan-
glia directly (Zeng et al., |2008), circumventing inner and outer hair cells. In
the healthy cochlea, about 12000 outer hair cells are activated along with the
inner hair cells, amplifying the vibrations along the basilar membrane through
changes in their length (Oxenham,|2018; Plack, 2018). These outer hair cells

are also subject to inhibitory inputs from medial olivocochlear (MOC) efferent
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nerve fibers, through which top-down processes affect the effective amplifi-
cation dynamically (Aronoff et al., 2015; Lopez-Poveda et al., 2016). Since the
CI bypasses the hair cells and stimulates the auditory nerve directly, the top-
down processes cannot affect the percepts, in contrast to acoustic hearing with
enough surviving outer hair cells and a HA.

Aradio-frequency (RF) link connects the implant to an external sound processor.
The electrode array within the cochlea is connected to the RF link’s coil-housing,
which is surgically placed between the skin and the bone of the skull. The
external sound processor features microphones to pick up sound signals and
processes them before transmitting the signals to the implant’s electrodes (Zeng
et al.,|2008).

The encoding of pitch information necessitates a fine spectral resolution and
ideally, a large coverage of stimulation over the auditory nerve cells located
along the extend of the basilar membrane. But the CI electrode-array insertion
depths achieved clinically do not generally allow to reach the most apical regions
of the cochlea, where the auditory nerve fibers tuned to the lowest frequencies
reside (Oxenham, [2018). Two pitch percepts have been reported in CI listeners:
Place pitch, elicited by changes in the location of the stimulating electrode, and
temporal or rate pitch, elicited by changes in the pulse rate of the stimulation
(Oxenham, 2008).

ClIs feature typically twelve to twenty-two electrodes distributed over a length of
about 13 mm to 26 mm. Some electrode arrays feature shorter designs down to
as little as six electrodes distributed over 6 mm, with the aim to preserve resid-
ual acoustic hearing (Zeng et al.,2008). The common stimulation strategy for
CIs replaces the characteristic tonotopic encoding of pitch information in the
healthy cochlea by dividing a spectral range, typically about 200 Hz to 8000 Hz,
into bands allocated to the available electrodes. Like in the tonotopic pitch
encoding, more apically located electrodes are stimulated by sounds of lower
frequency and more basally located electrodes by sounds of higher frequency.
Generally, sounds are analyzed separately for each electrode’s frequency-band.
The sound’s envelope is extracted and multiplied with a high-rate biphasic
pulse-train carrier signal (Zeng et al.,[2008).

Apart from one manufacturer, the temporal pitch percept is not used in clin-
ical CIs. It increases along with the pulse rate at least up to a limit of about
300 Hz (Mcdermott, 2004; Shannon, |1983a; Zeng,[2002). A study by McKay et al.
(2000) concluded that these two pitch percepts are generally represented along
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independent dimensions, perhaps similar to pitch and brightness in acoustic
hearing, so that the place pitch in CIs may correspond to a dimension of timbre
(Mcdermott, 2004; Oxenham, 2018). CI listeners in Luo et al. (2012) performed
better on a melody identification task when temporal and place pitch cues
changed congruently than incongruently, suggesting that both cues could be
integrated into a common percept, or are at least not completely independent.
This becomes clearer considering the results of Lamping et al. (2017), who found
that both pulse rate and electrode place induced perceptual dimensions that
were linked to pitch and timbre. With only the place pitch cues from the clinical
place pitch encoding, CI patients face limitations in pitch perception (Oxenham,
2018).

The loudness of sounds is encoded via variations in the stimulation current
level. In a CI fitting process, the device parameters are adjusted to an individual
patient. A threshold current level, at which a CI patient begins to perceive the
stimulation of a given electrode, and a maximum comfortable current level are
defined per electrode. The CI processor maps sounds into the range in between
these current levels (Zeng et al.,[2008).

The CI represents sounds in a fundamentally different way compared to normal-
hearing and hearing aids. Moreover, many parameters can influence the percept
that arises from the electrical stimulation, such as the depth of electrode-array
insertion, the nerve-fiber survival-state, the distance between the electrode
and the modiolus or the spiral ganglia, the patients’ duration of deafness and
experience with the CI, and the fitting of the device parameters (Oxenham, 2018;
Zeng et al.,|2008). Since the electrode array resides within the cochlear fluid, the
electric stimulation by even a single electrode can spread over a wide area along
the cochlea and lead to interactions across channels. In areas with poor or no
neural survival, places located further from the electrode can be stimulated
due to the current spread, with respective changes in percepts (Oxenham, 2018;
Zeng et al.,2008). Even with full neural survival, the spread of excitation leads to
the stimulation of a larger ensemble of cells, resulting in a very different neural
excitation pattern compared to the healthy auditory system. Hence, a simple
pure tone signal is unlikely to evoke percepts that are comparable to the pitch
of a pure tone (Landsberger et al., [2016; Liang et al.,(1999; Shannon, |1983b).
The spread of excitation in current Cls is equivalent to 12 - 24 dB per octave
(Bingabr et al., 2008) and limits speech reception (Fredelake and Hohmann,
2012; Jiirgens et al.,|2019; Zamaninezhad et al., 2017)
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Studies of speech reception have shown that beyond about eight channels resp.
electrodes, CI patients do not benefit from the additional information presented.
Therefore, even for broad-band sounds such as speech, clinical stimulation
strategies generally only stimulate a limited number of electrodes (Bingabr et al.,
2008; Fishman et al., 1997} Friesen et al.,[2001).

To sum up, CIs can provide patients suffering from severe hearing loss with a
new means of hearing. These devices represent sounds in a profoundly different
way and are optimized to represent speech signals, encoding the envelope of
sound signals in a number of bands out of a limited frequency range. They
do not encode the sound’s fine structure and CI patients also face limitations
regarding pitch perception. Hence, the perception of sounds with a CI differs
strongly from normal hearing, which may lead to changes in the auditory sys-

tem.

1.4 Streamingand integration ofinformation across ears

in cochlear implant patients

The clinical stimulation strategy provides adequate spectral resolution to under-
stand speech well in quiet (“Speech recognition with primarily temporal cues”
1995; Zeng et al.,|2008). Nevertheless, CI patients often struggle to understand
one voice among a background of competing sounds or a single melody from
concurrent melodies (Galvin et al.,[2009a; Hong and Turner, [2006; Nelson et al.,
2003).

The spatial cues available through binaural stimulation, namely interaural time
differences (ITDs) and interaural level differences (ILDs), can aid the perceptual
separation of concurrent talkers in both bilateral and bimodal CI patients (Bern-
stein et al.,2016), but current CIs do not reproduce spatial cues accurately. This
reflects in limited localization abilities (Easwar et al., 2018; Litovsky et al.,[2017;
Seeber, 2004). These cues are also relevant for stream segregation (Bregman,
1990). But apart from binaural cues, also binaural processes can be affected in
CI patients and limit their performance.

A number of studies have investigated whether CI patients are able to form
streamed percepts monaurally from sequential (Chatterjee et al.,[2006; Cooper
and Roberts, 2007; Duran et al.,|2012) or simultaneous, concurrent stimuli (Car-
lyon et al.,|2007; Cooper and Roberts, 2010; Deeks and Carlyon, 2004). While
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the studies suggest that patients can use either cue for streaming, they generally
struggle with situations that require stream segregation with the clinical devices
(Galvin et al.,|2009a; Hong and Turner, 2006; Nelson et al.,2003). This could be a
result of the limited perceptual separation provided via only the place pitch cues
clinically, as well as binaural mismatches and changes in binaural processes.
It has been demonstrated that CI listeners can benefit from larger separations
in both place pitch (Paredes-Gallardo et al.,[2018b) and temporal pitch cues
(Paredes Gallardo et al.,|2018c) to segregate sequential stimuli into separate
streams. However, it is not clear whether bimodal and bilateral CI patients form
integrated streams from binaurally presented stimuli.

A CI conveys sounds in an entirely different way compared to normal-hearing
or a HA, and many factors can influence the percept evoked by the electrical
stimulation of the CI (Oxenham, |2018; Zeng et al.,|2008). Moreover, Cls, like
HAs, are generally subject to a delay from input to output and operate without
synchronization across ears (Kates, 2008; Zeng et al.,|2008). Hence, whether
patients are aided with unilateral or bilateral CIs, their percepts of sound from
the same sound source can easily vary across ears in many perceptual aspects
that serve as streaming cues, such as pitch, loudness, and timing (Gordon et al.,
2017). In the case of bilateral CI patients, for example, the electrodes paired clin-
ically are often not perceived as pitch-matched (Aronoff et al.,[2016a). Hence,
whether percepts of one sound source are perceived the same across ears ties
directly into the question of whether CI patients can utilize the input from their
two ears together effectively. If the perceptual proximity across ears is not given,
the patients could either fail to form objects binaurally or adapt in various ways
to the new stimulation, for example by changes in percepts or in the binaural
processes involved in object formation and streaming.

Yoon et al. (2013) investigated the effect of spectral mismatches across ears in
a study simulating bilateral ClIs with normal-hearing participants and found
that spectral mismatches affected the binaural benefit attributed to the squelch
effect and redundancy negatively for sentence recognition. Likewise, Aronoff
et al. (2015) found that the CI processor’s spectral and temporal compression
could prevent bimodal CI listeners’ from grouping simultaneous binaural stim-
uli (binaural fusion).

However, such studies using vocoders to simulate the effects of CIs cannot
account for possible adaptations in CI listeners due to extended exposure to

the stimulation. A range of adaptive behavior has been described for bimodal
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CI patients’ pitch percepts (Reiss et al.,|2014b). The pitch percepts either (1.)
reduced the interaural mismatch through adapting pitch percepts, (2.) aligned
pitch percepts to a common low pitch percept across multiple electrodes, or (3.)
showed no adaptation in pitch percepts over time. In the case of a reduction
in interaural mismatches, the perceptual adaptation could also lead to a more
normal grouping behavior, while constant pitch percepts could either lead to a
lack or adaptations of binaural grouping.

Another way to assess the integration of binaural stimuli is to use recordings
of the auditory brainstem, as, e.g., Gordon et al. (2012) did to investigate the
role of place cues. They obtained binaural difference (BD) measurements from
bilateral CI listeners, also known as the binaural interaction component (BIC).
This measure is based on the difference in between the response from binaural
stimulation over the sum of the monaural auditory brainstem responses. The
measurements indicated that the BD persisted over misalignments in place of
stimulation up to four electrodes and vanished at larger interaural mismatches.
Gordon et al. (2012) interpreted this as a sign of underdevelopment and/or
underutilization of the tonotopic organization of the auditory brainstem in CI
listeners. However, the wider range could also be a result of the spread of excita-
tion over a wider area along the cochlea, i.e., alarger collection of auditory nerve
fibers. Further, the BD amplitude was largest when the stimuli were balanced
in level.

Apart from such objective measures relying on measurements on the audi-
tory brainstem, several studies have investigated binaural fusion in CI patients
with listening experiments, usually relying on listener feedback. Fitzgerald et
al. (2015) found that some bilateral CI listeners did not reportloudness-matched
binaural stimuli as fused and/or centered even after a bilateral loudness-alignment
had been performed. Suneel et al. (2017) also found that bilateral CI patients
often had difficulties fusing sounds and that localization performance corre-
lated with binaural fusion. In clinical practice, matching loudness binaurally
is more complex because of the independent automated gain controls (AGC)
used in the devices. For bilateral CI patients, the AGC systems are typically
the same across ears. But due to the head shadow effect, the devices across
ears face different sound pressure levels, so that the AGCs operate at differ-
ent working points. Thus, the interaural level cues will be distorted without a
link for synchronization between the devices. For most bimodal CI patients

the AGC systems, coming from independent manufacturers, may operate very
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differently, leading to further distortions (Veugen et al., 2016). The observed
lack of binaural fusion in these studies could be a sign of maladaptation in the
processes for binaural grouping under the extended exposure to mismatches
in bilateral percepts or prolonged period of deafness. It fits thus, that Gordon
etal. (2017) concluded from studies on pediatric CI patients, that deafness or
the lack of access to binaural input disrupted the processes of binaural hearing
and that current hearing devices were unable to reverse these changes and/or
promote expected development.

Such changes in binaural processes surface in several further studies: Normal-
hearing listeners fuse dichotic stimuli over a small pitch-range, up to 0.3 octaves.
At higher frequency separations, listeners perceive binaural beatings or tones
of separate pitches (Brink et al., [1976). It was found that most CI patients,
both bimodal and bilateral, may group dichotic stimuli over a far wider pitch
range, up to the equivalent of four octaves or even across the entire range of the
electrode-array (Kan et al.,|2013; Reiss et al.,[2014a,2017; Steel et al.,2015). Such
an abnormal grouping behavior could be detrimental to the patients’ listening
performance if it leads to a grouping of sounds from separate sound sources.
But the studies have also shown some variability both in the patients’ behavior
and the range over which they appear to group dichotic stimuli. In any case, the
widened grouping behavior could also fundamentally affect binaural streaming
in CI listeners.

As Gordon et al. (2017) argued, it may be necessary to change clinical practice
and implement binaural fitting targets, which match pitch, loudness, and tim-
ing across devices for bilateral but also bimodal CI patients, to allow them to

integrate sounds and form streams binaurally.

1.5 The hearing of bimodal cochlear implant patients

Bimodal CI patients are stimulated electrically by the CI in one ear and acous-
tically by the HA on the other ear. Hence, they are subject to fundamentally
different representations of the sounds around them when one ear is compared
to the other (Offeciers et al.,|2005}; Zeng et al.,[2008). Moreover, their residual
hearing is often limited, with a mild-to-moderate hearing loss up to 500 Hz,
that transitions to a severe-to-profound hearing loss above 500 Hz (Ching et al.,
2007; Gifford et al.,[2007).
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Even in case of a severe hearing loss, the HA component offers potential ad-
vantages over a CI, such as access to low-frequency sounds, fine structure, and
fundamental frequency cues, which also can aid stream segregation and speech
reception (Dorman and Gifford, 2010; Kong et al., 2005; Seeber, 2004; Williges
etal.,[2015). These cues help bimodal patients to a better recognition of tone
in (Mandarin) speech, but not vowels, while the bimodal configuration also
appears to reduce listening effort over the unilateral CI alone (Chang et al.,
2016). Despite that, Gifford et al. (2007) concluded that bilateral implantation
with fully inserted electrode arrays may offer better speech reception for the
patients over bimodal aids. One contributing factor is the limited residual hear-
ing of most bimodal CI patients, often with a mild-to-moderate hearing loss
up to 500 Hz, that transitions to a severe-to-profound hearing loss at higher
frequencies (Ching et al., 2007} Gifford et al., 2007). Nevertheless, the bimodal
configuration gives rise to a significantly better speech reception over the unilat-
eral Cl alone, despite generally worse performance with the HA alone compared
with the Cl alone (Bernstein et al., 2016; Gifford et al.,2007; Hamzavi et al.,|2004).
Likely, a significant part of the bimodal benefit with CI and HA combined is
derived from the low frequencies up to 250 Hz or 300 Hz alone, that increase
with access to a broader acoustic range, as demonstrated with CI simulations
using vocoders (Sheffield et al.,[2016; Zamaninezhad et al.,2017). Still, the lack
of symmetric binaural stimulation may at least partly explain the differences
between bilateral and bimodal CI patients’ performance.

Another factor contributing to binaural processing may be a lack of similarity
in the representations of a sound source across ears. Ma et al. (2016) compared
different frequency mappings in a unilateral CI simulation with normal-hearing
listeners and concluded that individualized frequency-mappings were the best
basis for optimum speech perception in noise. However, it remains unclear
whether the benefit of this optimization is worth the additional time in clinical
practice. Also, the loudness across bimodal devices is not aligned for most de-
vice combinations, since only some systems attempt to link and align loudness
via matching and linked automated gain controls (AGCs) across ears and devices.
Using the same compression systems across HA and CI can yield significantly
improved speech reception in noise and reduced listening effort compared to
independent systems with different AGC systems (Veugen et al.,|[2016).

An important question for the CI and HA in the bimodal combination is how to

adjust their fitting parameters, so that patients can achieve optimum listening
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performance. The bimodal fitting is generally seen as the fitting of a HA to a
unilateral CI, and both devices are not necessarily fitted by the same profes-
sionals (Scherf and Arnold, |2014). Hence, the CI fitting procedure follows the
same approach as for any unilaterally fitted CI. Current levels for the various
frequency bands, resp. electrodes, are adjusted for the listening threshold and
comfortable loudness, according to the guideline provided by the CI's manufac-
turer.

Ching et al. (2004) developed a fitting procedure for HAs worn contralateral to
a CI, optimizing their frequency-dependent gain and compression ratio, aim-
ing to achieve a loudness balance across ears. This was used in Morera et al.
(2012) with bimodal listeners showing large individual variation in both speech
reception and binaural benefit. While a significant binaural summation effect
was found for speech and noise from the front, when the noise was spatially
separated from the speech, the advantage varied with interaural asymmetry in
monaural listening performance. The binaural squelch effect was only signifi-
cant when the noise was presented to the HA side, but not when it was presented
to the CI side. The bimodal stimulation led to significantly better sound localiza-
tion and subjectively better sound quality. However, the balancing procedure
from Ching et al. (2004) had no overall effect on the outcome.

Vroegop et al. (2018) reviewed studies on bimodal CI patients regarding the
HA fittings used and came to the conclusion that the standard HA prescription
rules, NAL-NL1, NAL-NL2, and DSL, were a good and common starting point
for fittings of a bimodal HA. Yet, they found no clear evidence as to how specific
decisions contributed to bimodal performance. Frequency lowering or trans-
position techniques were found to offer no benefit. In Vroegop et al. (2019a)
the Adaptive Phonak Digital Bimodal (APDB) fitting formula was compared to
a standard HA fitting formula, the NAL-NL2. Significant differences between
the two formulas surfaced at and above 2 kHz: The APDB provided less gain
and a higher compression ratio for frequencies upwards from 1 kHz. A loudness
balancing did not lead to significant deviations from the initial gain targets
of the APDB formula. Nevertheless, a bimodal benefit was found for speech
reception in quiet and in noise. However, the gain and compression changes
of the APDB formula did not result in significant changes to the performance
compared to NAL-NL2. Vroegop et al. (2019b) compared other HA fitting meth-
ods for bimodal CI patients. While, again, the bimodal stimulation provided

superior listening performance over that of the CI alone, overall no significant
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differences were found in the tested methods (NAL-NL2, and Audiogram+ with
either broadband or narrowband loudness balancing).

Some CI manufacturers have released specific guidelines for the bimodal fitting
(Advanced Bionics, 2016; Reyes, 2016), but also these describe only the fitting
of the HA component after the CI has been adjusted without any regard to the
HA. All current fitting formulas appear to facilitate bimodal benefits, but the
differences in the specific approaches do not lead to significant changes in
listening performance. While some of the fitting procedures attempt to align
loudness across ears, none of them attempt alignments in other aspects, such as
pitch, timbre or timing. Additionally, these different approaches for the fitting
of the HA in the bimodal setting are not necessarily applied in clinical practice
as the HA is even not commonly refitted after CI activation and many CI centers
lack experience with HA fitting altogether, as reported by Scherf and Arnold
(2014).

The differences in stimulation and percepts (Reiss et al., 2014b) across ears
could affect the binaural processing of bimodal CI patients auditory system and,
therefore, their ability to form streams from binaural stimulation, indicated by
the grouping of dichotic stimuli over a wide pitch range in Reiss et al. (2014a),
as discussed before. For pediatric bimodal CI patients, one-sided or asymmet-
ric stimulation has been shown to affect binaural processing (Polonenko et al.,
2019). While these patients adapt to binaural stimulation and their performance
improves over time, children with longer periods of asymmetric hearing may
develop an abnormal independence of the bilateral auditory pathways. This
may be an effect of mismatches in interaural percepts.

Hence, differences in percepts across ears, not accounted for by current fitting
methods, may prevent bimodal CI patients from taking full advantage of their

binaural aids through binaural hearing and binaural streaming.

1.6 Aims and overview of the thesis

The motivation for the studies in this thesis was to understand better how well
CI and HA work together in bimodal CI patients. Yet, in order to understand the
situation for bimodal CI patients, it may be necessary to first understand that
of bilateral CI patients, for whom the sound representations in both ears may

be more similar, while they are also subject to any limitations and changes in-
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troduced by Cls alone. Previous studies did not specifically investigate whether
there are differences in between how normal-hearing listeners and either bi-
modal or bilateral CI patients integrate stimuli from both ears into streams
through binaural processing. The studies of this Ph.D. thesis center on the
question of whether cochlear implantation affects the abilities to perform such
binaural streaming that integrates stimuli from both ears into a single common
sound object. Understanding if and how bimodal CI patients form streams
from binaural stimulation could provide vital information regarding guidelines
for the CI candidacy criteria, optimization of clinical device fitting, and the
underlying stimulation strategies for the devices. Studying this for bilateral as
well as bimodal CI patients allows to compare these groups and to examine
which potential changes might be a result of cochlear implantation and which
could be attributed to the combination of HA and CI across ears in the bimodal
CI configuration.

As a starting point, chapter 2 deals with this question from the point of view of
the patients themselves, on the example of bimodal CI patients, which could
exhibit strong perceptual differences due to the different sound representations
by CI and HA. A survey was carried out assessing whether these patients ex-
perience sounds as integrated into a common sound object or stream across
HA-aided and CI-aided ears in their daily life. Along with this question, differ-
ences in pitch and loudness and device reliability regarding sound localization
and preferences for sound quality, and whether this could be linked to the pa-
tients’ self-reported listening performance were assessed.

To assess binaural streaming without subjective descriptions from the patients,
anew experimental method was needed. Chapter 3 describes the method devel-
oped to assess binaural streaming and verifies it with normal-hearing listeners.
The chapters 4 and 5 take up this method and detail how it was adapted for
bilateral (chapter 4) and bimodal (chapter 5) CI patients. Bilateral CI patients
provide the opportunity to perform testing purely with electrical stimulation,
therefore giving rise to perhaps the most similar stimulation and sound repre-
sentations across ears possible with CIs. Hence, they are both by themselves
an intriguing subject of research but also an important step on the way to un-
derstand binaural streaming in bimodally aided CI patients. Therefore, the
new method was first utilized to assess the bilateral CI patients’ capability for
binaural streaming (chapter[4), before it was adopted for bimodal CI patients,

for whom the interaural sound representations through electric and acoustic
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stimulation are fundamentally different.
Finally, chapter 6 summarizes the main findings of each chapter and its impli-

cations.



2

Self-assessment of binaural integration
in bimodal cochlear implant patients®

Abstract

Purpose: For bimodal cochlear implant (CI) patients, aided with a
contralateral hearing aid (HA), sounds might be perceived differ-
ently in each ear, since both devices represent sounds in different
ways. Hence, it might useful to investigate if patients integrate the
binaural sensations into a singular sound-source percept and how
they perform in listening tasks.

Method: A survey offers a quick and simple, yet ecologically valid
way to assess binaural integration. 38 experienced bimodal CI pa-
tients were interviewed regarding whether they perceived the sound
from one sound-source as one sound object and if this influenced
their perception differently across ears in six everyday listening-
situations. Listening abilities were assessed using the SSQ5 ques-
tionnaire (Mertens and Heyning,[2013). The device manufacturer
was not a selection criterion.

Results: Some patients reported integrated percepts, whereas the
majority reported to perceive not a simple, single sound object
along with differences in pitch, loudness, and sound quality across
ears. Frequently, the CI was perceived as higher and louder, with
better sound quality and better for localizing sounds. Participants
with better integration trended towards lower listening-effort, and
better speech reception in noise.

