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Abstract

Electric hearing with cochlear implants (Cls) can restore hearing sensation of people with
severe to profound hearing loss to a high degree. Yet, many temporal and spectral aspects
available to normal hearing listeners are missing. Temporal integration in CI users is an
area of active research, because temporal integration is a dominating factor in clinical
coding strategies, where stimulation rates in the order of 1000 pulses per second (pps) are
applied. Objective tests to determine the stimulation thresholds like the measurement of
electrically evoked compound action potentials or electrically evoked brainstem
responses only work with single pulses so far. In this thesis, single pulses were put
together in the time domain to construct multi-pulse stimuli with a burst rate of 10,000
pps. The use of multi-pulse (MP) stimuli to investigate temporal integration in CI users
could shed light on the temporal integration effects to electric stimulation at the level of
the brainstem and be useful as a clinical tool to determine stimulation thresholds, which
is important for example for very young children.

In Chapter 3, the effects of electric MP stimulation with a high burst rate were studied.
Psychophysical thresholds (THRs) and maximum comfortable levels (MCLs), as well as
eABR recordings were investigated. Psychophysical temporal integration functions, i.e.
slopes of THRs and MCLs as a function of number of pulses, decreased with slopes of -
1.30 and -0.93 dB/doubling the number of pulses, respectively. The morphology of
eABRs to MP stimuli did not differ from those to conventional single pulses. At a fixed
stimulation amplitude, an increasing number of pulses caused increasing wave eV
amplitudes up to a certain, subject-dependent number of pulses. Then, amplitudes either
saturated or even decreased. This contradiction to the expected amplitude growth function
was resolved and attributed to destructive interference, where peaks and troughs of
responses to the first pulses were suppressed by those of successive pulses in the train.

In Chapter 4, eABR THRs to MPs were estimated. The growth functions of features
extracted from eABRs showed shallower growth slopes when the number of pulses
increased. The eABR THRs estimated at a higher number of pulses were closer to the
clinical THRs, when compared to low ones. However, the smallest difference between
estimated eABR THRs and clinical THRs was not always achieved from the same number
of pulses. Pearson’s correlation coefficients (PCCs) between eABR THRs and
psychophysical THRs were significant and relatively large in all but the highest MP
conditions. The PCCs between eABR THRs and clinical THRs, however, were smaller
and in less cases significant. Results of this study showed that eABRs to multi-pulse
stimulation could represent clinical stimulation paradigms more closely than
measurements with single pulses and lead to an improved estimate of clinical THRs with
smaller deviations.



Zusammenfassung

Elektrisches Horen mit Cochlea-Implantaten (Cls) kann das Horempfinden von
Menschen mit schwerem bis hochgradigem Horverlust in hohem Malle wiederherstellen.
Dennoch fehlen ihnen viele zeitliche und spektrale Aspekte, die Normalhorenden zur
Verfligung stehen. Die =zeitliche Integration bei CI-Nutzern ist ein aktives
Forschungsgebiet, da die zeitliche Integration ein dominierender Faktor bei klinischen
Kodierungsstrategien ist, bei denen Stimulationsraten in der Grof3enordnung von 1000
Impulsen pro Sekunde (pps) angewendet werden. Objektive Tests zur Bestimmung der
Stimulationsschwellen, wie die Messung elektrisch evozierter Potentiale, die direkt in der
Cochlea oder im Hirnstamm abgeleitet werden, funktionieren bisher nur mit
Einzelimpulsen. In dieser Arbeit wurden Einzelpulse im Zeitbereich zusammengesetzt,
um Multipuls-Stimuli mit einer Burst-Rate von 10.000 pps zu erzeugen. Die Verwendung
von Multi-Puls-Stimuli (MP) zur Untersuchung der zeitlichen Integration bei CI-Trigern
konnten die zeitlichen Integrationseffekte bei elektrischer Stimulationen auf der Ebene
des Hirnstamms erkliren und als klinisches Instrument zur Bestimmung von
Stimulationsschwellen niitzlich sein, was z. B. fiir sehr junge Kinder wichtig ist.