Conclusions: Bimodal CI patients might benefit from being able to
integrate electric and acoustic percepts regarding listening-effort
and speech reception in noise, but only a minority reported such
integration, independent of listening-situation. The connection to

2 This chapter is based on Janssen et al. (2019a, under revision).

17



18 2. Self-assessment of binaural integration in bimodal CI

the performance-measures is not clear, but these depend not on
binaural integration alone. A lack of binaural integration coincided
with larger differences pitch and loudness percepts. Conversely,
aligning the sound representations across ears could make it easier

for patients to binaurally integrate sounds.

2.1 Introduction

Bimodal cochlear implant (CI) patients utilize a hearing aid (HA) on the con-
tralateral ear. These two devices produce auditory sensations in very differ-
ent ways. HAs provide amplification to acoustic sounds (among other signal
processing) and present these to the impaired auditory system through a loud-
speaker at the ear. Cls are based around an electrode array inserted into the
cochlea, exciting the auditory nerve fibers in the spiral ganglia more directly
via electric pulses. Only a limited number of positions along the cochlea can
be stimulated due to the finite number of electrodes. The electrode positions
are used to convey pitch information, resulting in a limited pitch resolution
(Oxenham, 2018; Zeng et al., 2008). The electrode array is suspended inside the
cochlear fluid, so that the CI’s electric stimulation is subject to current spread,
which excites a larger area of cells along the cochlea. This further limits the abil-
ity to represent different and precise pitches and heavily influences the sound
percepts (Oxenham, [2018; Zeng et al., 2008). Furthermore, HAs and Cls are
often produced by different manufacturers, using different signal processing,
and fitted independently and by different professionals without common fitting
procedures (Scherf and Arnold, 2014). Both devices are also inducing a delay to
the sound, and do not operate synchronized. Hence, they introduce changes
in various perceptual aspects of the sounds that can serve as cues for auditory
streaming, such as pitch, loudness, and timing (Gordon et al., 2017). More-
over, bimodal CI patients often only have a limited range of mild-to-moderate
residual hearing in the frequency range up to 500 Hz, with a transition into
severe-to-profound hearing loss above this frequency (Ching et al., 2007; Gif-
ford et al.,2007).

Yoon et al. (2013) and Aronoff et al. (2015) demonstrated in CI-simulation stud-
ies that spectral mismatches across ears prevented listeners from grouping
simultaneous binaural stimuli and affected the binaural benefit arising from
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the squelch effect and redundancy. Yet, the bimodal combination of HA and
CI has been found to improve speech reception in noise (Dorman and Gifford,
2010; Kong et al., 2005; Seeber, 2004; Williges et al.,2015), but the benefit of
these bilateral devices varies significantly across patients (Ching et al., 2007;
Dunn et al.,|2005).

One important aspect explaining the variation in performance of CI listeners
may be adaptation to the new stimulation. Reiss et al. (2014b) found large inter-
individual differences in term of pitch adaption for bimodal listeners ranging
from no change to large pitch changes with time. While adaptation to continued
stimulation by a CI can occur, it may vary strongly for an individual patient. In
addition to pitch, adaption of the binaural processes can also occur, as results
in pediatric CI patients in Polonenko et al. (2019) demonstrate.

This could lead one to question if the bimodal CI patients integrate and ex-
ploit the available binaural information in the same way as normal-hearing
listeners. One might also wonder how patients will perceive sounds of the same
sound-source under combined stimulation from both devices. Patients who
integrate the binaural information perceptually like normal-hearing listeners
should perceive the sound from one source as one sound object (Bregman,
1990). If bimodal CI patients did not integrate sounds in the same way binau-
rally, they could perceive something more complex, or even two separate sound
objects with different pitch and loudness from their two ears. Consequently,
they might struggle in situations where the use of binaural cues is an advantage,
such as when localizing sounds and understanding speech in noise, and this
could (partly) explain the high variability in patient performance (Litovsky et al.,
2017)).

To investigate whether bimodal CI patients integrate the binaural sounds nor-
mally, Reiss et al. (2014a) presented various combinations of short loudness-
balanced acoustic pure-tone and biphasic pulse-train stimuli as dichotic stimuli.
For each combination, the participants reported whether they perceived (1.)
one and the same single sound in both ears, (2.) one sound in the left ear only,
(3.) one sound in the right ear only, or two sounds with either (4.) the left ear
higher in pitch, or (5.) the right ear higher in pitch. Stimuli were interpreted as
integrated in case the participants answered same (1.) or if they were reported
as lateralized to either side (2., 3.). The results showed abnormally-broad fusion
ranges, over up to four octaves. This abnormally-broad binaural integration

was weakly correlated to interaural pitch-perception mismatches, which could



20 2. Self-assessment of binaural integration in bimodal CI

indicate a link between both. Reiss et al. (2017), showed a similar wide binau-
ral fusion for bilateral CI patients and pointed out that such a large range for
binaural integration of sounds could be detrimental for tasks relying on source
segregation, such as the perception of speech in noise.

The integration of binaural input was also investigated with speech stimulj,
namely, vowels. In a study by Guérit et al. (2014), bimodal participants were
presented with two-formant vowels, one formant per ear. Results indicated that
bimodal listeners face difficulties in integrating both sounds into a percept of a
single vowel, which NH listeners were capable of in the same study. Reiss et al.
(2016) also studied the binaural integration of vowels, where the first formant
spectral peak was varied, while the second formant was kept constant. Such
stimuli were presented both monaurally, as well as binaurally. The bimodal CI
participants showed various kinds of frequency-dependent integration behav-
ior: (1.) similar monaural and binaural percepts, (2.) percepts dominated by
one ear, (3.) percepts averaged across ears and (4.) interference caused by the
binaural stimulation. However, the integration behavior could not be predicted
based upon interaural pitch-perception mismatch or broad pitch-fusion behav-
ior. Still, the variance in integration-behavior is large and illustrates that, indeed,
normal binaural integration might be absent in most bimodal CI patients.
Binaural integration could also be studied using objective measures, such as the
binaural interaction component (BIC) in auditory brainstem-responses (ABR),
the difference in between the response from binaural stimulation to the sum of
the monaural responses (Dobie and Norton,|[1980). Gordon et al. (2012) used
this to show how differences in electrode place, resp. pitch, and level reduced
the BIC. However, such measurements are complex, costly, and require a lot of
time. Especially the amount of time necessary may prevent their use in clini-
cal practice. It is thus beneficial to explore binaural integration in other ways,
which could more easily be used clinically, before resorting to such objective
measures.

Our understanding of the differences and difficulties in binaural integration
found in the previous studies can be aided by the patients’ perspective from
their everyday listening experience. Results from this may be more ecologically
valid and could foster a better understanding of their performance in listening
experiments. A questionnaire provides a relatively easy way to obtain informa-
tion about their perception of everyday sounds and what specifically patients

perceive as different. It also provides the means to let participants indicate
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differences in their percepts and whether they experience binaural integration
with greater subtlety than a binary answer. This could, for example, be useful if
only part of the sounds’ representations were integrated, perhaps in a certain
spectral range. Moreover, it allows an assessment regardless of which manu-
facturer’s devices the patients use, making it easier to collect a larger number
of responses. It has been suggested that the binaural integration of sound-
information relies at least partly on the perceptual similarity of sounds in the
binaural auditory system (Breebaart et al., 2001; Bregman, |1990; Goupell et al.,
2013; Zhou and Durrant,2003). Thus, we hypothesize (1.) that users who inte-
grate sounds perceive lower perceptual differences across the devices and (2.)
rate their performance in everyday listening-tasks better. With fully-integrated
percepts, bimodal CI patients might find it less of an effort to listen (Bernstein
et al.,2016; Chang et al., 2016; Steel et al.,[2015; Veugen et al.,2016), be able to
better localize sounds (Kan et al.,2013), and better understand speech in noise,
since they can use the combined information from both ears (Gifford et al., 2007;
Ma et al.,2016). To investigate whether there is such a relation based on the
patients’ own perspective, they were given a newly-developed questionnaire for
assessing their abilities regarding everyday listening tasks and the perceptual
differences across their HA and CI aided ears. The listening performance was
assessed in an efficient way via the SSQ5 questionnaire (Mertens and Heyning,
2013).

2.2 Participants

For this study, 38 bimodal CI patients have been recruited for interviewing ei-
ther at the Technical University of Denmark (14 participants) or at the German
Hearing Centre of Hannover, Germany (24 participants). Participants gave their
informed written consent and the study was approved by the Science-Ethics
Committee for the Capital Region of Denmark (reference H-16036391). No
specific ethical approval was required for conduction of a survey at the German
Hearing Centre. Participants had at least six months of experience with the
bimodal aids. Their age ranged from 35 to 86 with a mean of 61.6 years. One the
HA-aided side, participants had sensorineural hearing-loss that ranged from
mild to severe, but audiogram data was not generally available for this study.

The manufacturer of the devices was not a selection criterion. Ten participants
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were aided with Advanced Bionics (Stidfa, Switzerland), nineteen with Cochlear
(Macquarie University, Australia), five with Med-El (Starnberg, Germany), and
three with Oticon Medical CIs (Smerum, Denmark). More information on the

participants is split across tab.[2.1]-

2.3 Surveydesign

The aim of the questionnaire was to explore the everyday experience regarding
binaural integration of sounds in bimodal CI users in a formal way. Therefore,
questions were posed about how patients perceived sounds under combined
stimulation by both devices in their daily life and in several everyday listening-
situations. The questions were designed in English, the common language
of all researchers involved, and then translated to the native languages of the
patients to be interviewed. The Danish translation was conducted by a native
Danish Audiologist, while the German translation was conducted by the native
German author N. A. J. The survey was conducted in personal interviews of
the participants, to ensure that they understood the questions and situations
described in the same manner.

The questionnaire was split into three sections, denoted A, B, and C. Section A
enquires about the development of the hearing impairment, time of experience
with the devices and their daily use, since these have been related to changes in
binaural processes and can affect the listening performance (Polonenko et al.,
2019). Section B consisted of six everyday situations in which the participants
should imagine themselves having a conversation to test if common acoustic
environments influenced the participants’ percepts with the devices. These
environments were similar to those common environments described in (Smeds
et al.,[2015).

These situations were:

* 1.) Quiet (as a reference),

e 2.) Abusyrestaurant with people talking in the background (multi-talker

speech noise),

¢ 3.) A nature scene with noise from the wind, such as in the forest or at

the sea (wind noise),
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* 4) Abusy street at rush-hour (traffic noise),
* 5.) Music in the background, e.g., from the radio, and

* 6.) Shopping in a supermarket (a complex mixture with many different

noise sources).

For all these six situations, participants had to indicate on a scale from no

difference (one sound) to absolutely different (two separate sounds) with num-
bers from zero to ten whether they integrated the percepts of one single sound
source from both devices into one common, uniform percept (question B1).
Although this question seems to call for a binary response, either one or two
sounds, a continuous scale was used to allow the participant to indicate if there
was more subtlety to whether they experience binaural integration, such as if
only part of the sounds’ representations were integrated.
In addition to this first question, participants had to answer four questions
regarding specific differences in percepts across their ears: pitch, loudness, as
well as which device was more reliable for localizing sounds and which preferred
for sound quality. Pitch and loudness were chosen since interaural differences
in these percepts have previously been linked to a lack of binaural integration
(Fitzgerald et al., [2015; Gordon et al., 2012; Suneel et al.,[2017; Veugen et al.,
2016). The device reliability for localization was assessed because localization is
based on interaural level difference and time difference cues (Easwar et al.,2018;
Fitzgerald et al.,|2015) and thus, reliance upon one device signals abnormal
behavior and could be a sign of changes in binaural processes, along with the rat-
ing regarding binaural integration. The sound quality rating is of interest, since
could likewise be affected by differences in percepts across devices. Answers to
these questions could be given on a scale running from minus five (HA abso-
lutely higher/louder/better) to plus five (CI absolutely higher/louder/better),
to allow participants to express not only if these aspects were balanced or not,
but also how strong a perceived difference was experienced.

Questions for a conversation in six everyday situations (section B) were:

e B1) Do you feel there is a difference in perception between your ears
in regard to how you perceive the sound from a single sound source?
Explanation: When a sound comes from one source, do you perceive two
sounds or one?
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* B2) Is there a difference between your ears in regard to how the height of

tones is perceived?

* B3) Isthere a difference between your ears in regard to how loudness is

perceived?

e B4) Isthere a device you use more to determine where a sound comes

from?
e B5) Which device do you prefer in regard to sound quality?

Question B1 was phrased in a way that may not solely have addressed bin-
aural integration. However, if participants were aware of differences in the
percepts from one sound source across their ears, they must first have perceived
the sound not as one uniform, binaurally integrated sound object.

In section C, listening abilities were assessed in a time-efficient manner using a
questionnaire called the SSQ5, which was derived from the larger set of ques-
tions of the SSQ, short for Speech, Spatial and Qualities of Hearing Scale, but
yielding comparable results with only five instead of fifty questions (Mertens
and Heyning,[2013). Participants could answer the SSQ5 questions on scales

from absolutely not to absolutely, with numbers from zero to ten.

Speech, Spatial and Qualities of Hearing Scale Questionnaire (SSQ5, section

C, Mertens and Heyning, |2013):

* Cl1) Canyou have a conversation with someone when another person is

speaking, whose voice is the same pitch as the person you're talking to?

e C2) You are sitting in between two people. One of them starts to speak.
Can you tell right away whether it is the person on your left or right,

without having to look?
* C3) Canyou tell how far away a bus or truck is, from the sound?

e C4) Do everyday sounds that you can hear easily seem clear to you (not
blurred)?

¢ C5) Do you have to concentrate very much when listening to someone

or something?

The questionnaire is available for download (https://doi.org/10.5281/zenodo0.2574015).



2.4 Results 25

2.4 Results

At the core of this survey is how question B1, aimed at whether participants
integrate the interaural stimulation into one single sound object, relates to de-
mographic factors from section A, specific perceptual aspects from section B,
and the listening-performance ratings from section C. Hence, we will first assess
the ratings from question B1 by itself, before looking at the relations to other
questions.

The average answers regarding B1 did not change significantly in the various
listening situations, as assessed by a Kruskal-Wallis one-way rank sum test not
relying on normally-distributed data (y? = 2.11, df=5, p = 0.834; Hollander
et al.,|1973). Therefore, the results were averaged over these situations for an
easier assessment. The difference in integration-ratings (B1) across the two
centers, where the study was conducted, was not significant (Kruskal-Wallis
one-way rank sum test: y2=2.5483, df=1, p =0.110). Still, the answers regard-
ing the integration-rating (B1) varied widely, the data was separated for a better
illustration of how the participants’ answers to the other questions varied in
conjunction with B1. To derive a sensible grouping, the participants integra-
tion ratings were analyzed using a cluster analysis. The cluster analysis used
the Lance-Williams dissimilarity update-formula applying Ward’s criterion, i.e.,
squaring dissimilarities before cluster updating (Murtagh and Legendre, [2014).
Later data analysis was again performed without this illustrative grouping. The
cluster analysis divided the participants into two main groups, as depicted in
fig. The first group reported no up to a moderate difference across ears in
B1, while the second group rated the interaural difference as moderate-to-high,
as can be seen comparing the interaural difference-ratings in the top panels of
fig.|2.2|(group reporting better integration) and fig.|2.3| (group reporting worse
integration). Three patients of the group reporting better integration reported
to perceive exactly one uniform sound, and another three reported minimal
differences up to one on the scale. Of the group reporting worse integration,
two participants reported to hear two fully-separate sounds and another one
reported an almost as high separation at 9.5 on the scale. The other participants
reported difference-values in the intermediate region, either more towards one
sound or more towards two sounds.

Information from the questions regarding the participants in section A can be
found in tab. - Using Kendall rank correlations, we assessed relations
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between participants’ demographics, devices, degree of hearing-loss and binau-
ral integration. The threshold for a significant correlation is high (p < 0.00217),
considering a criterium of p =0.05, corrected for 23 comparisons in total, and
none of the factors investigated showed a significant correlation to the raking
for question B1 (cf. tab. 2): This includes age (p =0.326), age at implantation
(p =0.365), time with hearing loss on the HA-aided (p = 0.980) and CI-aided
sides (p = 0.450), time of experience with the HA (p =0.545) and CI (p =0.705),
duration without aid on either side (HA: p = 0.749; CI: p = 0.852), the year
participants received the HA (p = 0.536) and CI (p = 0.608), the brand of the
HA (p =0.494) and CI (p = 0.0194), the categorical degree of hearing-loss (mild,
moderate, severe, profound; p = 0.412), and etiology (p = 0.847). Note that
the p-value for the CI-manufacturer is below the standard criterion of 0.05,
but not the significance-level corrected for the number of comparisons. The
study design was also not balanced regarding the devices’ manufacturers. For
this reason, this factor was considered as non-significant (as it might be a false
positive).

Section B contained several questions about specific perceptual aspects, namely
pitch (B2) and loudness of sounds (B3), reliability for localization of sounds (B4)
and preference for sound quality (B5). The results for these are shown in the
mid-panels of fig.|2.2|and fig. illustrating how these ratings varied for the
two groups. For the group reporting better integration, the median ratings in all
these measures were zero, indicating a balanced perception between HA and
CI. Nevertheless, the answers varied largely, with some extreme ratings towards
the CI being higher in pitch, louder, more reliable for localization, and better in
sound quality. For participants in the group reporting worse integration, me-
dian ratings increased from zero towards the CI, indicating stronger interaural
differences in these four aspects.

The relation between B1 and B2 to B5 was investigated for all participants to-
gether using Kendall rank correlations, corrected for multiple comparisons. The
absolute value of the four difference measures was used, since it takes imbal-
ance towards either device equally into account. The analysis showed that the
rating for binaural-integration correlated significantly with the absolute ratings
of pitch (B2; p =2.70%107*), loudness (B3; p = 1.87 x1073), the preference for
localizing sounds (B4; p =3.63%1073), and sound quality (B5; p =3.30x107%).
Fig.[2.4]includes the scatter plots for B1 vs. B2 to B5, illustrating both the large
variation and the correlations (cf. tab.[2.5).



2.4 Results 27

The bottom panels in fig.|[2.2|and fig. [2.3[show the self-assessed SSQ5 perfor-
mance ratings in everyday listening-tasks in order: Speech in noise (C1), local-
ization (C2), distance perception (C3), sound clarity (C4), and listening effort
(C5). Performance in each group and for each question varied over a wide range.
The median ratings for speech in noise, localization, sound clarity and listening
effort were slightly better for the group that reported better binaural integration,
while the rating for distance perception was not. But the differences in these
performance-measures between the groups tending more towards integrated
or separated sound percepts were not very pronounced. For speech reception
in noise (C1), assessed in the SSQ5 with simply one talker in the background,
most listeners rated their abilities only as moderate with exceptions towards
either extreme. The ratings were slightly better for the group, which reported
better binaurally-integrated percepts. The same can be concluded for sound
localization (C2), even in the simple case of discriminating sounds from the
left or right. Overall, the participants rated their abilities to judge the distance
of sounds (C3) rather low-to-moderate, but a few participants reported both
better integration and good ability to judge distances. Sound clarity (C4) also
varied widely across listeners, with most reporting it to be moderate-to-good.
Again, the participants who reported better integration also reported slightly
better clarity. Most participants also described their listening effort (C5) to be
rather high in general, with ratings showing a slightly lower effort for the group
that reported better integration.

Relations between these performance-ratings (C1 to C5) and binaural integra-
tion (B1) were investigated using Kendall rank correlations (cf. tab.[2.6). The
correlations for speech in noise (C1; p = 0.0718), localization (C2; p = 0.695),
distance perception (C3; p =0.653), sound clarity (C4; p =0.153), and listening
effort (C5; p = 0.0478) were all not significant, when accounting for the multiple
comparisons, albeit the correlations for speech in noise and listening effort had
relatively low p-values. Fig.[2.5|presents the scatter plots for these measures

over the integration rating (B1).
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Figure 2.1: Cluster analysis results based on the perceived difference across ears (B1). Numbers
at the bottom indicate individual participants. The group of participants to the left reported
better binaural integration, while the others reported worse binaural integration (cf. fig.[2.2]-
top panel)
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Figure 2.2: Results for participants who reported better binaural integration. Top panel: Binaural
integration rating (B1). Middle panel: Ratings for differences in pitch (B2), loudness (B3), pref-
erences for localization (B4), and sound quality (B5) across devices. Bottom panel: Listening
performance ratings (C1-C5). Circles indicate individual ratings.
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Figure 2.3: Results for participants who reported worse binaural integration. Top panel: Binaural
integration rating (B1). Middle panel: Ratings for differences in pitch (B2), loudness (B3), pref-
erences for localization (B4), and sound quality (B5) across devices. Bottom panel: Listening
performance ratings (C1-C5). Circles indicate individual ratings.
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Figure 2.4: Scatter plots of the absolute ratings for the perceptual aspects, by row: pitch (B2),
loudness (B3), localization-preference (B4), and sound quality (B5), plotted over the binaural
integration rating (B1).



32 2. Self-assessment of binaural integration in bimodal CI

Interfering talker Localization
1009 o ° ry ° .
° ° o
L] L] L [ ] ° e L]
7 5- L] L] L ° °
L] © L] [ ] ° °
504 ) ) e ® ° ° ° e » e
L] L] o
L] [ J ee L] L] L] o
2.5 © o® ° ° ° )
L] . . L °
0.0 ° °
o Distance Clarity
£ 1001 o ] . °
-— L] L] «® ® o
©
—_ ° ° o% °
o 7.5 ° ° ° ° ° ® o
o ® e °
C 504 ° ° ° °
m e o o® L] o
g ° L ] L [ ] ° L] °
o 2.51 ° ) ® e o ° °
= e o ° °
d‘: 004 °° ° ° ° °
- - 0.0 2.5 5.0 75 10.0
Listening effort
1004 © ° e e o
L ] L]
L] L ] L]
751 o ° X )
[ L]
5.04 L] e ° ° ee o
L]
°
2’5_ L] L] L L]
°
0.0
0.0 2.5 5.0 7.5 10.0

Interaural difference
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Table 2.1: Additional information on the bimodal participants’ gender, etiology, age in years
(a), the ear aided by the CI, their grade of hearing loss and the site they were recruited at (DTU:
Technical Univerisy of Denmark; MHH: Medical University of Hannover)

ID Gender Etiology Age/a CIEar Hearingloss Site
1 F Hereditary 35.2 R moderate DTU
2 F Hereditary 58.6 R severe DTU
3 F Meniere 67.2 L severe DTU
4 F Meningitis 35.2 R severe DTU
5 M Blood clot 58.6 R moderate DTU
6 F Meniere 67.2 R moderate DTU
7 M Hereditary 35.2 R severe DTU
8 F Middle ear infection 58.6 R severe DTU
9 M Presbycusis 67.2 L Unknown DTU
10 F Unknown 35.2 L Unknown DTU
11 M Hereditary 58.6 R Unknown DTU
12 M Sudden hearing loss 67.2 L severe MHH
13 F Meningitis 35.2 L profound MHH
14 M Unknown 58.6 L moderate MHH
15 F Unknown 67.2 L profound MHH
16 F Sudden hearing loss 35.2 L profound MHH
17 F Sudden hearing loudness 58.6 R moderate MHH
18 F Unknown 67.2 R profound MHH
19 M Hereditary 35.2 L moderate MHH
20 F Unknown 58.6 R profound DTU
21 F Sudden hearing loss 67.2 R moderate MHH
22 M Noise 35.2 L high-freq MHH
23 M Unknown 58.6 L high-freq MHH
24 F Noise 67.2 R profound MHH
25 M Otosclerosis 35.2 R profound MHH
26 M Unknown 58.6 R Unknown MHH
27 M Hereditary 67.2 R moderate MHH
28 F Presbycusis 35.2 R Unknown MHH
29 F Presbycusis 58.6 L Unknown DTU
30 F Hereditary 67.2 R Unknown DTU
31 F Presbycusis 58.6 L moderate MHH
32 M Apoplexy 67.2 L moderate MHH
33 M Hereditary 39.8 L moderate MHH
34 F Sudden hearing loss 58.6 R moderate MHH
35 F Sudden hearing loss 67.2 R moderate MHH
36 F Presbycusis 39.8 L profound MHH
37 F Presbycusis 58.6 L moderate MHH
38 F Meniere 67.2 R severe MHH
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Table 2.2: Additional information on the participants’ hearing devices
HA CI
ID Brand Type Brand Type
1 Phonak Naida SVUP Advanced Bionics Naida SP Q70
2 Phonak Solana micro P Cochlear Unknown
3 Phonak Naida SVSP Advanced Bionics Unknown
4 Phonak Naida SV SP Med-EL Flex 24, Opus 2
5 Phonak Naida SV UP Cochlear Nucleus, CP910
6 Oticon Chili SP5 Cochlear Nucleus, CP800
7 Oticon Alta Pro Cochlear Nucleus, CP910
8 Phonak Naida Q70 Cochlear CP810
9 Phonak Naida SV SP Advanced Bionics Naida SP Q70
10 Phonak Naida SVSP Advanced Bionics Naida
11 Oticon Dynamo 10 Oticon Medical Neuro One
12 Phonak Naida Q70 Advanced Bionics Naida Q90
13 Siemens Unknown Cochlear CI532, CP920
14 Siemens Pure Cochlear CI532, CP920
15 Phonak Audeo Med-El  Mil200 Synchrony
16 Siemens Unknown Cochlear CI532, CP910
17 Phonak Naida Link Advanced Bionics Naida Q70
18 Oticon Hit Advanced Bionics Unknown
19 Phonak Naida Link Advanced Bionics Naida Q70
20 Phonak Unknown Cochlear CI532, CP910
21 Siemens Unknown Med-El Unknown
22 Widex ME-G Med-El Concerto Flex 28
23 Phonak Milo micro Cochlear CI24RE, CP910
24 Phonak Unknown Med-El Unknown
25 Phonak  Naida SP Q90 Advanced Bionics Naida Q90
26 Phonak Unknown Oticon Medical Neuro One
27 Phonak  Naida SP Q70 Advanced Bionics Naida Q70
28 Phonak Unknown Med-El Unknown
29 GN Resound Unknown Cochlear CP910
30 Oticon  Dynamo SP10 Oticon Medical Neuro One
31 GN Resound Unknown Cochlear CI24RE (CA), CP910
32 Phonak Naida SV SP Cochlear CI512, CP910
33 GN Resound Unknown Cochlear CI522, CP910
34 Unknown Unknown Cochlear CI522, CP910
35 Unknown Unknown Cochlear CI522, CP910
36 Unknown Unknown Cochlear CI24RE (CA), CP910
37 Unknown Unknown Cochlear CP910
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Table 2.3: Additional information on the participants on durations for their hearing loss and
periods of deafness, as well as experience, given in years (a)

Time with hearingloss /a Time with deafness /a Experience with / a

ID HA CI Cl-aidedear/a HA CI
1 35.2 32.6 0.0 31.2 2.6
2 29.6 29.3 0.0 24.6 0.5
3 22.2 26.2 0.0 22.2 2.0
4 22.3 20.1 0.0 223 2.3
5 25.9 23.5 15,5 25.9 24
6 27.8 22.0 0.0 23.8 5.8
7 25.3 23.0 0.0 25.3 2.3
8 39.4 37.6 0.0 394 3.8
9 63.6 62.9 0.0 15.6 0.7
10 60.8 59.8 0.0 2.1 1.1
11 19.8 29.6 0.0 19.8 0.5
12 7.4 0.6 0.0 6.8 6.8
13 525 51.9 5.0 47.5 0.6
14 20.8 15.3 1.6 20.5 0.5
15 5.0 4.5 0.9 1.3 0.5
16 8.4 7.3 0.0 11.4 1.2
17  36.0 30.0 0.0 10.0 6.0
18 30.8 30.3 1.0 30.8 0.5
19 46.5 45.8 0.0 6.5 0.7
20 30.5 28.3 0.0 30.4 2.2
21 40.8 37.2 0.0 14.8 3.7
22 16.3 12.9 0.0 16.3 3.4
23 8.8 29.8 0.0 8.7 1.0
24 25.3 0.1 0.0 25.3 25.3
25 223 0.1 0.0 223 22.3
26 21.3 32.3 30.0 21.2 1.0
27 574 53.9 0.0 1.0 3.5
28 31.8 26.4 0.0 6.8 5.3
29 21.1 19.0 0.0 21.0 2.1
30 48.9 48.1 0.0 48.9 0.8
31 40.8 0.0 2.3 40.8 6.8
32 46.7 23.0 0.0 22.7 4.7
33 56.7 54.1 0.0 12.7 2.6
34 12.7 10.3 0.0 10.3 2.3
35 12.7 10.3 0.0 10.3 2.3
36 38.3 25.7 0.0 32.7 12.6
37 21.4 19.0 0.0 21.2 2.4
38 61.5 53.0 0.0 49.7 8.5
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Table 2.4: Kendall rank correlation results between the integration rating (B1) and various demo-
graphic factors, devices, and hearing loss from section A

Aspect T Z P
Age -0.112  -0.982  0.326
Age at implantation -0.104 -0.980 0.365

Time with hearingloss on HA side  -0.0029 -0.0252  0.980
Time with hearing loss on CI side 0.0866 0.756  0.4497

Time of experience with HA 0.0692 0.605  0.545
Time of experience with CI 0.0435 0.378  0.705
Duration without aid on HA side -0.0439  -0.320 0.749
Duration without aid on CI side -0.0240  -0.187  0.852
Year (first) HA was obtained -0.0717  -0.618  0.536
Year of implantation -0.0620  -0.513  0.608
HA manufacturer -0.0915 -0.684  0.494
CI manufacturer 0.299 2.34 0.0194
Degree of hearing-loss (categorical) 0.117 0.820 0.412
Etiology 0.0296 0.193  0.847

Table 2.5: Kendall rank correlation results between the integration rating (B1) and absolute
ratings for difference in pitch (B2), loudness, localization preference and preference for sound
quality

Aspect T Z p
(B2) Pitch 0.436 3.64 2.70%x107*
(B3) Loudness 0.368 3.11 1.87x107*

(B4) Localization preference 0.356 2.91 3.63%1073
(B5) Pref. for sound quality ~ 0.432 3.59 3.30%107*

Table 2.6: Kendall rank correlation results between the integration rating (B1) and listening-
performance ratings from section C

Question T Z p
(C1) Interfering talker -0.212 -1.80 0.0718
(C2) Localization -0.0462 -0.393  0.695
(C3) Distance perception -0.0544 -0.450  0.653
(C4) Clarity -0.172  -1.43  0.153

(C5) Listening effort 0.237 1.98 0.0478
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2.5 Discussion

Assessing if bimodal CI patients experience sounds from one sound source as
integrated into one sound object and whether this reflects in their self-reported
percepts and listening performance was the inspiration for this study. The
survey gave the participants the option to report their perception originating
from the same source in a non-binary way (question B1) and most participants
made use of this and answered in between the extremes of one and two sound
percepts. This indicates a less than straightforward devision between either full
integration of all sounds or the opposite. The subjective nature of the survey
may have prevented that all participants interpreted the question in the same
manner, so that their answers may also reflect other perceptual aspects than
solely binaural integration. However, if their answers reflect such other percep-
tual differences, this again demonstrates that they did not (fully) integrate the
representations of one sound source into one uniform sound object or stream,
like normal-hearing listeners would, as they necessitate separated percepts.
Only three out of thirty-eight bimodal CI participants reported to perceive
sounds originating from one sound source as integrated into one uniform
sound object with no difference at all. Twenty-five participants reported to
perceive sound from a single source with varying degrees of differences across
ears and two patients reported even the extreme of two entirely separate sound
percepts. This could be interpreted such, that binaural integration is not just
either present or absent in most bimodal CI patients, but that the processes of
integration might be affected by an adaptation to the bimodal stimulation these
patients experience daily, comparable to findings for adaptive pitch percepts in
Reiss et al. (2014b) and changes in binaural processing due to interaural asym-
metries in Polonenko et al. (2019). Therefore, the present results suggest most
bimodally-aided patients integrate sounds differently compared to normal-
hearing listeners or not at all.

The participants were asked to answer the questions B1 to B5 in six everyday
listening situations. Since every participant encounters these situations in a
different form in their life, their answers may not necessarily be directly compa-
rable across individuals, but nevertheless should give an impression as to how
their percepts change with associated kind of acoustic background noise. Their
ratings regarding binaural integration (B1) changed not significantly over the

six situations, whether in quiet (S1) or with various background noises (52 - S6).
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This indicates that the ability to integrate may not depend on the listening envi-
ronment, but (at least foremost) other factors. The participants were familiar
with these listening situations from their life and instructed to not answer in
case they felt uncertain about a described situation. However, they were not
notified of the listening situations before the survey was conducted and, hence,
did not have time to pay special attention to them. Such preparation could
perhaps have resulted in more varied answers over the conditions.

It is possible for the large number of participants with integration ratings in the
intermediate region, that they experience some form of binaural integration.
Perhaps, this comes with greater effort and over a wider range than expected
for normal-hearing listeners, just as Reiss et al. (2014a) reported from a psy-
choacoustic experiment. Many natural stimuli, such as the speech sounds
addressed specifically in question B1, extend over many seconds and evoke au-
ditory streaming in normal-hearing listeners (Shinn-Cunningham et al.,[2017).
It is possible, that the binaural integration of such streamed stimuli differs from
that of short dichotic stimuli, offering an explanation for why most patients in
the current study rated the binaural integration intermediate to low instead of
high, as could be expected from the wider binaural fusion observed for bimodal
CI patients in Reiss et al. (2014a) and similar results obtained for bilateral CI
patients in Reiss et al. (2017). Another explanation could be that the partic-
ipants with intermediate ratings only integrate over a limited spectral range
covered by both devices. HAs can cover a lower spectral region than Cls and
the residual hearing of many bimodal CI patients may in turn restrict stimula-
tion from higher frequency sounds to the CI alone. Sounds in the overlapping
frequency region could be integrated. The intermediate integration ratings of
the participants could, thus, represent a spectral average. Some participants
indicated this along with their answers, describing to perceive lower frequency
sounds ("bass") only from the HA and higher frequency sounds only from the
CI. Investigating binaural integration in bimodal CI patients further with listen-
ing experiments that require them to build streamed percepts out of binaural
stimulation may add to understanding the potential differences in binaural
integration.

Studies have shown relations between the history of hearing loss (Polonenko
etal.,2019), the frequency range of residual hearing (Sheffield et al., 2016), and
binaural processing or bimodal benefit. Despite that, it was not possible to pre-

dict whether participants integrate based on the various demographic factors,
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devices, hearingloss, experience with the devices, or etiology, that were assessed
in section A of the survey, as none of these factors showed a significant correla-
tion to question B1 after correction for multiple comparisons. Unfortunately, it
was not possible to identify the exact HA model used by many participants, so
that no analysis of the effect of HA model could be conducted.

Our first hypothesis was that imbalances in percepts across ears could lead to a
lack of binaural integration. The results appear to confirm this: With lack of bin-
aural integration (B1), bimodal patients also reported differences in pitch (B2)
and loudness (B3) across ears, higher reliability of one of their devices, mostly
the CI, for localizing sounds (B4), and, likewise, a preference for that device in
sound quality (B5). In turn, a balanced perception of pitch and loudness (B2
and B3) made it more likely that the patients reported better integrated percepts
(B1) and made them less inclined to judge CI or HA as more reliable for sound
localization (B4) or better in sound quality (B5).

The significant correlation of both pitch (B2) and loudness (B3) to the rating for
binaural integration (B1) suggests that both percepts should be balanced across
ears as an optimal basis for binaural integration, as suggested in Gordon et al.
(2012) and Gordon et al. (2017). This could for example include a customization
of the frequency-to-electrode map of the CI according to pitch-matches in the
non-implanted ear and loudness-balancing of stimuli in the resulting filter-
bands across ears. This could also reflect in better overall outcome-measures
(Kan et al., 2013; Steel et al.,[2015). With this, the results also agree with the
findings of Suneel et al. (2017), who demonstrated that interaural mismatches
in percepts lead to a lack of binaural fusion and reflect in a reduced localization
performance.

If the survey had been conducted among bilateral HA patients, the similarities
in the sound’s representation should have led to a balanced pitch perception
across ears. The loudness percepts would depend on the residual hearing of
the patient, whether the same make and model of device was used across ears,
since different models can feature different automated gain control systems
and output levels, and the fitting of the devices’ parameters (Kates,2008). With
balanced and similar representations of sounds across ears it is to be expected,
that bilateral HA patients would binaurally integrated percepts.

For bilateral CI patients, despite the same or similar devices would be used
across ears, the results could show mismatches in pitch percepts, since clinical

fitting procedures typically do not include pitch matching of electrodes, but use
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a standard frequency-to-electrode mapping, which does not consider, e.g., the
insertion depth of the electrode array and resulting differences in percepts (Gor-
don et al., 2017; Oxenham, |2018). The loudness percepts would be balanced for
these listeners if a bilateral loudness balancing was conducted with the device
fitting. The possible differences in pitch percepts across ears could then lead
to a lack of binaural integration for this group of patients (Gordon et al.,2012;
Gordon et al.,2017; Moore and Gockel,|2002; Suneel et al.,|2017).

Likewise, significant correlations to the ratings for sound localization (B4) and
sound quality (B5) indicate that both are affected when patients do not integrate
the percepts from both ears, resulting in a preference towards one of the devices,
usually the one that was also perceived as louder. For most of the participants,
the preferred device in these cases was the CI, as visible in the distribution of
answers (cf. fig. middle panel). Since localization in the healthy auditory
system is based on binaural cues, the reported preference for one device with a
reported lack of normal binaural integration could be a result of the fact that
the CI was often perceived as louder. Hence the interaural loudness difference
would make it more likely that patients localize sounds towards the the side
with the device perceived louder. In line with previous results linking interaural
mismatches to a lack of binaural fusion, changes in binaural processing, and
decreases in sound localization performance (Easwar et al.,2018; Gordon et al.,
2012; Kan et al., 2013; Polonenko et al.,[2019; Suneel et al.,[2017), these results
may also indicate changes in binaural processing, strengthening the indicated
lack of binaural integration. For patients reporting a lack of loudness balance
across devices even after optimization of the devices’ fittings, implantation of
a second CI could perhaps lead to more balanced percepts and offer a better
basis for binaural integration.

Despite these trends towards better ratings for speech reception in noise (C1),
sound localization (C2), sound clarity (C4), and listening effort (C5) for partici-
pants who reported better binaural integration of sounds in B1, no significant
correlations between these ratings were found. Hence, our second hypothesis
regarding a connection between binaural integration and better performance in
everyday listening-tasks could not be validated. The lower p-values for speech
reception in noise and listening effort suggest that a much larger group of par-
ticipants could lead to significant results. This was, however, not foreseeable in
the study design, since it was difficult to estimate effect sizes for this explorative

study. One might speculate that the abilities to understand speech in noise,
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localize sounds, as well as sound clarity and listening effort depend not only on
a binaurally-integrated percept of sounds from the same source, but also the
ability to utilize binaural time-difference and loudness-difference cues, spectral
differences and fine-structure information. The ability to utilize these cues can
be hindered by various aspects of the devices’ processing. Differences in com-
pression systems and lack of synchronized automated-gain-control systems
can severely distort binaural cues, leading to reduced performance in complex
listening environments (Easwar et al., 2018; Fitzgerald et al., 2015} Litovsky and
Gordon, [2016). Therefore, patients who reported integrated percepts might
not necessarily also show better performance with their clinical devices, unless
further efforts are undertaken to represent binaural cues accurately. This could
explain, why the participants’ answers varied largely, and no significant correla-
tions between binaural integration (B1) and the performance-measures (C1 to
C5) were found.

A pilot study with normal-hearing listeners could perhaps have helped assess
potential shortcomings or misunderstandings. The fact that patients were in-
terviewed at two different sites and in two different languages may further have
contributed to some variation, although the translations have been conducted
by native speakers and the personal interviews may have helped to ensure that
participants understood the questions in the same way. An alternative approach
would have been to design the study around an online questionnaire, which
could allow to reach a greater number of listeners, albeit increasing the risks
for misunderstandings, lack of responses, and, perhaps, a bias regarding demo-
graphic factors.

The addition of listening performance data would provide a means to verify the
subjective performance ratings of the patients in section C and could perhaps
have established stronger links between binaural integration and listening per-
formance. However, this would have considerably impacted the duration of the
assessment.

2.6 Conclusion

The results from this survey suggest that only a minority of bimodal CI patients
integrate sounds binaurally like normal-hearing listeners do, when it comes
to everyday sounds such as speech, independent of the listening environment.
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Instead, most of the participants reported to perceive sounds from the same
source not as a single, uniform sound object, but as something more complex.
This could be a sign that they are aware of a form of abnormal binaural integra-
tion, such as binaural fusion over a wide pitch range, or that they only integrate
in a limited spectral range, covered by both HA and CI. The integration rating
could not be predicted by experience with the devices, device manufacturer,
hearing loss, or etiology. Participants who did not report binaural integration
reported pronounced differences in pitch and loudness, tended to rely more
on one of the devices, mostly the CI, for localizing sounds, and preferred that
device for sound quality. Patients who reported better integrated percepts also
reported a better balance for pitch and loudness across devices, were less in-
clined to rate one device as more reliable for sound localization, or better in
sound quality. As a takeaway, aligning the interaural percepts for bimodal CI
patients could aid binaural hearing though better integration of the sounds from
HA and CI and may lead to better speech reception in noise, better localization
abilities, and reduce listening effort. Steps to better aligned percepts could be to
customize the frequency-to-electrode map of the CI according to pitch-matches
in the non-implanted ear with subsequent loudness-balancing of stimuli in the
resulting filter-bands across ears.
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A modification of the scale illusion into a
detection task for assessment of binaural
streaming®

Abstract

Binaural streaming by frequency-proximity was investigated with-
out subjective listener-feedback by modifying the scale illusion of
Deutsch (1975) into a detection task. Nineteen normal-hearing
listeners had to detect one deviation within a repeating melody-
stream, while simultaneously presented with a randomized distrac-
tor stream. Every second note in each stream was presented to the
opposite ear, requiring binaural streaming to detect the deviant.
Listeners performed well in this test but adding interaural delay or
timbre-difference let the listeners group by location instead. This
confirms the grouping by frequency-proximity. The method could
be used to investigate binaural streaming in hearing-impaired pa-

tients, where interaural percepts might differ.

3.1 Foreword

As outlined in the general introduction to this thesis, auditory scene analysis
stands at the core of how the human brain evaluates the acoustic environment,
using perceptual similarities to form sounds objects from the manifold sound
components through grouping and streaming as described in Bregman (1990)
and Shinn-Cunningham et al. (2017). A main goal of these Ph.D. studies was
to investigate if interaural differences in percepts, caused by the use of CIs for
bilaterally or bimodally aided patients, lead to changes in binaural streaming.

2 This chapter is based on Janssen et al. (2019b).
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But studying this without relying on the patients’ subjective descriptions re-
quired the development of a suitable experiment. This chapter describes the
new method developed to assess binaural streaming and its test and verification

with normal-hearing listeners.

3.2 Introduction

In 1975, Diana Deutsch aimed to investigate streaming of dichotically presented
melodies and described an auditory percept called the scale illusion (Deutsch,
1975). The illusion was composed of two melody-streams at different frequency
ranges, one high and one low, out of the components of one musical scale. Both
streams ascend and descend in frequency over eight notes. The streams were
presented in such a way that every second note from each of the two streams
was played to the other ear, in a pattern symmetrical to the middle of the repeat-
ing sequence of eight notes. So, when one component of the higher melody was
in one ear, a component of the lower melody was in the other ear, and vice versa.
The intriguing effect of this stimulation was, that listeners did not group the
stimuli by ear of input, but instead by frequency range. Most right-handed lis-
teners perceived the higher stream coming from the right and the lower stream
coming from the left, whereas only about half of the left-handed listeners did
report this percept (“both streams”). A minority of the right-handed listeners
and the other half of the left-handed listeners reported to perceive only the
higher stream with four tones going up and down, and little or nothing of the
lower stream (“single stream”). Deutsch argued that this illusion outlined bin-
aural streaming in which the Gestalt principle of pitch-proximity overrides the
lateralization cues. The illusion is only possible through binaural processing of
the stimuli from both ears.

The participants in the original study had to report verbally what they perceived.
Describing the complex percept with two melodies precisely might be difficult
for listeners without musical training and, likewise, the researcher might find
it challenging to interpret the listener’s descriptions correctly. This study aims
to validate a method in which the ability to perceive the scale illusion will be
assessed through a detection task. Once validated this method could be per-
formed by listeners with asymmetrical hearing loss and fitted with different

hearing devices such as one hearing aid and one cochlear implant, to evaluate



3.3 Participants 45

their ability to integrate signals across ears and devices.

3.3 Participants

Nineteen normal-hearing (NH) listeners participated in the experiment (aged
2410 31; means 26.1 years, hearing-loss of less than 20 dB). Seven of the listeners
were female, eleven musically trained, and three left-handed. They were all
recruited at the Technical University of Denmark and provided written informed
consent. All experiments were approved by the Science-Ethics Committee for
the Capital Region of Denmark (reference H-16036391).

3.4 Method

3.4.1 Stimuli

Participants were presented with sequences of notes that formed two melodies.
Two types of stimuli were used to generate these melodies: pure tones, and com-
plex tones designed to vary on two distinct dimensions of timbre, impulsiveness
and brightness, as well as loudness. The interval between notes was 250 ms, as in
the study by Deutsch (1975). All the pure-tone stimuli were loudness-balanced
for each frequency and presented in a double-walled sound-isolated listening
booth via HDA 200 headphones (Sennheiser GmbH & Co. KG, Wedemark, Ger-
many), driven by a Scarlett 2i2 sound card (Focusrite Audio Engineering Ltd.,
High Wycombe, United Kingdom).

The pure tones had a duration of 250 ms with 10 ms half Hann-window ramps on
the onset and offset. Their frequencies ranged from 262 to 523 Hz and were set
according to the twelve-tone equal-temperament tuning system. The complex
tones were five-tone-harmonic complexes with a duration of 200 ms including a
50 ms half Hann-window onset and offset. Their fundamental frequencies (F0)
were set to equal those of the pure-tones, and to this F0, the first four harmonics
were added. All complex tones’ components were presented 6 dB below the
level of the related pure tone.

All the pure-tone stimuli were loudness-balanced using an adjustment-procedure

based on a reference sound: a pure tone at 508 Hz in the right ear, a frequency
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different from that of the pure-tone stimuli to be balanced. In the beginning, par-
ticipants could adjust the reference sound to their preferred, most-comfortable
loudnesslevel. After that, they were presented with the reference sound followed
by one of the pure tones in each trial. Their task was to adjust the loudness
of the latter so that it matched that of the reference via an on-screen slider.
The slider provided an adjustment range from 40 to 90 dB SPL. Participants
could repeat the stimuli and readjust the loudness until they were satisfied.
This balancing was performed twice for all frequencies used in the experiment
in random order. Overall, the participants chose levels that ranged from 56.3
to 85.3 dB SPL with a mean of 67.7 dB SPL. The headphones were calibrated
using a Briiel & Kjeer (B&K; Neerum, Denmark) 2636 sound-level meter, with
IEC-60318-1 ear simulator B&K 4153 and reference calibrator B&K 4230 and

equalized by their frequency response.

3.4.2 Procedure

To test whether participants stream by frequency range instead of ear of input,
this study used a detection task paradigm, based on the scale illusion experi-
ment by Deutsch (1975). As in the original study, two melodies were presented
concurrently. These will be referred to as the target stream and the distractor
stream. The target stream was designed to be followed by the listener. It was
chosen to be identical to one of the eight-note melodies in the scale illusion,
either of the higher or lower frequency range. The distractor stream consists of
eight notes with frequencies chosen randomly from the other frequency range,
i.e., if the target stream was of the higher frequency range, the distractor stream
was of the lower frequency range, and vice versa (see fig.[3.1). As in the experi-
ment by Deutsch (1975), two notes were always presented simultaneously, one
from each stream, except in a control condition with added delay (see Condi-
tions below). If a note from the target stream was on the right, a note from the
distractor stream was on the left, and vice versa. Consecutive notes for both
streams were presented to the opposite ear, in a pattern that reversed in order
after every four notes. Thus, the arrangement formed a pattern symmetric to
the middle of the repeating sequence of eight notes (e.g., for one stream in one
presentation of the eight notes: left-right-left-right-right-left-right-left).

If the listeners group by frequency-proximity, they should be able to follow
the target-stream in one ear, while the distractor stream is either perceived
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Figure 3.1: Schematic stimuli representation, based on Deutsch (1975). A random deviant occurs
in the target stream, either at the higher (top) or lower (bottom) frequency range. The distractor
stream consists of notes picked randomly from the other frequency range. The black and grey
color of the ovals indicates the ear of presentation in the binaural test condition.

on the other side or not at all, as described by Deutsch (1975). Conversely, if
the listeners were grouping based on lateralization cues, they would instead
perceive random melodies on both sides, since the target notes and the random
distractors from each side will be grouped. To test whether the listener could
follow the target stream, a deviant note was introduced into it. The deviant con-
sisted of shifting the note’s respective frequency to one adjacent in the regular
pattern. A listener who groups the binaural input by frequency-proximity was
expected to detect this deviant easily, whereas somebody who groups by ear of
input should experience difficulties to reliably detect the deviant note due to
the unpredictable input in both ears.

At the beginning of each trial, the participant was presented with the target-
stream alone twice, indicating which melody to listen for. After that, target
and distractor streams were presented simultaneously six times. Of these six
repetitions, the first three were intended to allow for a build-up of streaming,
since it has been reported that a segregated percept arises gradually over several
seconds (Bregman,|1990). One deviant note was introduced randomly in one
of the last three repetitions, as depicted exemplarily in interval B at the top of
fig. The interval being presented was indicated on a graphical user interface
by lighting up the respective part of the stimulus on the screen. It was possible



48 3. A modification of the scale illusion

for the listener to repeat the stimuli.

The deviant could occur at any of the inner six of the eight notes within a pre-
sentation of the melody, but not at the first or last position. Its occurrence
was counterbalanced with respect to the side of the presentation, interval, and
frequency range of the target stream. Using a three-alternative, forced-choice
paradigm prevented a detection-bias, since the participants knew that a deviant
was always present in one of the three intervals as described in Wickens (2002),
therefore allowing for an “objective” assessment of their grouping behavior.
Before conducting the test, participants underwent training. This training was
only different from the experiment, in that the participants were given feedback

on whether they answered correctly.

3.4.3 Conditions

The experiment featured four conditions, which are described below. Each
of the four conditions consisted of twenty-four trials and used the pure-tone
stimuli, except for a binaural control with changed timbre. The order of all trials
from all conditions was randomized per participant to prevent it from affecting
results.

In the binaural test condition, both the target and the distractor stream were
presented in the same fashion as the original scale illusion, i.e., every second
note from each stream was presented to the other ear. This condition, thus,
required grouping by frequency-proximity to perceive (i.e., segregate) the target
stream and detect the deviant.

In the monaural test condition, the target and the distractor streams were pre-
sented to the same ear. In this configuration, the listeners should easily group
the target notes into one stream and the distractor notes in another one and,
as a consequence, accurately detect the deviant. This condition was designed
to verify that the listener could detect the deviant once the target notes were
grouped into one stream.

As the ability to detect the deviant is used as a proxy to evaluate whether the lis-
tener can experience the scale illusion, it is necessary to add a control condition
in which grouping the target notes across ears will be prevented by enhancing
the lateralization cues to induce grouping by ear-of-input. In this configuration,
the listener should perceive two random melodies in each ear, and should not
be able to detect the deviant.
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Two binaural control conditions were tested, in which the lateralization cues
were enhanced through two different methods. In the first control condition,
the binaural delay control condition, a delay of 125 ms (half a note’s duration
and larger than the range for natural interaural time-difference cues) was added
to the sounds in one ear. As demonstrated by Deutsch (1979), introducing an
asynchrony increases the tendency to treat each ear-input as emanating from
a different source and will, therefore, induce a grouping by ear-of-input. Only
eight of the nineteen participants were tested in this condition.

In the second binaural control condition, a significant timbre and loudness
difference was introduced between the notes presented in each ear. Pure tones
were presented to one ear as in the other conditions, whereas complex tones
(cf. Stimuli) were presented to the other. Adding a salient perceptual difference
across ears should lead the listener to group the notes by ear-of-input and result
in a low detection performance. This condition will also help to quantify the

possible performance when attending to just one ear.

3.5 Results

The results are presented in fig. The detection performance is plotted as
percent of correct answers for the four conditions: binaural and monaural test
conditions, followed by the two binaural control conditions. For each condition,
there are two data points: the average performance for the target-stream in
the low frequency range (“low”), and the average performance for the target-
stream in the high frequency range (“high”). The average performance for both
the binaural and monaural test conditions lies at about 80 % correct, and the
performance in the high frequency range is slightly higher than in the low fre-
quency range. The average performance in the binaural control condition with
delay is much lower at about 54 % correct, while that in the control condition
with altered timbre lies at around 50 % correct. In both controls, again the
performance in the high frequency range is slightly higher. The trend for high
performance in both test conditions and lower performance in both controls
was also found for each listener individually. A two-way repeated analysis of
variance was performed in the software JMP® (SAS, Cary, NC, USA) with the “ra-
tionalized” arcsine transform (rau) applied (Studebaker, 1985), detection scores

as the dependent variable, and the conditions, as well as the target stream’s
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frequency range as factors. Both the condition (F(3, 43.9) = 37.0, p < 0.0001),
as well as the frequency range (F(1, 19.6) = 5.76, p = 0.0264) were significant
factors, while their interaction was non-significant (F(3, 44.29) =1.11, p = 0.355).
The estimated degrees-of-freedom are decimals because the number of par-
ticipants tested in the delay condition is lower than in the other conditions.
Posthoc analysis using the Bonferroni correction and again rau-transformed
data, showed that results for both the binaural and monaural test conditions
were not significantly different from each other (p = 0.118). The results in the
binaural test condition were significantly different from the binaural controls
with delay (p = 0.0138) and timbre (p = 0.0012), while results in these two bin-
aural controls were not significantly different from each other (p = 0.174).
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Figure 3.2: Results from 19 NH-listeners in percent of correct answers for the four conditions. Only
eight of them were tested in the binaural delay control condition. In each condition, the average
performance is plotted for the target stream in the high (“high”), and low (“low”) frequency
ranges with the standard error and indication of significant differences.
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3.6 Discussion

The main aim of this study was to develop and validate a method in which
the ability to perceive the scale illusion was assessed through a detection task.
Three binaural and one monaural conditions were tested. We assumed that
if the listeners can experience the scale illusion, they should be able to detect
a deviant in the binaural test condition, but not in the two binaural control
conditions. A monaural test condition was added to evaluate the average detec-
tion score that can be obtained when the target notes were easily grouped. The
average score obtained shows a moderately high and similar score for both the
binaural and monaural test conditions (see fig. . Furthermore, both control
conditions yielded a score significantly lower that the binaural test condition.
Taken together, these results indicate that this method can be used to demon-
strate the ability to experience the scale illusion without the need to describe
the melody pattern as in the original study (Deutsch, |1975).

Recently, the octave illusion (Deutsch,|1974) was used in Mehta et al. (2016) and
Mehta et al. (2017) to assess binaural streaming in NH listeners with a detection
task and either loudness or modulation cues. The octave illusion was based
on only two tones, one high and one low and separated in frequency by an
octave (400 and 800 Hz). These tones were presented in a dichotic sequence, so
that one ear received a pattern high-low-high-low, while the other received the
inverse pattern, low-high-low-high, simultaneously. As with the scale illusion,
listeners could group these stimuli either based on pitch or based on location.
The most common percept was a high tone lateralized to one ear alternating
with a low tone lateralized to the other. Mehta et al. (2016) have modified the
original method into a detection task, in which the participants had to detect
a variation of loudness in a target stream. Their results demonstrated that the
illusion is subject to the same constraints as auditory stream segregation and
how the listener’s attention influenced the obtained percepts, i.e., their lateral-
ization. Further results in Mehta et al. (2017) revealed that the octave illusion
arises from a “misattribution of time across perceptual streams, rather than a
misattribution of location within a stream,” providing a better understanding
of the mechanisms involved in binaural streaming.

In the original experiment (Deutsch, 1975), the participants report hearing ei-
ther one or two melodies. It is impossible to tell just from the performance

in the binaural test condition, whether listeners perceived one stream or both
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high and low streams simultaneously, but with their high detection scores for
the target in either frequency range, they must at least be able to attend to
either stream selectively. However, the frequency range in which the deviant
note is embedded had a significant impact on performance. Consistent across
conditions, the detection performance in the higher frequency range is slightly
higher, even though the stimuli were loudness-balanced at the different fre-
quencies. Therefore, participants were able to focus selectively on either the
low or high stream, but the better performance in the higher frequency range
suggests that focusing on the higher stream was easier. This could explain the
description of the single stream percept in Deutsch (1975), where listeners re-
ported to perceive only the higher stream and nothing or little of the lower one.
If it is easier to focus on the high stream and listeners voluntarily are not given
further instructions, they should then be more likely to focus purely on the
higher stream. The reported single stream percept is thus not at odds with the
current results. Furthermore, these results match one of the conclusions from
Deutsch (1985), where musically trained listeners had to identify dichotically
presented sequences of tones correctly. There, listeners also performed consis-
tently higher in transcribing higher tones compared to lower tones.

The effect of timbre on the streaming behavior could have implications for
hearing-impaired patients, depending on the aids they use for listening. If these
aids do affect the timbre of sounds differently across ears, binaural streaming
could be affected negatively. This could apply to patients with CIs, providing
electric instead of acoustic stimulation, especially for patients with a unilateral
CI and acoustic hearing on the other side and this task could be adapted to
assess if these changes in interaural percepts lead to changes in binaural stream-
ing behavior for CI patients. Also, patients with highly asymmetric hearing
loss, using entirely different hearing-aids across ears, could be affected. If the
binaural object-formation was malfunctioning, performance in tasks relying on
the evaluation of binaural cues, such as speech reception in noise and sound

localization, could be reduced severely.

3.7 Conclusion

This study proposes a modification of the scale illusion experiment by Deutsch

(1975) into a detection task to assess listeners’ binaural streaming behavior
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without relying upon subjective reports of percepts. As in the original study,
the NH listeners grouped the binaural stimuli by frequency-proximity instead
of lateralization, for which they had to integrate stimuli from both ears into
a common stream. Participants were able to focus on either the low or high
stream and detect a deviant note, but it appears to be easier to focus on the
higher stream. Two control conditions were added in which lateralization cues
were enhanced. Detection scores dropped significantly, indicating that the
task was facilitated by the ability to group stimuli by frequency-proximity. The
new task could be suited to assess binaural streaming in the hearing-impaired

population and explore possible changes and adaptations in the mechanismes.
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Binaural streaming in bilateral cochlear

implant patients

Abstract A detection task based on the scale illusion allows to
assess if listeners sequentially integrate a dichotically presented
stream (Deutsch, [1975; Janssen et al.,[2019b). This study extends
the method’s applicability to bilateral cochlear implant (CI) patients
and assesses if they can group dichotically presented stimuli into a
single stream by pitch-proximity while ignoring spatial cues. Ten
bilateral CI patients had to focus on a melody as a target stream
and detect a note deviating from a repeating pattern in one of three
intervals. Simultaneously, they were presented with a randomized
distractor stream at a different pitch range. Since every second note
in each stream was presented to the opposite ear, grouping of bin-
aural stimuli by pitch-proximity, while ignoring the lateralization
cues, was required to follow the target stream, and reliably detect
the deviant. Eight of ten participants were able to segregate two
concurrent streams by pitch-proximity monaurally. Five of these,
and the Cl listeners as a group, likewise demonstrated their ability to
group the components of the target stream by pitch-proximity bin-
aurally. Destroying the interaural correspondence in pitch, forced

listeners to evaluate each ear separately instead.

4.1 Foreword

The previous chapter describes the new method developed to assess binau-
ral streaming. In this chapter, this method is adapted to assess the capability
for binaural streaming in a group of bilateral CI patients, where both ears are
stimulated electrically by CIs. While this does not automatically mean that the
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percepts in both ears are the same, it may provide an opportunity to achieve a
greater interaural similarity in percepts than possible for bimodal CI patients.
Therefore, it marks an important step on the way to understand binaural stream-

ing for bimodal CI patients.

4.2 Introduction

Auditory streaming is at the center of how the auditory system handles the
complex acoustic scenes and, thus, plays an important role in everyday com-
munication. It allows to segregate or to group subset of sounds into specific
streams based on perceptual properties such as pitch, timbre, or spatial cues.
As hearing impairment and hearing devices can affect the perception of these
cues, the ability of hearing-impaired listeners to segregate auditory streams
are often negatively impacted (Oxenham, [2008; Rose and Moore, 2005). In
this study, we address the question whether people aided with two cochlear
implants (CI) can perform streaming to segregate two melodies on the base of
pitch and lateralization cues from binaural stimulation.

The formation of auditory streams is composed of two distinctive processes:
sequential and simultaneous grouping (Bregman,|1990). Sequential grouping
connects auditory objects over time (for example a melody composed of a se-
quence of notes). Simultaneous grouping combines simultaneously presented
sounds into the same auditory object (e.g., the harmonics of a musical sound
being grouped into the percept of a single note). Moore and Gockel (2002)
argued that stream segregation was directly related to the degree of perceptual
difference between sounds. Therefore, the listener could use any perceptual
cue to segregate two auditory objects. In rare occasions, two such cues can
be in conflict and even create an auditory illusion. Two examples of this are
the octave illusion (Deutsch,|1974) and the scale illusion (Deutsch, [1975). The
octave illusion has been used to assess binaural streaming for normal hearing
listeners by Mehta et al. (2016, 2017), who have transformed it into a detection
task using either loudness or modulation cues. However, the octave illusion
relies upon rather precise pitch matches across ears to occur, which could make
its application difficult with CI patients, who both face limitations regarding
pitch perception and for whom precise pitch matches across ears may be im-
possible (Oxenham, 2018).
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In the scale illusion two dichotic sequences of notes could be grouped either by
pitch-proximity or by lateralization cues. Specifically, the illusion was formed
by two melody streams at different pitch ranges (see fig.[4.1]), dividing the com-
ponents of one musical scale into a higher melody and a lower melody, both of
which ascend and descend in pitch over eight notes. Every second note from
each of the two melodies was played to the opposite ear, so that when one com-
ponent of the higher melody was in one ear, a component of the lower melody
was in the other ear, and vice versa. Listeners could group these stimuli either
by pitch range or by ear-of-input. Interestingly, most listeners did group only
by pitch range, combining notes presented from the left with notes presented
to the right, and vice versa. Furthermore, their percepts varied with handed-
ness. The majority of right-handed listeners and about half of the left-handed
listeners reported a higher pitch stream coming from the right, accompanied
by a lower pitch stream from the left (“both streams”). The other left-handed
listeners and a minority of the right-handed listeners reported to perceive only
the higher pitch stream and little to nothing of the lower pitch stream (“single
stream”). This illusion is only possible if the listener segregates simultaneously
presented notes based on pitch or the lateralization cue (ear-of-input) and then
groups sequentially presented notes into two lateralized streams based on pitch
cue. Deutsch argued that the Gestalt-principle of pitch-proximity overrode the
lateralization cues. Therefore, the ability to perceive this illusion can be used to
assess the listener’s ability to build streams from binaural stimulation.

In case that the pitch percept is weakened, altered or, especially, if the symme-
try of the pitch percept between ears is affected, so that the pitch of a sound
will depend on the ear of presentation, the illusion is unlikely to occur, so that
listeners will then only group by ear-of-input. Such changes may be introduced
to listeners by a hearing loss or the hearing devices used, particularly, if aided
with Cls. CIs are used for patients with severe to profound hearing-impairment,
where hearing-aids cannot provide sufficient benefit (Flynn et al.,|1998). They
provide stimulation by electric pulses emitted through electrode arrays, which
are inserted into the cochlea. In the case of bilateral CI users, the two CI proces-
sors are not operating synchronized, which can affect the similarity in time and
interaural loudness cues (Gordon et al.,2017). Moreover, different parameters
such as the depth of electrode-array insertion, the nerve-fiber survival-state,
the distance from the modiolus or the spiral ganglia, duration of deafness, and

the fitting of the device parameters can influence the percept in both ears (Ox-
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enham, |2018; Zeng et al.,[2008). Therefore, stimulation at the same electrode
number in both ears can be perceived differently. Interaural asymmetries in
percepts could lead to changes in the binaural processing in these patients (Gor-
don et al.,[2017; Polonenko et al.,[2019). Since binaural alignments of percepts
are not part of the standard clinical procedures, it is unclear if CI patients can
use the pitch cues across ears to form stream percepts like normal-hearing (NH)
listeners as required for the scale illusion to occur.

In order to assess whether bilateral CI patients can perform the binaural stream-
ing necessary to perceive the scale illusion, some modifications of Deutsch’s
procedure were necessary. First, many CI listeners show some limited ability
to identify a pitch contour due to the weak salience of pitch cues with the CI
(Galvin et al., 2007, 2009a, [2009b; Zhu et al.,2011). Therefore, their description
of their percept might be unreliable, so that a detection task appears to be more
appropriate. A detection task based on the scale illusion was developed and
validated in Janssen et al. (2019b), one of the streams, as grouped by pitch-
proximity, was composed of randomized notes, while the other consisted of
a repeating target melody. The listeners had to detect a note deviating from
the target melody-pattern (cf. fig. and the ability to detect this deviant was
largely improved if the listeners were able to group the two streams by pitch-
proximity. The high detection performance of the normal hearing listeners
demonstrated, that they were able to perform the task and to group the two
streams by pitch-proximity.

Second, to perform this task the CI listeners will need to segregate two simulta-
neous stimuli by pitch and/or localization cues and group sequential stimuli by
proximity in pitch. To the authors’ knowledge only few studies have investigated
their abilities to segregate simultaneous stimuli by pitch cues (Carlyon et al.,
2007; Cooper and Roberts, 2010; Deeks and Carlyon, 2004). Altogether, these
studies concluded that CI listeners were unlikely to utilize the temporal pitch
cues provided via pulse rate changes to segregate or group streams, albeit Deeks
and Carlyon (2004) also found that NH listeners in a CI simulation were able
to follow a voice stream presented together with a masker stream at a slightly
lower pulse rate (77 pps vs. 100 pps), but not when the masker was presented
at the higher and the target speech at the lower pulse rate. The latter results
suggest that the pulse rate could be utilized as a grouping cue, perhaps with
better results at larger pulse rate differences.

The ability of CI patients to group or segregate sequential stimuli based on tem-



4.2 Introduction 59

poral pitch cues via the pulse rate (Duran et al.,[2012) and place pitch cues via
the electrode position (Chatterjee et al.,|2006; Cooper and Roberts, 2007) have
been studied and shown that both cues can be used for streaming. However,
along with the saturation of the temporal pitch percept beyond pulse rates of
300 pps (Zeng, 2002), also the effects as a cue for stream segregation diminish
along with the perceptual differences (Duran et al., 2012). Regarding the elec-
trode place difference, it was found that for some patients a difference of about
0.75 mm along the electrode array, i.e., one electrode for Cochlear devices used
(Zeng et al.,|2008), may be sufficient for sequential stream segregation, while
others can require 3 mm or more to reliably segregate sequential stimuli, due to
the reduced perceptual space of the electrode place pitch coding (Chatterjee
et al.,|2006).

Moreover, Kan et al. (2013) and Reiss et al. (2017) found that most bilateral CI
patients report to perceive only a single sound when presented with two equally
loud sounds with different pitches and send to opposite ears. This means those
patients could binaurally fuse the short dichotic stimuli, i.e., integrate them
into a single common percept, over a wide pitch range, spanning up to 12 mm
along the electrode array, i.e., encompassing the entire array. This could present
a potential hindrance to perceiving the scale illusion, if the simultaneously
presented components of the two melodies were instead integrated into a sin-
gle stream. Such integration would lead to chance-level performance, as all
binaurally fused pitches in the paradigm would have a random pitch, since one
of the two streams was randomized.

Consequently, it may be advisable to provide a larger separation in pitch across
target and distractor streams. The results of Luo et al. (2012) suggest that CI
patients can effectively integrate (consistent) place and temporal pitch cues,
so that combined electrode place as well as pulse rate cues could allow more
CI listeners to overcome the issue of broad pitch fusion and, on top of this,
segregate the two streams of the scale illusion.

Third, for the illusion to be effective, it is required that sequential notes played
on opposite ears will be perceived as having a small difference in pitch. In NH
listeners, it can be assumed that 200 Hz tone played on one ear will be perceived
as fairly similar to a 210 Hz tone played on the other ear. But, as discussed
earlier, various physiological reasons, such as varying insertion depth or dis-
tance to the modulus, can lead to the situation that a pulse train presented on,

e.g., electrode 15 is perceived as much higher, or much lower, than a pulse train



60 4. Binaural streaming in bilateral CI patients

presented on electrode 14 in the opposite ear. Thus, to provide the best-possible
foundation for allowing the listeners to perceive the illusion, in this study stimuli
should be delivered using direct bilateral stimulation of the implants, through
electrodes perceptually matched across ears.

For this study we hypothesized that by implementing those three modifica-
tions, bilateral CI listeners might experience the scale illusion. Finding out if CI
patients can form streams by pitch-proximity from binaural stimulation like
NH listeners could aid optimization of the implants’ processing, stimulation
scheme, fitting parameters, and potentially lead to better speech reception in
noise, as well as reduced listening effort. Moreover, the paradigm allows to
assess if CI listeners can form separate streams of simultaneously presented

stimuli when both streams are presented monaurally.
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Figure 4.1: Schematic representation of the stimuli forming the scale illusion (Deutsch,|[1975).
There are two melody streams, one at a higher and one at a lower pitch range. Both are formed by
components presented sequentially to the opposite ear, i.e., left-right-left-right-right-left-right-
left, presented so that when a note from the higher stream is in the left ear, a note from the lower
stream is in the right ear, and vice versa. This is indicated by the black (left) and grey (right) of
the ovals indicates the ear of presentation in the binaural test condition.

4.3 Participants

Ten bilateral cochlear implant (CI) patients participated in this study (aged
48 to 82; average 65.2 years), who became deaf post-lingually. One additional
participant was tested but failed an inclusion criterium (cf. [4.4.3). Five of the
listeners were female, none musically trained, all right-handed, and all CIs were
produced by Cochlear (Macquarie University, Australia). They were either re-
cruited at the Technical University of Denmark or at the German Hearing Center
of the Medical University Hannover, Germany, and provided written informed

consent. All experiments were approved by the Science-Ethics Committee for
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the Capital Region of Denmark (reference H-16036391) and the ethical com-
mittee of the Medical University Hannover (reference 7885 BO S 2018). More
information on the participants can be found in tab.

4.4 Method

Stimuli were monopolar 200 ms pulse trains on single electrodes, with stimu-
lation rates of either 70 pps or 600 pps. The pulses were biphasic with a pulse
phase of 25 ps and a pulse gap of 8 us. Stimuli were presented directly through a
RF Gen XS research stimulation platform (Cochlear Ltd., Macquarie University,
NSW, Australia), allowing for synchronous bilateral stimulation.

All stimuli were loudness-balanced to the most-comfortable presentation level
in a procedure alike to the clinical fitting procedure, for electrodes in the range
of electrode no. 22 at the apical end of the array to no. 7 towards the basal end.
Patients had to indicate the loudness on a seven-step scale (1: inaudible; 2:
barely audible; 3: soft; 4: comfortable, but a little soft; 5: most-comfortable; 6:
comfortable, but a little loud; 7: too loud, in the participant’s native language),
allowing for a fine indication of the desired presentation level. The level was
adjusted by the experimenter according to listener feedback; starting in small
steps of six current units (CU) from no current and using one CU steps around
the most-comfortable level. One CU is equivalent to about 0.168 dB for the
Cochlear devices used. The stimuli were loudness-balanced in random order
and the results verified by a final comparison of all stimuli. If necessary, addi-
tional fine adjustments were made in this step.

4.4.1 Stimuli
4.4.2 Interaural alignment and electrode selection

The electrodes used for stimulation were interaurally matched in percepts, i.e.,
not just pitch, with the same stimuli parameters as used later in the experiment,
i.e., loudness-balanced pulse trains of 200 ms duration at pulse rates of 70 pps
or 600 pps. The matching’s aim was to find eight electrodes with different place

pitch per side, four for a lower pitch range and four for a higher pitch range,
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Table 4.1: Demographic information on the bilateral CI participants with times given in years

Dur. hearing loss

ID Etiology Age Dur. Cluse/a prior to Cl / a Dur. deafness priorto CI /a Implant

Left Right Left Right Left Right Left Right

1 Unknown 67 3 2 15 16 0 0 CI522 CI522

2 Noise induced 72 10 12 14 12 0 0 CI24R (CA) CI24R (CA)

3 Acute hearingloss 82 16 7 17 26 0 0 CI24R (CS) CI512

4 Acute hearingloss 61 5 7 16 14 0 5 Cl422 Cl422

5 _ Acousticshock, 0 15 39 27 6 0 CI24RE(CA)  CI24R (CA)
middle ear infection

g Middleearinfection, g 10 60 60 0 0 CI24RE(CA) CI24 RE (CA)
acute hearing loss

7 Acute hearingloss 69 1 3 43 37 0 4 CI532 CI512

8 Anemia 68 6 7 22 21 0 0 Cl422 CI512

9 Middle ear infection 66 9 17 44 36 0 0 CI24 RE (CA) CI24R (CS)

10 Unknown 76 15 9 15 15 0 0 CI24R (CS) CI24 RE (CA)
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with best-matching correspondents across ears. In between the lower four and
the higher four electrodes, a gap of up to four electrodes was left, if the differ-
ence ratings allowed. This enhanced the place-pitch differences between the
two pitch ranges. So, for an ideal case with electrodes interaurally matching in
percepts by electrode number, the selection would be electrodes 22 to 19 from
the apical end of the array for the lower pitch range and electrodes 14 to 11 from
the middle region of the array for the higher pitch range on both sides.

In each trial of the matching-procedure, participants were presented with com-
binations of stimuli from one electrode on the left and one electrode on the
right side, which they could repeat as often as they desired. Then, they had
to rate how different the two stimuli sounded using an on-screen slider with
a scale from “no difference” (rating zero) to “absolutely different” (rating one).
Explanations and labeling of the user interface were given in the participants’
native language. For each interaural combination of electrodes, the rating was
repeated three times and the results were averaged. Electrodes with the smallest
difference were considered as pairs.

The electrode combinations for testing were limited by the experimenter, which
greatly reduced the number of necessary comparisons and combinations from
the selection of electrodes were assessed in random order. The side presented
first was also chosen randomly in each trial. Electrodes were evaluated sepa-
rately for the lower pitch range with a pulse rate of 70 pps, and for the higher
pitch range with a pulse rate of 600 pps. In a first step, three electrodes from
each side were evaluated with one electrode in between, no. 22, 20 and 18. If
no clear closest-match was found from these electrodes, the evaluation was
repeated with a different selection of electrodes, shifted according to the di-
rection of decreasing difference-ratings. Once a closest match was found, the
matching electrode pair was used as a basis to select six consecutive electrodes
around the pair, including the electrodes adjacent to the ones used in the ini-
tial comparisons. This selection was then evaluated and optimized using the
same procedure until four interaural electrode pairs were found. If the matches
allowed, consecutive electrodes were used on each side, but in case of ties for
electrodes with a very close average difference ratings (< 0.1), one of them was
excluded to ensure that patients could perceive the differences between the
electrodes. The process was then repeated for the higher pitch range, starting
with electrodes 14, 12 and 10. Finally, the assessment was repeated for the

selection in the lower pitch range, to ensure that the participants, now with
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Table 4.2: Electrodes selected for the bilateral CI participants per side and pitch range

Electrodes per side and pitch range (low/high)

Left Right
ID Low High Low High
1 22212019 14131211 22212019 14131211
2 22212019 13121110 20191817 13121110
3 22212019 13121110 22212019 14131211
4 22212019 11100908 22212019 11100908
5 21201918 13121110 21201918 13121110
6 22212019 14121009 22212019 14121109
7 22212019 14131210 20191817 14131210
8 22211918 12111009 21201918 13121109
9 21201918 14131211 14131211 07060504
10 22201917 14121008 22201917 14121008

greater experience in the matching task, still paired the same electrodes. The
electrode pairs found for the participants are listed in tab.

4.4.3 Procedure

The test procedure used the paradigm developed in Janssen et al. (2019b), a de-
tection task based upon the auditory scale illusion described in Deutsch (1975).
The method was based on two melodies presented concurrently. Participants
were asked to focus on a target melody stream. This melody stream was built of
a repeating pattern of eight notes going up and down in pitch like the melodies
in the original scale illusion experiment (cf. fig.[4.1). The target melody stream
was either of a lower or a higher pitch range, while a distractor melody stream
was presented simultaneously with notes picked randomly from the other pitch
range. If the target stream was of the higher pitch range, the distractor stream
was of the lower pitch range, and vice versa (cf. fig.[4.2). As in the experiment
of Deutsch (1975), notes from these two streams were presented at the same
time, so that if a note from the target stream was on the left, a note from the
distractor stream was on the right, and vice versa. Consecutive notes for both
streams were presented to the opposite ear, in a pattern that reversed in order
after every four notes. Thus, the arrangement formed a pattern symmetric to
the middle of the repeating sequence of eight notes (e.g., for one stream in one
presentation of the eight notes: left-right-left-right-right-left-right-left).



4.4 Method 65

. . Pulse rate  Side
1) Target stream at high pitch range Interval & low Lleft
A B C | @ High Rright
+ E Deviant in pattern ! No deviant
i
Target stream e [ L J o OEO [ J =, [ J OEO [ L] o «
; - ] Cr ) © [ = J [ J [ R J
Contains deviant -.é oo i oo E oo
S 1 1
<@ 1 I
= o o LR X L [ o
Distractor stream (L] o i ! [r XL J o O
Randomized (R J « [ X RJ o: (R J oo [ R J o:o « (L]
] i
i | »

Time

2) Target stream at low pitch range Interval

A C
A | 1
1 1
| |
Distractor stream R ) o i o o :o o o
; (R J L R J T @ | OO (R J
Randomized & o o) oo o) o
g i i Deviant in pattern
K | |
LR X R J ! LR X ] ! LR X ]
Target stream L J o \ L J o i o L L J o
Contains deviant o = o:o o:o o
| |
I I a

>

Time

Figure 4.2: Schematic representation of the experiment’s stimuli, adapted from Janssen et al.
(2019). A random deviant occurs in the target stream, either at the higher (top) or lower (bottom)
pitch range. The distractor stream consists of notes picked randomly from the other pitch range.
The black (low) and grey (high) of the ovals indicates the pulse rate.

If the bilateral CI listeners behaved like the normal-hearing listeners in
Deutsch (1975) and Janssen et al. (2019b), they should group the stimuli by
pitch-proximity, and be able to follow the target stream on one side, with the
concurrent distractor stream either perceived on the other side (“both streams”
percept) or not at all (“single stream” percept). These percepts require the inte-
gration of sequential dichotic stimuli into a common stream. To test whether the
listener could follow the target stream, a deviant note was introduced into it. The
deviant consisted of shifting a note’s respective place pitch, i.e., electrode, to the
second-next electrode within the respective pitch range’s four electrodes (cf. de-
viantindicated in interval B in the top drawing of fig.[4.2). Listeners who grouped
by pitch-proximity, were expected to show a high detection-performance. If the
Cl listeners were grouping the sequential dichotic stimuli by ear-of-input, they
would have to evaluate both ears independently. Due to the random nature
of the distractor stream’s components, every other stimulus in both ears was
random, making the detection of a deviant more difficult.

To indicate which melody was the target stream, it was twice presented alone in
the beginning of the stimulation sequence during each trial. Target and distrac-
tor streams were presented together six times after that. The first three of the

six repetitions served the purpose to allow for a build-up of streaming, since
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the formation of segregated percepts have been reported to arise gradually over
several seconds (Bregman, |1990; Paredes-Gallardo et al.,|2018b, [2018c). The
last three repetitions form the three intervals of which one contains the deviant
note, such as indicated for interval B at the top of fig. The presented interval
was indicated on a graphical user interface by lighting up the respective part of
the stimulus on the screen. Listeners were allowed to repeat the stimuli. The
deviant note was placed randomly at any of the inner six of the eight notes
within one of the three last repetitions of the target stream, but never the first
or last position. The placement was counterbalanced regarding the side of
presentation, interval, and pitch range of the target stream. Since participants
had to choose the deviant interval out of three options, the task was not prone
to a detection-bias (Wickens, 2002), allowing for an “objective” assessment of
the listeners’ grouping behavior.

Participants were trained in the task before conducting the test. The train-
ing differed from the experiment in that only the binaural and monaural test-
conditions were used (cf. and that the participants were provided with
feedback on whether they answered correctly. In total, the experiment could
take four to six hours including breaks and was divided into two sessions. In
the first session, loudness balancing and electrode pairing were conducted,
followed by a test to determine if participants could perform the task when
there was only the target melody presented. This test was analog to the main
experiment, but only presented the target stream monaurally in twelve trials
and with the same counterbalancing. Participants had to score at least 75 %
correct in this task and listeners unable to reach this performance were excluded
from further testing. This affected one listener. In the second session, the train-
ing and final testing were performed. These two sessions were performed on

separate days to reduce fatigue.

4.4.4 Conditions

Four conditions were used in the experiment, as described below. Each condi-
tion was composed of twenty-four trials. The order of trials was randomized
per participant across all conditions to prevent order effects on the results.

A binaural test-condition presented both the target and the distractor stream
in the same way as the original scale illusion, i.e., every second note from each
stream was presented to the other ear (fig.[4.3). Hence, this condition required
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both segregation of the simultaneously presented dichotic stimuli, as well as
grouping of sequential stimuli, by pitch-proximity (due to rate and place cues)
to perceive, i.e., segregate, the target stream and detect the deviant.

A monaural test condition presented both streams to the same ear instead and,
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Figure 4.3: Schematic stimuli representation for the binaural test condition on the example of
the target stream (marked with dashed lines around the notes) at the higher pitch range with the
randomized distractor stream at the lower pitch range. The black (low) and grey (high) of the
ovals indicates the pulse rate.

hence, did not require binaural processes (fig.[4.4). Listeners should always
segregate the simultaneous stimulation based on the difference in place and
rate pitch and group sequential stimuli by pitch-proximity in this condition.
They should, therefore, be able to easily detect the deviant. This allowed for
an assessment of the best-possible performance in the task without binaural
processes, and whether listeners are able to form separate stream-percepts out
of simultaneous stimulation at all. Therefore, it allows to assess the contribution
of the binaural processing when compared to the binaural test condition.

In a previous study, we have shown that when normal listeners were presented
with a control condition in which the perceptual difference across the ears was
enhanced, they could not detect the deviant within the target stream reliably
(Janssen et al.,|2019b), as they grouped the two sequences by ear-of-input in-
stead of pitch-proximity. Consequently, instead of perceiving the target melody
in one ear and the distractor in the other, they would perceive two random
streams in both ears. In the current experiment the distractor and the target

melody were presented with two different rates, so the CI listeners could the-
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Figure 4.4: Schematic stimuli representation for the monaural test condition on the example of
the target stream (marked with dashed lines around the notes) at the higher pitch range with the
randomized distractor stream at the lower pitch range, both presented to the same ear, e.g., the
right. The black (low) and grey (high) of the ovals indicates the pulse rate.

oretically have been able to detect the deviant by attending to one ear and
segregating the target from the distractor components. In that case, they would
perceive two streams, one composed of a two notes melody and one of random
notes. If the deviant occurs in the attended ear, it should be easily detectable,
but this would be complicated by the randomization of the deviants’ position
regarding the ear-of-input. Therefore, in order to assess if CI listeners used that
cue, it is important to introduce a control condition that will promote this strat-
egy. If Cl listeners experienced the illusion as described in Deutsch (1975), their
score should be higher than in any condition promoting monaural listening.
Two such binaural control conditions presented the target and distractor streams
binaurally in the same pattern as the binaural test condition, but with the intend
to force listeners to group by ear-of-input instead of using pitch cues. To achieve
this, the interaural correspondence in pitch cues was destroyed.

A binaural electrode place control condition interchanged the electrodes used
to represent the place pitches between the two pitch ranges but maintained
the pulse rates for high and low pitch ranges (fig.[4.5). This destroyed the inter-
aural correspondence in place pitch but preserved the rate-pitch cue, leading
to a mismatch in overall pitch-percepts across ears. Thus, participants were
expected to group the stimuli by ear-of-input in this case, leading to a reduced
detection-performance. This condition allowed to quantify the possible de-
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tection performance when grouping by ear-of-input, with elements from both
target- and the randomized distractor stream present.

A binaural pulse rate control condition interchanged the pulse rates used for
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Figure 4.5: Schematic stimuli representation for the binaural control condition with mismatched
electrode place pitch cues across ears, e.g., with inverted electrode place cues for the right ear.
In this example, the target stream (marked with dashed lines around the notes) is at the higher
(pulse rate) pitch range with the randomized distractor stream at the lower (pulse rate) pitch
range. The black (low) and grey (high) of the ovals indicates the pulse rate in the binaural test
condition.

the lower and high pitch range in one ear compared to the other, while keeping
the electrode selection the same. This destroyed the interaural correspondence
in rate pitch but preserved the correspondence in place pitch (fig.[4.6), again
leading to a mismatch in overall pitch percepts across ears. This allowed to
evaluate the effect of rate-pitch mismatches on the streaming behavior of the
participants and to compare it to that of place-pitch mismatches. As with the
place-pitch mismatches, participants were expected to group the stimuli by

ear-of-input in this condition, resulting in a reduced detection performance.

4.5 Results

One participant failed to meet the inclusion criterium to reach a detection
performance of at least 75 % correct when performing the task with the target-
melody alone. For the other ten participants, the individual performance in the
four conditions is depicted in fig.[4.7]with individual plots for each listener. The
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Figure 4.6: Schematic stimuli representation for the binaural control condition with mismatched
pulse rate pitch cues across both streams for one ear. In this example, the target stream (marked
with dashed lines around the notes) is at the higher (electrode place) pitch range with the ran-
domized distractor stream at the lower (electrode place) pitch range. The black (low) and grey
(high) of the ovals indicates the pulse rate, which is interchanged for the right ear in this example.

participant ID is plotted in bold type at the top right of every individual plot. A
dotted line in the figures indicates 75.0 % correct, the performance criterion
at which the individual performance in a pitch range becomes significantly
different from chance. This level was determined according to the binomial
distribution for twelve trials per pitch range and using the Bonferroni-correction
for eight comparisons at the significance level of five percent (nine or more
correct trials out of twelve trials results in p < 0.00385). The performance in
the monaural test condition fell at or above this criterion for eight out of ten
participants (no. 1, 3, 4, 6, 7, 8, 9, and 10) in at least one pitch range, while
all performance in the control conditions fell below that limit. Of these eight
listeners, five (no. 1, 4, 7, 8, and 10) also showed such high performance in the
binaural test condition. Two participants (no. 2 and 5) did not show perfor-
mance significantly different from chance in any condition.

The average results in the four conditions are depicted in fig. plotted as
the detection performance in percent of correct answers for the binaural and
monaural test conditions, as well as the binaural control conditions with mis-
matches in pulse rates and electrodes across ears. Each condition has two data
points, indicating the average performance in the lower pitch-range (“low”)
and the higher pitch-range (“high”). The binaural test condition shows on av-

erage a slightly lower performance than the monaural test condition, about
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48 % vs. 66 % for the lower pitch-range and about 58 % vs. 75 % for the higher
pitch-range. Average performance in the binaural control conditions is lower at
around 40 % for the condition with misaligned pulse rates and between 36 %
and 50 % for the misaligned electrodes. All conditions but the binaural control
condition with mismatched pulse rates show higher performance in the higher
pitch range.

A two-way repeated analysis of variance was performed with the “rationalized”
arcsine transform (rau) applied to the detection scores (Studebaker,|1985), which
were the dependent variable, and the conditions, as well as the target stream’s
pitch range as factors. The condition was a significant factor (F(3, 27) = 19.14,
p < 0.0001), but not the pitch range (F(1, 27) = 3.5, p = 0.0944). However, the
interaction between condition and pitch range was significant (F(3, 27) = 3.27,
p =0.0363).

Posthoc analysis was carried out using paired T-tests on the rau-transformed per-
formance data and considering the Bonferroni correction (criterion: p =0.01).
The scores in the binaural and monaural test conditions were not significantly
different from another (p = 0.0850). The performance difference between in the
binaural test condition and the binaural controls with mismatched pulse rates
(p < 0.001) and mismatched electrodes were significant (p < 0.001). Taking into
account that the interaction of condition and pitch range was significant, also
the differences across higher and lower pitch ranges were assessed for the bin-
aural (p =0.118) and monaural test conditions (p = 0.0820), neither difference

was significant.
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Figure 4.7: Individual results from the ten bilateral CI listeners in percent of correct answers for the
four conditions (denoted “Bin. T.”: binaural test condition, “Mon. T.”: monaural test condition,
“Ctr. Rate”: binaural control condition with mismatched pulse rate, and “Ctr. EL.”: binaural
control condition with mismatched electrodes) with one plot per participant. A bold number
at the top right of every plot indicates the participant ID. In each condition, the performance is
plotted for the target stream in the lower (“1”), and higher (“h”) pitch ranges.



4.5 Results

73

'}'0‘” §high

100 ms.
~—______ ns.

80 - n.s.
g { %high
5 high
O 60 {
= { low
§ low
& 40|

20

}high
fow

Binaural Monaural Binaural
test es contr. rate
Condition

Binaural
contr. el.
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4.6 Discussion

In this study, the bilateral CI listeners had the task to focus on a target stream
and point out the interval in which a deviant note occurred. In one of the four
conditions, i.e., the binaural test condition, this required them to use binaural
processing to a) segregate simultaneous dichotic stimuli based on pitch (and
possibly also the lateralization cue provided by ear-of-input) and b) to group
sequentially presented stimuli by proximity in pitch across ears, while ignoring
lateralization cues. The high performance in the binaural test condition of
the bilateral CI listeners as a group indicates, that they were able to perform
this binaural streaming with grouping behavior similar to the normal-hearing
listeners in Janssen et al. (2019b) and the original study on the scale illusion
in Deutsch (1975). Notably, this was achieved at rather large pitch differences
through combined temporal pitch and place pitch cues, as provided via pulse
rate and electrode place.

When the listeners had to perform the same task monaurally, their average per-
formance was even a bit higher compared to the binaural test condition, but the
difference between the two conditions was not significant. This demonstrates
that the listeners were also able to segregate concurrent stimuli into separate
streams based on proximity in pitch when no lateralization cues were present
and no binaural processes were required. This suggests, that while the later-
alization cues were present in the arrangement of the binaural test condition
and could have aided segregation of the simultaneous dichotic elements of the
stimuli, they were not required to perform the streaming necessary to perceive
the scale illusion.

The significantly lower performance in both binaural controls is a result of the
mismatches in interaural pitch percepts, introduced either via changes in pulse
rates across streams or via changes in electrode place. These changes affected
the proximity in pitch-percepts required to perform the grouping of sequential
stimuli into the target and distractor steams, and, thus, prevented listeners
from perceiving the scale illusion. Therefore, they could only evaluate the stim-
uli grouping by ear-of-input and, due to the random nature of the distractor
stream components, achieve only a limited detection performance, that was
not significantly different from chance. A similar reduction in performance was
obtained with normal-hearing listeners when mismatches in timbre percepts

across ears were introduced (Janssen et al.,[2019b). Since the difference between
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both control conditions was non-significant, we can conclude that destroying
the correspondence in rate-pitch cues was just as detrimental for the binaural
streaming as destroying the correspondence in place-pitch cues, despite the
participants’ clinical processors do not utilize the pulse rate to encode informa-
tion.

At the individual level, five out of the ten bilateral CI listeners reached a per-
formance level significantly different from chance in the binaural and monau-
ral test conditions, showing that they were grouping by pitch-proximity both
monaurally, as well as binaurally. Three other participants showed a lower per-
formance in the binaural test conditions instead but still performed significantly
above chance in the monaural test condition. This leads to the conclusion, that
they were able to segregate the simultaneous stimuli and form streams from
sequential stimuli based on pitch-proximity only monaurally, but not when
binaural processes were required to integrate the stimulation across ears. An-
other two listeners did not score significantly above chance in any condition
apart from the initial test with just the target stream, which indicates that even
monaurally, they were unable to (reliably) form separate simultaneous streams
from the stimuli like the other participants.

Since the participants overall showed a slightly lower performance in the binau-
ral test condition compared to the monaural one, one might speculate about
changes in the binaural grouping-processes, which made the task more difficult
when binaural processing is required. Nevertheless, this difference was non-
significant, so that the data does not allow for such a conclusion. A future study
with a larger number of participants could clarify this, potentially combining
the task with an assessment of listening effort, e.g., through pupil-dilation mea-
sures.

For both binaural and monaural test conditions, the results showed a trend
towards higher scores in the higher pitch range, but this difference was non-
significant. Still, the task may have been easier to perform for the target in the
higher pitch range. This fits in with results from musically-trained normal hear-
ing listeners, who had to identify dichotic sequences of tones and performed
consistently higher for the stimuli higher in pitch (Deutsch,1985), as well as with
the results of Deeks and Carlyon (2004), who investigated concurrent streaming
with a target speech stream and a masker stream, presented to normal-hearing
listeners via a CI simulation at different pulse rates. Their participants could

follow the target stream when it was presented at the higher rate compared to
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the masker, but not when the masker was presented at the higher rate. This
suggests that the effect making it easier to follow a stream at a higher pulse rate
or pitch may not be limited to the specific stimuli used here and could become
a significant factor for larger groups of participants. An optimization of the
experiment design could account for this trend, by always presenting the target
stream at a higher pitch range. This could still be tested with electrodes over the
full range of the arrays, by always using a high pulse rate for the target stream
and a low one for the distractor.

As mentioned in the introduction, it may be of interest to compare the present
results to findings for binaural fusion, since the present task relies on listeners
segregating simultaneous, dichotic stimuli instead of integrating them into a
common percept. Kan et al. (2013) used short electric pulse trains delivered
synchronously to interaurally pitch-matched electrodes and deliberately mis-
matched interaural electrode-combinations to test the effect of interaural pitch-
mismatches on binaural fusion and sound localization for short dichotic stimuli.
They found that bilateral CI users reported to perceive one sound with electrode
place-mismatches up to about 3 mm along the electrode array, correspond-
ing to four electrodes for the Cochlear devices used. But increasing interaural
pitch-mismatches resulted in lateral sound-image shifts. At higher mismatches,
participants were more likely to report percepts of two separate sounds. Inter-
aural mismatches in perception also increased the just-noticeable differences
(JND) for interaural time-difference (ITD) and loudness-difference (ILD) cues,
limiting the listeners’ abilities to accurately detect the location of sounds. Reiss
et al. (2017) also investigated binaural fusion in bilateral CI patients with short,
dichotic stimuli. Listeners were presented with loudness-balanced, biphasic
pulse-train stimuli from various interaural electrode-combinations. They had
to answer whether they perceived (1.) one and the same single sound in both
ears, (2.) one sound in the left ear only, (3.) one sound in the right ear only, or
two sounds with either (4.) the left ear higher in pitch, or (5.) the right ear higher
in pitch. Stimuli were interpreted as fused in case the participants answered
same (1.) or if they were reported as lateralized to either side (2., 3.). Results for
the bilateral CI listeners showed abnormally-wide fusion ranges instead, aver-
aging at 6.1 = 3.9 mm distance along the cochlea, with minimum range of about
1.7 mm up to a maximum of 10.3 mm or even 12.0 mm electrode distance. This
corresponds to stimuli being fused binaurally over a range of two to fourteen

electrodes with respect to the reference electrode in the other ear for Cochlear
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CIs, an even larger range than found by Kan et al. (2013). The difference be-
tween the two studies may partly be explained by the interpretation of the data.
Reiss et al. (2017) interpreted lateralized stimuli as binaurally integrated, while
Kan et al. (2013) assessed binaural fusion and lateralization separately. Steel
et al. (2015) suggested that there may be two separate psychophysical ranges
for binaural fusion and lateralization, based on the results in pediatric bilateral
CI patients. Hence, while the extend of the pitch range over which bilateral CI
patients fuse such short dichotic stimuli may be unclear, it appears to be larger
than for NH listeners, which fuse over up to 0.3 octaves (Brink et al.,{1976). This
could, thus, also affect their abilities for binaural streaming, both due to limited
differentiation in pitch percepts, but also through possible (mal-) adaptations
of the binaural processes involved.

Nevertheless, the bilateral CI listeners in the present study were able to segregate
the simultaneously presented bilateral stimuli into different streams and focus
their attention on one of them, while the electrodes generally were between
about 3.75 mm and 9 mm apart along the arrays. This leaves enough separation
by place pitch for monaural sequential stream segregation (Chatterjee et al.,
2006; Cooper and Roberts, 2007) and to generally prevent binaural fusion ac-
cording to Kan et al. (2013), but would be too small a separation in electrode
place according to Reiss et al. (2017). However, the two pitch ranges in this
study were further separated by rate pitch. Both cues combined appear to have
separated the streams’ components sufficiently, so that listeners did not fuse the
dichotic stimuli in the paradigm. The place and temporal pitch cues may have
been integrated into a common pitch percept, as Luo et al. (2012) suggested,
widening the perceptual separation across streams. If listeners had fused the
stimuli into one common sound percept, they would have perceived (most of)
the stimulation in the current experiment as only one melody of random pitches
out of the combination of target and randomized distractor, resulting in chance
level performance.

In a pilot study for this experiment the same pulse rate, 900 pps, was used for
both higher and lower pitch ranges and the two ranges were presented with
a minimum separation of about 2.25 mm along the electrode arrays for the
two pitch ranges. With these parameters, three out of five bilateral CI listeners
performed high in the monaural test condition and two of those also in the bin-
aural test condition, indicating that the two listeners streamed binaurally, while

the other one could only perform the streaming monaurally. The remaining
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two listeners always performed at chance level. Thus, for some listeners the
two streams may only be segregated with a pitch difference enhanced by use
of different pulse rates, while for others the additional context provided by the
stimuli continuing over time may already lead their auditory system to group
over a smaller pitch range. The limits of this binaural grouping range could be
evaluated in further studies, e.g., by performing the task while systematically
varying rate-pitch and place-pitch differences between the two streams. Also, a
tracking scheme could be implemented to determine the necessary separation
for streaming. This could benefit the strategies for encoding multiple, com-
peting streams for Cls and might also indicate if binaural percept alignments
should be integrated into clinical practice. Furthermore, this could help opti-
mize the patients’ speech reception and reduce their listening effort. This may
also apply to patients aided bimodally, i.e., with a hearing-aid contralateral to
the CIL

The present results are of interest also on the background of several studies
about concurrent stream segregation in CI listeners which concluded that CI
patients would likely not utilize temporal pitch differences, i.e., pulse rate, to
segregate streams (Carlyon, Long, Deeks, and McKay, |2007; Deeks and Carlyon,
2004). While this may be true for small differences, such as the 77 pps vs. 100 pps
used by Carlyon et al. (2007), already the results in Deeks and Carlyon (2004)
show effects of pulse rates, with the stream presented at a higher pulse rate
easier to follow, as discussed earlier. The results of the present study in both
the binaural and monaural test conditions demonstrate that the CI listeners
were able to segregate two concurrent streams based on pitch cues resulting
from a combination of electrode place and pulse rate, whether presented to
the same ear or across ears. This combined effect of both cues becomes more
apparent considering the pilot testing for this study without differences in pulse
rate across streams, as well as the results of the studies regarding stream seg-
regation and binaural fusion discussed above (Chatterjee et al.,2006; Cooper
and Roberts, 2007; Kan et al.,|2013; Reiss et al.,2017), all of which suggest that a
higher perceptual separation is necessary for segregated percepts. Moreover,
the binaural control with mismatched pulse rates demonstrates the significant
effect of the rate cues on binaural streaming.

This study was conducted using an interaural electrode-pairing and for most
participants, the best matches were not those used in the clinical mapping. The

clinical mapping for all participants just assigned the same frequency-bands to
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electrodes by number with the only exceptions being deactivated electrodes.
The results from the electrode pairing suggest instead, that this clinical mapping
might be suboptimal, as often the electrodes with the same number are not
perceived the same. For five out of ten participants, a shift by one or two elec-
trode numbers, i.e., up to 1.5 mm along the electrode array, produced stimuli
perceived more similar and in one case, a shift of seven electrodes was necessary,
i.e., 5.25 mm along the electrode array. These shifts also often only affected one
of the two pitch ranges and, hence, must be assessed over the entire electrode
arrays for optimal interaural matchings. Hence, all but one of the participants
fulfill the limit of 3 mm of interaural mismatch required to binaurally fuse
sounds according to Kan et al. (2013) with their clinical standard mapping. But
at least for sound localization, even such small mismatches already resulted
in a distorted perception, Kan et al. (2013) reported. It might, therefore, be
necessary to address binaural electrode-pairing clinically, at least for the sake of
those CI patients with larger mismatches, even if they present a minority. This
would have to be done over at least multiple points along the electrode arrays,
to cover eventual changes in matchings over the extend of the arrays. One could
investigate the effect of such matchings on the patients’ acclimatization to the
CI stimulation after implantation and how that reflects in outcome measures
such as speech reception in noise and listening effort. Speech reception in noise,
as a more complex measure, may require that participants grow accustomed to
the interaurally matched pitch-encoding, making such studies more complex

and time-consuming.

4,7 Conclusion

This study assessed if bilateral CI patients can perform streaming based on
a combination of electrode place and pulse rate pitch cues, both monaurally
and when they needed to combine percepts from binaural stimulation. The
paradigm used to test this was a detection task based on a modification of Diana
Deutsch’s scale illusion experiment. The participants demonstrated their ability
to monaurally segregate two concurrently presented streams based on pitch.
Moreover, they were able to perform both segregation of simultaneous dichotic
stimuli and grouping of sequential stimuli across ears by pitch-proximity when

the two streams were presented binaurally, so that binaural processing was
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required to combine stimuli from both ears into one stream. On an individual
level, two listeners were unable to perform the necessary streaming monaurally.
Of the remaining eight listeners, five were able to perform the streaming both
monaurally and binaurally, while the remaining three were only able to stream
monaurally but not when binaural processing was required. The ability to
perform this binaural streaming was taken away by binaural mismatches in
pitch percepts introduced either via changes in pulse rate or electrode place,
which destroyed the interaural correspondence in pitch percepts. Without those
interaurally matching pitch percepts, listeners were unable to group sequential
stimuli by proximity in pitch, forcing them to group by ear-of-input instead.
Consequently, also in clinical practice an alignment of binaural percepts may
be required to let patients build streams from binaural stimulation. This may
be an important topic for further studies, which could also investigate the
effect on outcomes for speech reception and music perception. Most current
clinical CI stimulation strategies do not utilize the pulse rate to convey additional
information. The present results suggest the participants were utilizing the
pulse rate differences as a streaming cue, so that it could be worth to investigate
its further adoption for clinical CI stimulation schemes, may it be to enhance

perceptual differences across electrodes or as a cue for stream segregation.
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Binaural streaming in bimodal cochlear
implant patients

Abstract

A previous study confirmed the ability of bilateral cochlear implant
(CI) patients to form streamed percepts from binaurally presented
stimuli based on pitch cues while ignoring lateralization cues (chap-
ter[4). It used a detection task paradigm based on the scale illusion
(Janssen et al., 2019b). This raised the question whether bimodal CI
patients, aided with a CI in one ear and a contralateral hearing-aid
(HA), likewise can stream binaurally. For the HA-aided ear, complex
tones were perceptually matched to the CI’s stimulation on single
electrodes, using the methodology described in (Lazard et al.,|[2012).
Seven bimodal CI patients were asked to concentrate on a target
stream and had to point out the one interval out of three in which a
note deviated from a repeating pattern, while a distractor stream
of randomized notes was presented simultaneously at a different
pitch range. For both streams, every second note was presented
to the opposite ear, so that binaural processing was required to
group sequential stimuli by pitch-proximity, as necessary to follow
the target stream and reliably detect the deviant. Five of seven bi-
modal listeners were only able to perform the task monaurally and
none binaurally, despite rating the similarity of matched stimuli
across ears high. This suggests that they did not form streams by
pitch-proximity from binaural stimulation, as normal-hearing and
bilateral CI listeners would.

81
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5.1 Foreword

The study described in this chapter is again focussed on bimodal CI patients. Af-
ter the bilateral CI patients’ abilitiy for binaural streaming has successfully been
demonstrated in the previous chapter, here the same method is adapted once
more to assess whether bimodal CI patients, with their special combination of
acoustically and electrically stimulated hearing, are also capable of binaural

streaming.

5.2 Introduction

In everyday listening, such as when listening to another speaker, the human
auditory system combines stimulation received by the two ears into common
percepts through streaming. Auditory streams are formed by grouping (resp.
segregation) of sounds based on perceptual properties such as pitch, timbre,
spatial, or timing cues. However, hearing impairment and the devices used to
aid patients with it can affect the perception of these cues, which often neg-
atively affects the patients’ abilities to segregate auditory streams (Oxenham,
2008; Rose and Moore, [2005). The question whether the devices affect the
patients’ streaming might be especially important for patients aided with a
cochlear implant (CI) and a contralateral hearing aid (HA), referred to as bi-
modal CI patients, which we investigate in this study.

Auditory streams are formed by the mechanisms of sequential and simultaneous
grouping, which are based on similarity in perceptual aspects (Bregman, [1990).
Listeners can utilize a difference in any perceptual cue to segregate auditory
objects (Moore and Gockel,[2002). As a result, simultaneously presented sounds
can be grouped into auditory objects (e.g., the harmonics of a musical sounds
are grouped into the percept of a single note) and such auditory objects can be
linked into a stream by sequential grouping (such as a melody composed of a
sequence of notes). However, these cues can conflict with each other, which
may lead to an auditory illusion. The scale illusion described in Deutsch (1975)
presents a famous example of such, presenting sounds that could be grouped
either by pitch-proximity or by lateralization cue. This illusion can also be uti-
lized to assess binaural streaming, as demonstrated for bilateral CI patients in[4]

In the illusion, two melody streams were formed out of dichotic stimulation
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based on grouping by pitch-proximity, one at a lower and one at a higher pitch-
range (cf. fig. in chapter[4). Both melodies ascended and descended in
pitch over eight notes. These two streams were presented such that every other
note per stream was delivered to the other ear. As one component of the higher
stream was in one ear, a component of the lower stream was in the other ear,
and vice versa. These stimuli could have been grouped either by pitch range
or by ear-of-input by the listeners, but most listeners did group only by pitch
range, combining notes presented from the left with notes presented to the
right, and vice versa. The listeners’ handedness appeared to influence their
exact percepts: A higher-pitched stream coming from the right, accompanied
by a lower-pitched stream from the left was reported by the majority of right-
handed listeners and about half of the left-handed listeners (“both streams”).
A higher-pitched stream and little to nothing of the lower-pitched stream was
reported by a minority of the right-handed listeners and the other left-handed
listeners (“single stream”). This illusion was only possible if the listener segre-
gated simultaneously presented notes based on pitch or the lateralization cue
(ear-of-input) and then grouped sequentially presented notes into two later-
alized streams based on proximity in pitch. Hence, Deutsch argued that the
Gestalt-principle of pitch-proximity overrode the lateralization cues. In this
study, we aim to utilize this illusion to assess the bimodal CI patients’ ability to
build streams from binaural stimulation, as we did with bilateral CI patients in
the previous chapter ().

To enable testing of the illusion with bimodal CI listeners required several
changes. First, CI patients often have only limited abilities to identify musical
pitch-contours (Galvin et al., 2007, 20094, |2009b; Zhu et al., [2011), so that a
detection task may offer a better assessment than letting them describe their
percepts. Hence a new paradigm developed and verified in Janssen et al. (2019b)
was used, in which one of the two melody streams of the scale illusion was ran-
domly chosen as a target stream into which a deviant note was embedded.
Participants had the task to detect this deviant in a three-alternative, forced-
choice paradigm. Parallel to the target stream, they were presented with notes
of random pitch picked from the other pitch range of the scale illusion (fig.[5.2).
As characteristic for the scale illusion, these two streams were presented such
that every other note per stream was presented to the other ear. As one com-
ponent of the higher stream was in one ear, a component of the lower stream

was in the other ear, and vice versa. Hence, this arrangement required listeners
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to a) segregate concurrent dichotic stimuli by pitch and b) group sequential
stimuli by pitch-proximity, in order to perceive and follow the target stream. If
listeners were able to follow this target stream, detecting the deviant note would
be relatively easy.

Second, to allow the bimodal CI listeners to both segregate the simultaneous
dichotic stimuli by pitch cues and group sequential stimuli by pitch-proximity,
the pitch cues had to provide sufficiently large differences to allow for streaming
to occur. A number of studies have shown limitations in CI patients’ stream
segregation abilities for stimuli with smaller differences in electrode place and
pulse rate for streaming of concurrent stimuli (Carlyon et al.,[2007; Cooper and
Roberts, |[2010; Deeks and Carlyon, 2004), as well as sequential stimuli (Chatter-
jee et al.,|2006; Cooper and Roberts,|[2007; Duran et al., 2012; Paredes-Gallardo
et al.,[2018a}[2018b). In addition to that, studies found that CI patients could
also fuse simultaneous dichotic stimuli into one common pitch percept over a
wide range in electrode-place pitch (Kan et al.,[2013; Reiss et al.,[2014a,[2017;
Steel et al., [2015). Therefore, the two pitch ranges of the scale illusion stimuli
were encoded using both electrode place pitch cues and different pulse rates
across the two streams on the CI side. These place and temporal pitch cues
could be integrated into a common pitch percept, as results from Luo et al.
(2012) and Lamping et al. (2017) suggest, effectively enhancing the differences
in pitch percepts.

Third, regarding the acoustical stimulation to the ear opposite to the CI, a pure-
tone stimulation by the hearing aid may lead to a very different neural excitation
pattern compared to that of a pulse train stimulation on a single electrode. So,
to allow the bimodal CI listeners to group by perceptual similarity, a matching
of the acoustic stimulation to the electric stimulation would need to be con-
ducted. The matching procedure used in Lazard et al. (2012) was adapted for
this experiment to match acoustic tone complexes presented via headphones to
the stimuli from single CI electrodes. For these, the fundamental frequency was
set equal to the matched electrode’s pulse rate, since both represented temporal
pitch cues. The participants were asked to adjust the center frequency, band-
width and inharmonicity of the tone-complexes. Fourth, the limited residual
hearing of the bimodal CI patients, often mild-to-moderate up to 500 Hz and
changing to severe-to-profound above that, must be considered (Ching et al.,
2007; Gifford et al., 2007). This restricts the choice of electrodes useable for

interaural alignment to the ones located more apically.
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We hypothesize that these modifications should allow bimodal CI patients to
segregate concurrent streams and perceive the scale illusion, as with the bilateral
CI patients in our previous study (chapter[4). However, the daily exposure to the
different sound representations across ears in the bimodal configuration could
have let to adaptations in the patients’ perception and/or binaural processing
(Gordon et al.,|2017; Polonenko et al.,[2019; Reiss et al.,[2014b), so that they may
not form the streamed percepts that lead to the scale illusion. Various forms of
adaptations bimodal CI patients’ pitch percepts over time have been reported
in Reiss et al. (2014b), leading either to (1.) a reduction in interaural mismatch
by adapting pitch percepts, (2.) converging of pitch percepts to a common
low pitch percept across multiple electrodes, or (3.) static, non-adapting pitch
percepts over time. This large individual variation in adaptation to bimodal
stimulation also indicates a possible wide spread in streaming abilities.

Determining if bimodal CI patients form streamed percepts like bilateral CI
patients and normal hearing listeners could be valuable information to guide
optimization of the implants’ and hearing aids’ processing, stimulation scheme,
and fitting parameters for the specific case of bimodal stimulation. It might
help explain variability in outcome measures and could be a key to improve

speech reception in noise and reduce listening effort.

5.3 Participants

This study encompassed seven bimodal CI patients (aged 40 to 79; average:
65.5 years), who became deaf post-lingually, including two male and two mu-
sically trained listeners. All participants were right-handed and all CIs were
produced by Cochlear (Macquarie University, Australia). They were recruited
at the German Hearing Center of the Medical University Hannover, Germany,
and provided written informed consent. All experiments were approved by the
ethical committee of the Medical University Hannover (reference 7885 BO S
2018). All participants were aided with Cls produced by Cochlear Ltd. (Mac-
quarie University, NSW, Australia). More information on the participants can
be found in tab.|5.1|and their average audiogram in fig.
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Table 5.1: Demographic information on the bimodal CI participants and their hearing aids (HA) with age and durations (Dur.) given in years (a)

Dur. hearing loss

Dur. deafness

Etiology Age Dur. deviceuse/a prior to aid / a prior to aid / a Implant
ID CI HA CI HA CI HA Type Ear
1 Middle ear infection 77 7.5 179 9.0 9.0 9.0 0 CI512  Left
Meningitis, .
2 _VCnIngls g, g g 497 2.3 23 0 0 CI512 Right
progressive hearing loss
3 Progressive hearingloss 63 12.8 329 6.0 6.0 0 0 CI24RE(CA)  Left
4  Progressive hearingloss 40 8.0 25.8 0 14.6 0 0 CI422 Right
Meniere's di . .
5 enferes disease, o g 219 0 0 154 0 CI522  Right
progressive hearing loss
A .
6 cute and progressive o, o 103 15 15 0 0 CI522 Right
hearing loss
Hereditary, .
7 79 27 12.8 56.9 44.8 0 0 CI522 Right

progressive hearing loss
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Figure 5.1: Average audiogram for the acoustically aided ear of the participants. The shaded area
shows the maximum and minimum thresholds.

5.4 Method

5.4.1 Stimuli

For the ear with the CI, stimuli were 200 ms monopolar biphasic pulse-trains
on eight single electrodes from the apical end of the CI, no. 22 to 15, with stim-
ulation rates of either 70 pps or 250 pps, a pulse phase of 25 us, and a pulse
gap of 8 us. The stimuli were delivered directly through a RF Gen XS research
stimulation-platform (Cochlear Ltd., Macquarie University, NSW, Australia).
For the acoustically aided ear, 200 ms-long bandpass-filtered acoustic tone-
complexes with n = 50 harmonics were delivered via HDA 200 headphones
(Sennheiser Electronik GmbH & Co. KG, Wedemark, Germany), driven by a Scar-
lett 2i2 soundcard (Focusrite Audio Engineering Ltd., High Wycombe, United
Kingdom). A frequency-dependent amplification was applied according to the
participants’ audiogram and the half-gain rule. A fourth-order Butterworth filter

was used for the filtering. The headphones were calibrated using a Briiel & Kjeer
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(B&K; Neerum, Denmark) 2636 sound-level meter, with IEC-60318-1 ear simula-
tor B&K 4153 and reference calibrator B&K 4230 and equalized by their frequency
response. The hearing threshold and most-comfortable listening level for each
electrode were determined as in the clinical fitting, by the experimenter care-
fully increasing the current level from zero, while the participant could indicate
the loudness on a seven-step scale (1: inaudible; 2: barely audible; 3: soft; 4:
comfortable, but a little soft; 5: most-comfortable; 6: comfortable, but a little
loud; 7: too-loud; in the participant’s native language). Around the threshold
and most-comfortable level, the loudness was adjusted in one current unit steps,
equivalent to 0.168 dB. The sound processor was then programmed with the
most-comfortable level found and threshold set to the same level, to ensure that
stimulation occurs at the desired level. The loudness of the acoustic stimuli was
adjusted in the same manner, using 1 dB steps around the most-comfortable
level.

The acoustic stimuli were matched in percept to the single electrode stimu-
lation using a modification of the procedure described in Lazard et al. (2012).
The matching was conducted using the MAX/MSP 7 software (Cycling '74, Wal-
nut, CA, USA), allowing for real-time modification of the stimuli. An acoustic
equivalent was determined for each of the eight electrodes separately and in
random order. During the matching, the electric stimulation was provided
via a Freedom sound-processor (Cochlear Ltd., Macquarie University, NSW,
Australia) connected via direct audio input, programmed so that only a single
electrode was stimulated at most-comfortable listening level and a pulse rate
of 250 pps, the lowest pulse rate selectable in the clinical programming soft-
ware Custom Sound 5 (Cochlear Ltd., Macquarie University, NSW, Australia).
Hence, the interaural matching could only be conducted at the higher of the
two pulse rates used in the experiment, under the assumption that the pulse
rate does not significantly affect the matching in other parameters, namely,
the center frequency f. of the filter, its bandwidth A f, and inharmonicity iof
the tone-complexes. The inharmonicity i determines the frequency-spacing
of the complexes’ components f;, = f; % n’. The bandwidth was controlled via
adjustments of the filter’s Q-factor Q = fy/A f. The fundamental frequency f; of
the tone complexes was fixed to either 70 Hz for the more apical four electrodes
or 250 Hz for the other four electrodes, to match the pulse rate used during the
later experiment. Therefore, the temporal pitch percept should match both

acoustically and electrically, where temporal pitch differences are generally only
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perceived up to a pulse rate of about 300 pps (Vandali et al., 2013; Zeng, 2002).
In the matching procedure, electric and acoustic stimuli were constantly pre-
sented in turn, while participants could vary the parameters of the acoustic
tone-complex using a graphical interface Bamboo Fun pen and touch (Wa-
com Co. Ltd., Kazo, Saitama, Japan). This allowed them to control two param-
eters at once by moving a stylus on a two-dimensional surface. Hence, the
adjustment for each electrode’s equivalent was conducted in two steps. The
participants were encouraged to explore the entire mapping space during the
adjustment before deciding on the optimum point.

First, the abscissa was mapped to control the center frequency (ranging from
40 to 22050 Hz on a logarithmic scale) and the ordinate to control the Q-factor
(ranging from 0.15 to 300 on a logarithmic scale), while the inharmonicity was
kept at one, i.e., producing a harmonic sound. In case the center frequency of
the filter fell below the fundamental frequency, the filter acted as a low-pass and,
likewise, if the center frequency fell above the highest harmonic (50 « fy), the
filter acted as a high-pass. This limited the number of audible harmonics. The
participants were instructed to report eventual changes in loudness during the
adjustments, in which case the loudness was re-matched. In the second step,
the parameters adjusted in the first step were kept constant and the abscissa
was mapped to control the inharmonicity instead, leaving the ordinate without
function. Once the participants were satisfied with the equivalence of the two
stimuli, they were asked to rate this equivalence on a scale from zero (for no
similarity at all) to ten (for a perfect match). The adjustment was repeated at
least once for all stimuli and the result with the better rating was used in the
further experiment.

Next, the loudness-balancing was repeated for the stimuli to be used in the
further experiment, i.e., with the parameters determined in the matching, as
generated by the hard- and software for the experiment, which was programmed
in Matlab R2015b (The Mathworks Inc., Natick, MA, USA). The triggering feature
of the research platform was used to ensure simultaneous binaural stimulation.

5.4.2 Procedure

The patients’ ability to stream binaurally by pitch-proximity was investigated
using the procedure described in Janssen et al. (2019b). Building upon the audi-

tory scale illusion described by Deutsch (1975), two melodies were presented
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concurrently using the eight binaurally aligned stimuli. The participants’ task
was to concentrate on a target melody stream, which consisted of eight notes
repeated in a pattern going up and down in pitch, similar to the melodies in the
original scale illusion experiment. This target melody stream was presented
either at a lower or a higher pitch-range, together with a concurrent distractor
melody stream with notes picked randomly from the other pitch range. Hence,
when the target stream was presented at the lower pitch-range, the distractor
stream was presented at the higher pitch-range, and vice versa (cf. fig.[5.2).
Moreover, the components of these two streams were presented simultaneously,
so that if a component from the target stream was on the right, a component of
the distractor stream was on the left, and, again, vice versa. Consecutive compo-
nents for both streams were presented contralaterally, in a pattern that reversed
in order after every four notes. So, the arrangement formed a pattern symmetric
to the middle of the repeating sequence of eight notes (e.g., for one stream in
one presentation of the eight notes: left-right-left-right-right-left-right-left).

. i Pulse rate  Side
1) Target stream at high pitch range Interval & low Lleft
A A B C | @ High Rright
= i H No deviant
S |
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Contains deviant % | g9 (R X R SR LR 2R J @
[ [ L J o o o o o
i > o i P ; ©ea®
[ I |
& o L) 3 o 1 3
Distractor stream g (L o o o: oo o:o o o [ L X 4
Randomized £ ©® o000 | o o | o
3 1 '
o | 1 n
Time
2) Target stream at low pitch range Interval
A B C
A | |
g i i
Distractor stream £ E E
Randomized ‘cg: o o ' o ! L) o
$ o [ R J o o | o [ R J [ L J LR J o o L L J o
5 3 o e o o
Target st £ o | i LR 4 o LR X R J P
arget stream % ] ]
- g [ R J LR J i © [ & J | o
Contains deviant £ o o:o o:o Deviant in pattern o
= { -

v

Time

Figure 5.2: Schematic stimuli representation. A random deviant occurs in the target stream,
either at the higher (top) or lower (bottom) pitch range. The distractor stream consists of notes
picked randomly from the other pitch range. The black (low) and grey (high) of the ovals indicates
the pulse rate, resp. fundamental frequency for the tone complexes with which the acoustically
aided ear was stimulated. These tone complexes were matched in percept to the corresponding
electrode in the other ear.

In case the bimodal Cl listeners showed the same streaming behavior as the
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bilateral CI listeners in chapter[4} they should, likewise, be able to concentrate
on and track the target stream. To perceive it, they must segregate the simulta-
neous dichotic components of the stimuli and group sequential components
by proximity in pitch, ignoring the localization cues from the ear-of-input. The
test to determine whether the listener could follow the target stream consisted
of a deviant note in the target stream, falling out of the regular pattern (but
within the regular pitches of the target stream). The deviant was introduced by
shifting a note’s respective pitch, i.e., electrode, or its acoustic equivalent, by
two positions within the respective pitch range’s four pitches (as indicated in
interval C of the bottom drawing in fig.[5.2). The detection task cannot reveal
if they perceive the concurrent distractor stream on the other side along with
the target or not (“both streams” or “single stream” percept, as described in
Deutsch, [1975). However, either percept requires that listeners perform the
pitch-based grouping from binaural stimulation. In case listeners grouped by
pitch-proximity, they would show a high detection performance. If listeners
were grouping by ear-of-input instead of pitch-based, evaluating both ears indi-
vidually, the random nature of the distractor stream’s components, i.e., every
second note, would make the detection of a deviant more difficult.

The target stream was indicated at the beginning of each trial by two exclusive
presentations without the distractor stream. Following, both target and dis-
tractor streams were presented concurrently six times. During the first three
repetitions, a build-up of streamed percept could occur, as the formation of
segregated percepts has been described to form gradually over several seconds
(Bregman, |1990; Paredes-Gallardo et al.,2018b,|2018c). Three intervals for the
detection task are formed by the last three repetitions, of which one contains
the deviant note, as indicated for interval C at the bottom of fig. During
playback, the current interval was lit up on a graphical user interface on the
screen. Listeners could repeat the stimuli when desired.

The positioning of the deviant note occurred randomly at any of the inner six
of the eight notes within one of the three last repetitions of the target stream,
but never the first or last of the eight notes. The deviant was placed counterbal-
anced with regard to the side of presentation, interval, and pitch range of the
target stream. As a three-alternative, forced-choice task, the task was free of a
detection-bias (Wickens, |2002).

A training was conducted before the experiment, which consisted only of the

binaural and monaural test conditions (see Conditions below). During the
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training, the participants were given feedback on whether they answered cor-
rectly. The overall duration of the experiment amounted to 4 to 6 hours, which
included breaks. The experiment was, therefore, split into two separate sessions
to reduce fatigue. Loudness balancing and interaural matching were conducted
in the first session, which concluded in a basic test to determine if participants
were able to perform the task with only the target melody presented in the
paradigm. Here, twelve trials presented the listener with the target stream alone
and in the same counterbalanced for as during the experiment. Participants
who were unable to reach a performance level of at least 75 % correct in this
simple task were excluded from further testing, since in that case no clear con-
clusions regarding binaural streaming could have been drawn. The training

and final testing were performed in the second session.

5.4.3 Conditions

The experiment featured four conditions with twenty-four trials each, which
are described below. All conditions together were presented in individually
randomized order to prevent the order from affecting the results.
Both target and distractor stream were presented in the same way as the original
scale illusion in the binaural test condition, i.e., every second note from each
stream was presented to the other ear (fig.[5.3). Hence, perception of the target
stream and the reliable detection of the deviant required listeners to a) segregate
concurrent dichotic stimuli based on pitch and b) group sequential stimuli by
proximity in pitch, while ignoring the lateralization cues from the ear of input.
Conversely, both streams were presented to the same ear in a monaural test
condition (fig.[5.4). This allowed assessing the listeners’ capability to segregate
the two concurrent streams when no binaural processes were required and to
evaluate the influence of the binaural processing when compared to the binaural
test condition. In this condition, listeners were always expected to group the
stimulation based on pitch-proximity and detect the deviant. The performance
in this condition demonstrates the best-possible performance without binaural
processes and show if the listeners were capable of forming separate streams
from concurrent stimulation. Thus, listeners unable to reach a performance
significantly different from chance in this condition, and therefore unable to
even segregate the streams monaurally, were excluded from the evaluation

regarding binaural streaming. Based on the bimodal distribution for twelve



5.4 Method 93

Binaural Test Condition Pulse rate  Side
E. g. target high & low Lleft
K @ High Rright
£
High pitch-range ‘g
rarget § | P qm o
g o
. £ oo L
Low pitch-range & | @® oo
Randomized LE o o <«
distractor >
Time

Figure 5.3: Schematic stimuli representation for the binaural test condition on the example of
the target stream (marked with dashed lines around the notes) at the higher pitch range with
the randomized distractor stream at the lower pitch range. The black (low) and grey (high) of
the ovals indicates the pulse rate. Stimuli on the ear stimulated acoustically were acoustic tone
complexes, matched in percept to stimulation by the corresponding electrode in the opposite
ear.

trials per pitch range and using the Bonferroni correction for two comparisons
at a significance level under five percent, the required performance-criterion
amounts to 66.67 % correct answers (p < 0.0188).

In addition, two binaural control conditions were designed to force listeners
to perform the task without grouping of stimuli across ears by pitch-proximity,
but by ear-of-input instead. In these, the target and distractor streams were
again presented binaurally as in the binaural test condition. This allowed to
contrast the performance in the test conditions and to quantify the possible
detection performance in case that no binaural grouping was possible. But
even without such binaural grouping, a theoretical optimal detector would
yield a result of 66.67 % correct answers, compared to 100 % correct in the
test conditions. In both control conditions, the interaural correspondence in
percepts was destroyed so that no interaural grouping of stimuli by similarity
could occur, leaving the listeners to evaluate the stimuli by ear-of-input. This
was realized by modifying the stimuli on the CI-side, either by exchanging the
pulse rate across streams, maintaining the electrode’s places (fig.[5.5), or by
inverting the order of electrodes while maintaining the pulse rates (fig. [5.6).
The listeners, evaluating the stimuli by ear-of-input in both control conditions,

would encounter stimuli where every second note came from the randomized
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Figure 5.4: Schematic stimuli representation for the monaural test condition on the example of
the target stream (marked with dashed lines around the notes) at the higher pitch range with
the randomized distractor stream at the lower pitch range, both presented to the same ear, e.g.,
the right. The black (low) and grey (high) of the ovals indicates the pulse rate. Stimuli on the ear
stimulated acoustically were acoustic tone complexes, matched in percept to stimulation by the
corresponding electrode in the opposite ear.

distractor stream, making the detection of the deviant more difficult. As in the
results of the bilateral CI patients (chapter[4), a low performance was expected

in the control conditions.

5.5 Results

5.5.1 Results of the binaural matching

The results of the binaural matching to stimulation by the eight individual CI
electrodes are depicted in fig.[5.7|for the filter center frequency, fig.5.8|for the
Q-factor of the filter, and fig.[5.9for the inharmonicity. The parameter values
are plotted both as the average across participants in black circles with bars for
the standard error, as well as in shaded grey plusses with dotted lines for the
individual participants.

Differences in the matched parameters were observed especially between the
four more apical electrodes with a fundamental frequency of 70 Hz (denoted 1
to 4 here, referring to electrodes 22 to 19 as named by Cochlear) compared to
the four following electrodes with a fundamental frequency of 250 Hz (denoted
5 through 8, referring to electrodes 18 to 15 as named by Cochlear). For the
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Figure 5.5: Schematic stimuli representation for the binaural control condition with mismatched
pulse-rate pitch cues across both streams for one ear. In this example, the target stream (marked
with dashed lines around the notes) is at the higher (electrode place) pitch range with the ran-
domized distractor stream at the lower (electrode place) pitch range. The black (low) and grey
(high) of the ovals indicates the pulse rate, which is interchanged for the right ear in this example.
Stimuli on the ear stimulated acoustically were acoustic tone complexes, matched in percept to
stimulation by the corresponding electrode in the opposite ear.

more apical electrodes, the average filter center frequency does only increase
slightly with electrode place, matched to values within about 200 Hz and 600 Hz,
whereas an increase from this range is visible for all but one participant for the
other four electrodes.

Possible relations between the electrode number (from 1 to 8 with increasing dis-
tance from the apex) as the independent variable and the matching parameters
as the dependent variables were explored using Pearson correlations. Overall,
the filter center frequency shows a highly significant correlation to the electrode
(r=0.606, p < 0.0001). The filter’s Q-factor does not change substantially over
the electrodes and its correlation to the electrode is non-significant (r = -0.0841,
p = 0.509). Lastly, for the four more apical electrodes the inharmonicity shows
more individual variation between about 1.0 and 2.4 with a rather constant
average value of about 1.5. For the other four electrodes, the inharmonicity
drops to both lower values and lower individual variation between about 0.7
and 1.6 with an average of about 1.2 (i.e., more harmonic). The inharmonicity
was also significantly correlated to the electrode (r = -0.433, p < 0.0001).

The participants rated how satisfied they were with the resulting correspondence
of acoustic and electric stimulation on a scale from zero for no correspondence

at all to ten for perfectly matching sounds. The resulting ratings can be found in
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Figure 5.6: Schematic stimuli representation for the binaural control condition with mismatched
electrode-place pitch cues across ears, e.g., with inverted electrode place cues for the right ear.
In this example, the target stream (marked with dashed lines around the notes) is at the higher
(pulse rate) pitch range with the randomized distractor stream at the lower (pulse rate) pitch
range. The black (low) and grey (high) of the ovals indicates the pulse rate. Stimuli on the ear
stimulated acoustically were acoustic tone complexes, matched in percept to stimulation by the
respective electrode on the opposite ear.

tab.[5.2]and indicate that the participants were rather satisfied with the resulting

acoustic stimuli, with an average rating of 8.4 £ 0.80.

5.5.2 Results of the detection task

All participants were able to perform the task with just the target melody alone
at a performance of 75 % correct or higher. Fig. shows the performance
achieved with the CI compared to the HA in the monaural test condition. The
performance is plotted separately for the low (“low”) and the high pitch range
(“high”) for the HA-aided side and the CI-aided side. For both pitch ranges, the
CI shows slightly higher performance, with about 47 % vs. 45 % difference in the
low pitch range and about 57 % vs. 67 % in the high pitch range across acoustic
and electric stimulation, respectively.

For this monaural data comparing the listeners’ performance in the two kinds
of stimulation, a two-way repeated analysis of variance was performed, using
the “rationalized” arcsine transform [rau; Studebaker, 1985], applied to the de-
tection scores as the dependent variable, and the kind of stimulation, as well as

the target stream’s pitch range as factors. The results demonstrate that neither
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Figure 5.7: Results of the interaural matching for the filter center frequency f, plotted over the
electrodes from the most apical, denoted 1, to the least apical, denoted 8 (referring to el. 22 to 15
as named by Cochlear). For the four more apical electrodes a fundamental frequency of 70 Hz
was used, while a fundamental frequency of 250 Hz was used for the other four electrodes. The
average results are plotted in black circles with the standard error, while greyscale plusses with
dotted lines denote the individual data.

the kind of stimulation (F(2, 6) = 0.62, p = 0.461), the pitch range (F(1, 6) = 1.26,
p=0.304), nor their interaction (F(1, 6) = 3.56, p = 0.847) were significant factors.
Hence, the results were evaluated averaging over both devices.

Fig. shows the detection performance for the participants individually,
plotted in percent of correct answers for the binaural and monaural test condi-
tions, as well as the binaural control conditions with mismatches in pulse rates
and electrodes across ears. There are two data points for each condition, one
indicating the average performance in the lower pitch range (“1”) and the other
in the higher pitch range (“h”). The bold type at the top right of every individual
plot indicates the participant ID. Regarding the criterion for a performance
significantly different from chance of 66.67 % in the monaural test condition,
five of the seven participants (no. 1, 3, 5, 6, and 7) reached or surpassed this, but
only when the target stream was in the high pitch range. The performance in
other the binaural test condition and the binaural control conditions is lower
for these five listeners as well as the remaining two participants (no. 2 and 4).

The performance on the group level for the listeners who scored significantly
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Figure 5.8: Results of the interaural matching for the filter Q-factor plotted over the electrodes
from the most apical, denoted 1, to the least apical, denoted 8 (referring to el. 22 to 15 as named
by Cochlear). For the four more apical electrodes a fundamental frequency of 70 Hz was used,
while a fundamental frequency of 250 Hz was used for the other four electrodes. The average
results are plotted in black circles with the standard error, while greyscale plusses with dotted
lines denote the individual data.

above chance in the monaural test condition is given in fig. plotted in
percent of correct answers for the binaural and monaural test conditions, as
well as the binaural control conditions with mismatches in pulse rates and
electrodes across ears. As before, there are two data points for each condition,
one indicating the average performance in the lower pitch range (“low”) and
the other in the higher pitch range (“high”). The monaural test condition shows
the highest performance, with about 75 % on average in the high pitch range,
but only about 58 % in the low pitch range. The latter result is only marginally
better compared to the scores in the binaural test condition with around 42 % in
both pitch ranges, as well as the binaural control conditions with mismatched
pulse rate around 33 % and mismatched electrode place around 38 %.

A two-way repeated analysis of variance was performed for the data from these
five listeners, again with the “rationalized” arcsine transform applied to the de-
tection scores (rau), which were the dependent variable, and the conditions, as
well as the target stream’s pitch range as factors. The condition was a significant
factor (F(3, 12) = 7.64, p = 0.00410), but not the pitch range (F(1, 12) = 3.01,
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Figure 5.9: Results of the interaural matching for the inharmonicity plotted over the electrodes
from the most apical, denoted 1, to the least apical, denoted 8 (referring to el. 22 to 15 as named
by Cochlear). For the four more apical electrodes a fundamental frequency of 70 Hz was used,
while a fundamental frequency of 250 Hz was used for the other four electrodes. The average
results are plotted in black circles with the standard error, while greyscale plusses with dotted
lines denote the individual data.

p = 0.158). The interaction between condition and pitch range was significant
(F(3,12) =4.61, p = 0.0228). Following this, a post-hoc analysis was conducted
using the rau-transformed performance data of the five listeners. The paired
T-tests were evaluated using the false discovery rate control (FDRC) method,
based on a significance criterium of @ = 0.05 (Benjamini and Hochberg, |1995).
Although the p-value was rather low, the average scores in the binaural and
monaural test conditions overall, i.e., including both pitch ranges, were not
significantly different from each other when the correction was considered
(p =0.0309; FDRC-criterion: p = 0.0167). The differences between the binaural
test condition and the binaural controls with mismatched pulse rate (p = 0.206)
and mismatched electrodes (p = 0.641) were also non-significant. Taking into
account the significant interaction of condition and pitch range and the notice-
ably higher performance in the high pitch range in the monaural test condition,
also the differences across high and low pitch ranges were assessed. The dif-
ferences across pitch ranges within the binaural (p = 0.178) and monaural test

conditions (p = 0.0128), were both non-significant (FDRC-criterion: p = 0.0125).
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Figure 5.10: Averaged monaural results from the bimodal CI listeners in percent of correct
answers separated by kind of stimulation (HA: acoustic; CI: electric). In each condition, the
average performance is plotted for the target stream in the low (“low”), and high (“high”) pitch
ranges with the standard error and indication of significant differences.

Neither significant was the difference across binaural and monaural test con-
dition for the low pitch range (p = 0.225), but the difference across these two
conditions was significant for the high pitch range (p = 0.0134; FDRC-criterion:
p=0.0167).
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Figure 5.11: Individual results from the seven bimodal CI listeners in percent of correct answers
for the four conditions (denoted “Bin. T.”: binaural test condition, “Mon. T.”: monaural test
condition, “Ctr. Rate”: binaural control condition with mismatched pulse rate, and “Ctr. EL.”:
binaural control condition with mismatched electrodes) with one plot per participant. A bold
number at the top right of every plot indicates the participant ID. In each condition, the perfor-
mance is plotted for the target stream in the low (“1”), and high (“h”) pitch ranges (color online).
The dotted line indicates a performance of 66.67 % correct, the criterion used to assess the
individual performance in the monaural test condition.
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Figure 5.12: Averaged results from the five bimodal CI listeners who scored significantly above
chance in the monaural test condition in percent of correct answers for the four conditions. In
each condition, the average performance is plotted for the target stream in the low (“low”), and
high (“high”) pitch ranges with the standard error and indication of significant differences
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5.6 Discussion

The task for the bimodal CI participants of this study was to focus on a target
stream in the presence of the randomized distractor and determine the interval
in which a deviant note occurred. The binaural test condition required binaural
processing a) for segregation of simultaneous dichotic stimuli based on pitch,
possibly aided by the lateralization cues from the ear-of-input, and b) grouping
of sequentially presented stimuli by interaural pitch-proximity, while ignoring
lateralization cues. While all bimodal CI listeners could perform the task with
just the target melody alone, none of them scored significantly above chance
in the binaural test condition and only five of the seven listeners were able to
score significantly above chance level in the higher pitch-range of the monaural
test condition, where both target and distractor were presented to the same
ear. The binaural controls with mismatches in pulse rate and electrode place
showed scores not significantly different from the binaural test condition, as
visible both individually and for these five listeners as a group. This suggests
that the bimodal listeners were unable to perform the binaural streaming re-
quired in the binaural test condition. However, the high performance in the
higher pitch-range of the monaural test condition indicates that they were able
to segregate concurrent streams based on the temporal and place pitch cues
provided via pulse rate and electrode place resp. fundamental frequency for the
acoustically stimulated ear. Since the listeners were unable to stream binaurally
with interaurally aligned percepts in the binaural test condition, such streaming
was also impossible in the binaural control conditions. The other two listeners
did not score significantly above chance in any condition, which suggests that
they cannot segregate the concurrent streams monaurally, foreclosing a study
of their binaural streaming behavior.

The lower performance shown in the lower pitch-range, could at least in part
explained by a generally higher difficulty to focus on the stream presented at a
lower pulse rate resp. pitch, since the bilateral CI listeners in chapter [4]showed
the same trend. Likewise, a study of concurrent streaming using CI simulations
for normal-hearing listeners found that presenting one target stream at a higher
rate and a concurrent masker at a lower rate let listeners follow the target, but
interchanging the rates appeared to have prevented the listeners from following
it (Deeks and Carlyon, [2004). Musically-trained normal-hearing listeners, who
had to identify dichotically presented tonal sequences in Deutsch (1985), also
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performed consistently better in the higher of two melodies. There appears,
thus, to be a general tendency that segregating a stream of higher pitch (or ata
higher pulse-rate) is easier, which then likely factors into the lower performance
observed in the lower pitch-range. The participants’ on average stronger high-
frequency hearing loss, even though compensated for via the half-gain rule,
could have led to a lower performance in the high pitch range, but not a higher
one. As for bilateral CI listeners, the experiment design could be optimized
regarding this by always presenting the target stream at a higher pitch-range,
making use of the pulse rate resp. fundamental frequency to ensure a higher
pitch for the electrodes desired to present the target stream.

Remarkably, the performance differences in the monaural test condition were
not significant across the type of stimulation, i.e., the participants scored slightly
lower on the HA-aided side, but not significantly so. This indicates that the
salience of the pitch cues in the acoustic stimuli were sufficient to allow for the
melodies to be encoded, even though some of the matching parameters only
changed moderately over the corresponding electrodes. Still, the trend towards
a slightly lower acoustical performance could lead to a significant difference
across devices with a larger number of participants. The lower salience of the
cues could be explained by the reduced frequency selectivity in the impaired
auditory system (Florentine et al.,|1980).

Before subjected to the streaming tests, the bimodal listeners first had to match
acoustic tone-complexes to the electric stimulation of eight individual elec-
trodes from the apical side of their CI. Overall, the participants were rather
satisfied with how well the resulting acoustic stimuli matched the sensation
from the electric stimulation. The results for the matching parameters indicate
that the filter’s Q-factor was not varying significantly with the electrode location.
Thus, it would perhaps only have to have been matched once per participant.
This presents a way to optimize the interaural matching procedure. The other
two parameters matched varied significantly over the electrodes, with the filter’s
center frequency increasing from around 400 Hz to around 850 Hz and the in-
harmonicity decreasing from very inharmonic towards more harmonic sounds
with increasing distance from the most apically located electrode. The eight
consecutive electrodes used in this experiment spanned about 6 mm along the
extend of the electrode array.

The participants adjusted the matching parameters to more similar values for

the sounds with a fundamental frequency of 70 Hz (paired to the more apical
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four electrodes) and the sounds with a fundamental frequency of 250 Hz (paired
to the other four electrodes). This could be explained by the different funda-
mental frequency used across the two ranges, which the participants could not
adjust themselves. If this parameter had been accessible to the participants,
they might have increased the fundamental frequency with increasing distance
from the most apical electrode, along with the filter’s center frequency. Although
the participants were rather satisfied with the matching results, letting them
also adjust the fundamental frequency could have led to an even better corre-
spondence. Another noteworthy factor is that the stimulation via direct audio
input to a CI processor, as used in the matching, did only allow to stimulate
with certain pulse rates, of which 250 pps was chosen as the lowest possible.
Hence, an exact correspondence between matched stimuli and the stimuli used
during the experiment was only given for the higher pitch-range. This may
have contributed to the significantly better performance of the listeners in that
pitch range, visible in the monaural test condition. This may also reflect in the
participants’ satisfaction ratings, since those in the higher pitch-range were
slightly better at 8.6 compared to 8.3 for the lower pitch-range and a paired
T-test showed that the difference was close to significant (p = 0.0533).

The difference in streaming behavior compared to the bilateral CI listeners in
chapter[4]could be explained based on the bimodal patients’ daily experience
with HAs and ClIs, representing sounds in fundamentally different ways, i.e.,
without binaurally-matched percepts. As Reiss et al. (2014b) found, such daily
“training” can affect the auditory system when it comes to pitch percepts. This
could also lead to adaptations in the binaural processing of sounds, which may
prevent the bimodal listeners from integrating the binaural stimuli into com-
mon streamed percepts like normal-hearing listeners and bilateral CI patients
would (Gordon et al., 2017; Polonenko et al.,2019).

Further studies could attempt to find if stimuli inspired by the way the devices
commonly represent sounds, i.e., based on the common frequency-mapping
for the devices’ signal processing, lead to binaurally streamed percepts instead,
if the bimodal listeners do only form streams from binaural stimulation in a
limited spectral range, or not at all. A survey of 38 bimodally-aided CI patients
(chapter [2) suggests that only a minority perceiveed sounds from the same
source as integrated into one uniform sound object, whereas the majority per-
ceived notable differences in pitch and loudness in a sound’s represenation that

may lead to split percepts. Some patients even reported two entirely separate
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percepts. These results thus fit in with the observed lack of binaural streaming
in the bimodal participants, as binaural streaming equally would require them
to form common percepts from binaural stimulation. Hence, it appears un-
likely that bimodal CI patients generally can form such common percepts from
binaural stimulation. This does not necessarily mean that patients must be
unable to utilize cues from either device in combination, as studies have shown
that bimodal patients can utilize fundamental frequency cues only available
from the HA, together with the stimulation from the CI, which fundamentally
enables them to understand speech, e.g., in Kong et al. (2005). However, the
changes in binaural processing might hamper the efficiency of such combina-
tion and, therefore, lead to higher listening effort, limit the patients’ abilities for
sound localization and speech reception in noise, and factor into the variability
commonly seen with CI listeners. The patient’s ability to effectively utilize both
ears together with the bimodal aids, including binaural streaming, may be an
essential question to consider when discussing if a patient should receive a
second CI.

In further research, one could assess if patients show better results regarding
binaural streaming with stimuli oriented towards the perceptually different clin-
ical acoustic stimulation and clarify how a lack of binaural streaming influences
the patients’ listening performance. Current results suggest that the prolonged
experience of binaurally-unmatched bimodal stimulation changes the patients’
binaural processing. Studies with bimodal listeners, carried out within the first
six months after implantation, could track eventual adaptations that prevent
perceptually-similar binaural stimuli from being integrated into a common
streamed percept.

A possible explanation for the low performance in the binaural test condition
could be an abnormal integration of simultaneous binaural stimuli as that re-
ported for short dichotic stimuli in other studies (Kan et al.,[2013, Reiss et al.,
20144, Steel et al., 2015} cf. chapters[ljand[4). Such wide integration could let lis-
teners perceive the binaural stimuli in the current task as one common stream,
instead of segregating them into two concurrent streams by pitch-proximity
of the sequential stimuli. Such a single fused stream would consist of random
pitches, allowing only for chance level performance. Compared to the monaural
test condition, this would present a fundamental change of streaming behavior,
and signal for the binaural auditory system that binaural stimulation could act

as an inhibitor to streaming, rather than aiding listening. In such a case, bilateral
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aids of the same kind, HA or CI, would be highly preferable over a bimodal CI
configuration.

Despite no indication of binaural streaming was found, the present findings are
encouraging regarding previous studies of stream segregation in CI listeners, as
most listeners appear able to segregate streams by pitch-proximity monaurally.
Studies of sequential monaural stream segregation by Chatterjee et al. (2006),
as well as Cooper and Roberts (2007) had found that a larger separation in elec-
trode place across streams was necessary to segregate sequential stimuli into
separate streams, at least for most listeners. In the current study, the streams
were presented with eight consecutive electrodes, which by itself may prevent
many CI patients from segregating the two streams. However, with the use of dif-
ferent pulse rates across lower and higher pitch range, the perceptual separation
appears to have been sufficiently high to allow for streaming by pitch-proximity,
even of the concurrently presented stimuli. Other studies regarding concurrent
streaming in CI listeners had concluded that the patients were unlikely to utilize
temporal pitch cues, i.e., differences in pulse rate, to segregate streams (Carlyon
et al., |2007; Deeks and Carlyon, 2004). While not directly obvious from the
present results, the results in the binaural control with mismatched pulse rate
across ears for the bilateral CI patients in chapter[4]clearly demonstrated the
effect of the pulse rate on the listeners’ stream segregation. Together with the
other previous studies of streaming, this suggests that also the majority of the
bimodal CI participants were able to utilize the enhanced perceptual separation
provided by the temporal pitch cues on top of the place pitch cues to segregate
the streams by pitch-proximity in the monaural test condition. Hence, using the
pulse rate to enhance pitch cues and/or provide an additional cue for stream

segregation could prove useful for future CI stimulation strategies.

5.7 Conclusion

This study was aimed at investigating whether bimodal CI patients were able
to form streams from binaural stimuli so that they were required to integrate
input to both ears to form common streams. The bimodal participants were
unable to perform the detection task when the stimuli were presented in the
characteristic binaural pattern that evoked the scale illusion in normal-hearing

and bilateral CI listeners through interaural grouping of sequential stimuli by
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proximity in pitch and let to a high detection performance there. However, their
higher monaural performance indicated, that they were able to segregate con-
current monaural stimuli into separate streams based on pitch. The use of pulse
rate cues in addition to the electrode place cues likely aided this segregation.
This presents an encouragement to utilize the pulse rate also in clinical stimu-
lation strategies to enhance pitch cues and the patients’ abilities to segregate
streams. Also, the participants were rather satisfied with the correspondence
of the acoustic stimuli matched to the electric stimulation of the CI and there
were no significant differences in the monaural performance across electric and
acoustic stimulation. Together, this suggests differences in the participants’ bin-
aural streaming behavior compared to normal-hearing and bilateral CI listeners.
The reasons for the deviant binaural streaming behavior remain a matter of
investigation. The prolonged exposure to bimodal stimulation, with the HA
presenting the same sounds with quite different quality compared to the CI,
may have let to adaptations in the perception and the binaural processing of the
bimodal CI patients. Such adaptations may prevent the integration of similar
binaural stimuli into a common stream percept or could have led listeners to
integrate dichotic binaural stimuli into a common percept instead of two sepa-
rate ones. Further studies could investigate the effects of the binaural streaming
behavior on patients’ speech reception in noise and listening effort. Should
these be affected negatively, bilateral aids of the same kind, whether HAs or Cls,
may be preferable to bimodal stimulation in the current state. However, one
could also attempt to align the percepts better across the two devices to retain

the patients’ abilities for binaural streaming.
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Overall discussion

6.1 Summary of main results

The works in this thesis were motivated by the question whether the two devices
aiding bimodal CI patients, a CI combined with a HA on the other ear, work
well together. From this broad question, a more specific one was formed: Audi-
tory streaming is essential to how the human brain analyses the surrounding
acoustic scene, and similarity in perceptual aspects, such as pitch, is commonly
used to group auditory objects and streams. ClIs, especially in combination with
a contralateral HA, can lead to fundamentally different representations of the
same sound source across ears. In turn, this may affect the binaural processes,
which govern binaural streaming. Therefore, the studies presented in this thesis
centered on the question if the bimodal patients can form steamed percepts,
integrating binaural stimuli. This has been investigated via the self-assessment
in a survey for bimodal CI patients, as well as via psychophysical experiments.
Since CIs by themselves also change the percepts of sound by representing
them in a profoundly different way, changes in those binaural processes could
be contributed to either the influence of cochlear implantation or the stark
differences of sound representations across ears in the bimodal combination.
Therefore, listening experiments were conducted with both bilateral and bi-
modal CI listeners. The design of these new listening experiments also made
possible an investigation of the monaural streaming abilities of the listeners,
allowing to compare them to the binaural results and to verify if the streaming
cues provided were sufficient to segregate concurrent stimuli.

In the following, the chapters’ main findings are summarized and discussed,
starting with a comparison of the monaural and binaural streaming abilities of
the bilateral and bimodal CI participants, before giving future perspectives and

a summary of the conclusions.

111



112 6. Overall discussion

6.1.1 Monaural and binaural streaming with cochlear implants

The results for both bilateral (chapter[4) and bimodal CI patients (chapter[5)
suggest that most of the listeners can segregate concurrent melodies monau-
rally based on pitch, at least when the two streams are separated well by both
electrode place and pulse rate cues. This befits the argument brought forward
by Moore and Gockel (2002), that every perceptual difference in the stimuli
could be used as a segregation cue and, likewise, the results of Luo et al. (2012),
which suggest that CI patients benefit from combination of congruent place
and temporal pitch cues.

The place coding for pitch is typical for clinical CI stimulation strategies (Oxen-
ham, |[2018; Zeng et al.,[2008), but previous studies on streaming and binaural
fusion in CI listeners demonstrated that the low salience of place pitch cues
alone often proves incapable of providing sufficient perceptual separation to
allow listeners to segregate multiple sound objects. This has been demonstrated
for short dichotic (Kan et al.,2013; Reiss et al., 2014a, 2017} Steel et al.,2015),
sequential (Chatterjee et al.,2006; Cooper and Roberts, 2007; Duran et al.,|2012),
and concurrent stimuli (Carlyon et al., 2007; Cooper and Roberts, [2010; Deeks
and Carlyon, 2004). Some of the named studies also utilized the pulse rate as a
segregation cue. On its own and for smaller changes, the pulse rate appeared
insufficient to let listeners segregate streams. Studies by Luo et al. (2012) and
Lamping et al. (2017) also suggested that both place and temporal pitch cues are
effectively integrated into a common percept, which explains how both together
enhance the perceptual separation of the pitch-percepts. The results presented
in chapters[4|and[5|suggest that both cues together sufficiently separated the
two streams perceptually to allow for their segregation. This also forms a basis
to assess the listeners performance binaurally, since if they had been unable to
segregate the streams monaurally, they would likely also be unable to segregate
them binaurally, so that no conclusion about their abilities for binaural stream-
ing could have been made.

In binaural streaming, i.e., the formation of common streams from binau-
rally distributed stimuli, differences among bilateral and bimodal CI listeners
emerged. The results of chapter[4} dealing with the bilateral CI patients, indi-
cated that these listeners were able to stream binaurally, grouping stimuli across
ears. Hence, binaural streaming should generally be possible with ClIs, at least

when using stimuli that are perceptually aligned across ears. This alignment
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may be vital to binaural streaming, since streaming relies upon the grouping of
similar sound components. Bilateral CIs may allow for a better correspondence
in percepts across ears compared to a bimodal solution, since both ears are
stimulated in the same manner.

Whether CI patients can perform binaural streaming in practice may depend on
how well aligned the sound representations in their two devices are, but also on
the stimulation strategy used. To allow for streaming, monaurally or binaurally,
the results suggest that concurrent sounds must be presented with sufficient
perceptual separation, e.g., in pitch. The precise thresholds of that separation
could be investigated in further studies. If concurrent sound sources are close in
frequency, they may either fall into the same channel or into adjacent channels.
Considering a stimulation strategy that only uses the electrode place to convey
pitch information, for sounds (or their components) falling within the same
channel, the patients would be presented with the temporal envelope of the
sound mixture in the respective band. It is unlikely that CI patients can utilize
these temporal envelope cues alone to segregate in this case (Oxenham,2008;
Quin and Oxenham, 2005). If concurrent sounds fall into adjacent channels,
the low separation in electrode place for neighboring channels may likewise
provide insufficient separation to segregate concurrent sound sources. When
concurrent sounds are separated enough in frequency, so that they end up in
channels mapped to electrodes separated in place by about 3 mm and more,
it becomes more likely that (most) patients can use the resulting pitch differ-
ence to segregate them (Chatterjee et al., 2006; Paredes-Gallardo et al., 2018b).
Real, broad-band sounds that extend over multiple bands can lead to partial
spectral overlaps, which should provide limited cues for segregation based on
parts of their non-overlapping spectrum. If a stimulation strategy also employs
the pulse rate, this could aid segregation by providing an additional means of
separation over the electrode place.

However, the stimulation strategies first have to present the concurrent sounds
at all. If a strategy limits the number of electrodes stimulated per time frame
(Bingabr et al.,[2008; Fishman et al.,[1997; Friesen et al.,|2001), it depends on the
channel selection algorithms, whether concurrent sound sources are presented.
If, for example, the selection is made purely upon sound level, this could lead to
the presentation of only the louder sound source or a mix of components from
multiple sources.

The timing, as marked by common onset of sounds, provides another stream-
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ing cue (Bregman,|1990). For this reason the stimuli in the experiments were
delivered synchronously. If clinical CI processors (and HAs) are not operating
synchronized, they could induce a delay, which may lead patients to segregate
stimuli by ear-of-input, like in the delay control-condition employed in the
verification of the experimental method in chapter[3]

The bimodal CI listeners in chapter[5|reported a rather high satisfaction with the
correspondence between electric stimulation and the acoustic tone complexes
they had matched to it. Despite that perceptual proximity of the interaurally
corresponding stimuli, the bimodal CI patients appear to have been unable
to group interaurally by pitch-proximity. This suggests, that changes in their
binaural processing prevent the formation of streams from binaural stimulation
rather than perceptual mismatches, although the latter cannot fully be ruled out.
The changes in pitch percepts over time reported in Reiss et al. (2014b) support
that the auditory systems of CI patients can adapt to the stimulation over time.
But eventual changes in pitch or other percepts would already be included in
the matched acoustic stimuli, so that a proximity in percepts across ears was
likely given, as reflected by the participants’ ratings. Consequently, the extended
exposure to the different sound representations by bimodal stimulation may
alter binaural processing, so that sound objects are no longer formed normally
from binaural stimuli.

The design of the survey in chapter[2} dealing with the patient’s subjective expe-
rience, was a first step to assess the listener’s perspective. It was of an explorative
nature and, owing to the nature of a questionnaire study, it cannot be guaran-
teed that all participants interpreted the questions in the same way or mapped
their perception to the provided scales in the same way. This could account
for some of the observed variability. Therefore, the interpretations should be
taken with a bit of caution. Nevertheless, the results present a document of
the patients’ personal perspective on their perception with the devices and
the balance in percepts between them. The results also agree with the find-
ings of the listening experiment. In the survey among thirty-eight bimodal CI
patients, only three reported to perceive the voice of a person as one single
uniform sound object, while most participants perceived it with differences in
pitch and loudness across ears, in some cases so extreme that they reported to
perceive two entirely separate voices. The large number of intermediate ratings
in between the extremes could be a sign that participants only integrated over a

limited spectral range, covered by both HA and CI. The ratings were not changed
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significantly by the listening situation. A lack of integration of the percepts from
HA and CI did come with trends to worse speech reception in noise and higher
listening effort as assessed through the SSQ5 questionnaire. This connection
makes sense, as both could be explained as side-effects of a lack of integration:
If the binaural percepts are not integrated into a common sound object, this
doubles the number of sounds, leading to a more complex listening situation.
However, these listening performance measures depend not only on binaural
streaming, but can also be limited by how well the devices represent auditory
cues and how well the listener’s auditory system can decode them, which may
explain why the correlations were not significant.

Alack of the capability for binaural streaming implies that patients may perceive
their acoustic surroundings in a profoundly different way compared to normal-
hearing. As some patients indicated in the bimodal survey, in the extreme that
can mean every sound is perceived twice, separately for left and right ear. Conse-
quently, there are twice as many background sounds and twice as many relevant
sounds a patient may desire to focus on. This could make it harder or impossi-
ble to localize sounds using binaural cues, lead to worse speech reception in
noise, and higher listening effort. It may further make listening to music more
complex, since there would be twice as many melodies present. Because of this,
itis a worthwhile goal to further investigate how to optimize binaural streaming
for CI patients and how it links to listening performance.

6.2 Perspectives

It is encouraging to see that the bilateral CI listeners generally appear capable
of forming streams from concurrent stimulation both monaurally as well as
binaurally. More research could be conducted to understand the exact limits
required for perceptual separation of streams, in order to devise new stimula-
tion strategies that aid CI patients in forming streams from binaural stimulation
and segregate concurrent sound sources. Stimulation strategies that utilize
only place coding to provide patients with pitch cues appear to fall short in
separating concurrent sound sources well enough if they fall into bands close
in frequency. This reflects in the studies of streaming in CI listeners, as well as
the patients limited abilities when it comes to speech reception in noise.

One step could be to explore the effect of binaural matchings for bilateral CI
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patients, like the one employed in chapter[4] in clinical practice and whether
the matched percepts, over time, contribute toward better outcomes for the
patients. For bimodal CI patients, there is not such a rather straightforward
way of optimization. With the results of chapter[5} it appears possible that the
extended exposure to very different representations of sounds across ears has
led to changes in binaural processing, so that common sound objects are no
longer formed by proximity in perceptual aspects from binaural stimulation.
These results are in agreement with previous studies of binaural integration
and binaural processing (Gordon et al.,2012; Gordon et al., 2017; Polonenko
etal.,2019). A logical conclusion is to align the percepts again across ears, but,
as the results of chapter[5|demonstrate, this may not directly, if ever, lead their
auditory system to group again by proximity in perceptual aspects, such as
pitch, from binaural stimuli. Thus, more research is necessary to understand if
these patients can learn to adopt such natural grouping behavior again.

The limitations of electric stimulation make it seem unlikely that CI-stimulation
will approximate natural sound characteristics, even though newer techniques,
such as current steering, could minimize the problem of current spread. The
perhaps most straightforward way to align the percepts across ears and allow
patients to stream binaurally would be bilateral cochlear implantation with
appropriate perceptual alignment across ears. Ideally, one could measure the
binaural interaction component of the auditory brainstem response to per-
fectly align the electrodes’ interaural percepts physically in an objective way
or select matching electrode pairs from a much larger, more closely spaced,
number of electrodes. However, the cost for bilateral implantation is much
higher than for the bimodal solution and, thus, its reimbursement may present
a challenge. Moreover, patients may be reluctant to fully commit to CIs and
give up the acoustic hearing they are used to. Another solution could be to
change the output of the hearing aid, so that it more closely matches the CI’s
sound representaton. While such matching in the bimodal study (chapter|[5)
did not appear to allow the participants to form binaural streams immediately,
providing them with better matched sound representations across ears in their
daily life could preserve the processes that integrate sounds binaurally. For
this, the devices’ frequency-channel mapping could be aligned according to the
patients’ percept. Similar to the matching utilized in the bimodal study, the pa-
rameters of an acoustic tone complex could be paired to the stimulation by the

CI’s electrodes. Then, instead of the typical HA output per channel, the signals
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could be filtered with the matched tone-complex to increase the similarity to the
sound’s representation by the CI, while maintaining the HA’s ability to present
fundamental frequency and fine structure of the sounds. However, since at least
some bimodal CI patients also benefit from the present stimulation by their HA,
asin, e.g., Kong et al. (2005), fundamentally changing the HAs output is not an
easy decision to make. However, it could be an alternative for bimodal patients
not benefitting significantly from the HA and for whom bilateral implantation
is not an option. Alternatively, bilateral implantation may provide the patients

with a better chance to preserve their abilities for binaural streaming.

6.3 Conclusions

The findings presented throughout the chapters of this thesis suggest that:

* In general, CIs can allow for streaming of concurrent melodies both

monaurally, as well as binaurally.

* Larger perceptual separation in the sound’s representations than avail-
able in current clinical devices may be required to segregate concurrent

streams and overcome abnormally-wide binaural fusion.

* A certain level of perceptual similarity across ears is required for binau-
ral streaming in normal-hearing listeners, which extends to CI patients.
Clinical devices may not always offer this similarity without undertaking

further steps to align percepts interaurally.

* Bilateral CI appear to provide greater interaural similarity, at least after

perceptual alignment, as required for successful streaming.

* Most bimodal CI patients may be unable to integrate binaurally dis-
tributed stimulation into a common stream, likely due to the differences
in interaural representations of sounds, which these patients experience
on a daily basis.

* The lack of binaural streaming and integration is also reflected in self-
reported data and could degrade speech reception in noise and listening
effort.



118 6. Overall discussion

Overall, these results may provide a starting point for further research re-
garding the limits of binaural stream segregation in CI patients, which could
lead to new technologies allowing the patients to better segregate concurrent
streams in their daily life. For this, changes in implantation criteria, new devices
with optimized stimulation strategies, and adoption of interaural alignment

into clinical practice may be necessary.
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Cochlear implants (Cl), a form of neural prostheses, are used to aid patients with
severe-to-profound hearing loss by representing sounds in a way fundamentally
different compared to acoustic hearing. The healthy auditory system constantly
analyses the complex sound environment around us. It forms sound objects from
acoustic components, that, when linked over time, can form a so-called stream,
such as a voice or melody. Normal-hearing listeners perform this auditory streaming
with their two ears, unaware of the binaural processes that integrate the information
from both ears into common sound objects. Especially for bimodal Cl patients with
a Cl in one ear and hearing aid (HA) on the other ear, one sound can be perceived
very differently across ears. Bilateral Cl patients, implanted in both ears, may also
perceive sounds differently in each ear. For Cl patients the potential differences
in a sound’s representation across ears may influence how they process binaural
sounds. Understanding the CI patients’ binaural streaming better could help to
guide the development of Cl-candidacy criteria, clinical fitting of the devices, and
new strategies for their simulation. The studies in this thesis center on the question
of whether bimodal Cl patients can use their devices effectively together and
whether they can build common streams from binaural sounds like normal-hearing

listeners would.
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