In Kapitel 3 wurden die Auswirkungen der elektrischen MP-Stimulation mit einer hohen
Burst-Rate untersucht. Ausgewertet wurden psychophysikalische Schwellenwerte
(THRs) und maximal angenehme Werte (MCLs) sowie eABR-Ableitungen. Die
psychophysikalisch gemessenen zeitlichen Integrationsfunktionen der THRs und MCLs
nahmen mit Steigungen von -1,30 bzw. -0,93 dB/Verdoppelung der Impulszahl ab. Die
Morphologie der eABRs auf MP-Reize unterschied sich dabei nicht von denen auf
herkommliche Einzelimpulse. Bei einer festen Stimulationsamplitude verursachte eine
zunehmende Anzahl von Impulsen steigende Amplituden der eV-Wellen bis zu einer
bestimmten, subjektabhidngigen Anzahl von Impulsen. Danach sittigten die Amplituden
entweder oder nahmen sogar ab. Dieser Widerspruch zur erwarteten
Amplitudenwachstumsfunktion wurde aufgeldost und auf destruktive Interferenz
zurlickgefiihrt, bei der die Spitzen und Téler der Reaktionen auf die ersten Impulse durch
die der nachfolgenden Impulse unterdriickt wurden.

In Kapitel 4 wurden die eABR-THRs fiir MPs geschitzt. Die Wachstumsfunktionen der
aus den eABRs extrahierten Merkmale wiesen mit zunehmender Anzahl von Impulsen
flachere Wachstumskurven auf. Die eABR-THRs, die mit einer hoheren Anzahl von
Impulsen geschitzt wurden, lagen dabei ndher an den klinischen THRs als die mit
weniger Impulsen. Der geringste Unterschied zwischen den geschétzten eABR-THRs und
den klinischen THRs wurde jedoch nicht immer mit der gleichen Anzahl von Impulsen
erreicht. Die Pearson-Korrelationskoeffizienten (PCCs) zwischen den eABR-THRs und
den psychophysikalisch gemessenen THRs waren signifikant und bei allen Bedingungen
relativ groB3, auBBer den MPs mit den meisten Impulsen. Die PCCs zwischen eABR-THRs
und klinischen THRs waren jedoch kleiner und in weniger Féllen signifikant. Die
Ergebnisse dieser Studie zeigen, dass eABRs zu Multi-Puls-Stimulationen klinische
Stimulationsparadigmen besser repriasentieren konnen als Messungen mit einzelnen
Impulsen und eine genauere Schitzung klinischer THRs ermdglichen.
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Structure of the thesis

Chapter 1 Introduction provides a general introduction on hearing and cochlear implants
(CI), as well as on importance of clinical fitting. It also includes an overview of important
fitting parameters such as lower and upper limits of stimulation amplitudes, stimulation
rate and coding strategies used in at-present modern Cls. The chapter ends with a short
introduction on objective measurements in CI users, like eCAP, eABR, and CAEP.

In Chapter 2 Fundamentals and a Brief Literature will be discussed. Particularly, four
temporal response phenomena, refractoriness, facilitation, accommodation, and spike-
rate adaptation and their interactions in temporal and multi-pulse integration (TI and MPI)
in Cls are described. The chapter ends with a review on the use of objective measures for
THR determination in CI users.

Chapter 3 is based on a previously published paper, where the eABRs to multi-pulse
stimulations at high rates were investigated. This includes describing amplitude growth
and latency functions of responses to MP stimuli, efficiency of MPs, and the temporal
effects involved. Following this, the content of Chapter 4 describes how the growth
functions of eABR wave eV amplitude, and features such as the RMS and peak of the
phase-locking values in response to MPs could be used to estimate objective THRs.
Correlations between the eABR THR estimates and their psychophysical counterparts,
and clinical THRs were presented.

Chapter 5 summarizes findings of the thesis, provides a general discussion, and concludes
the work. A bibliography closes the document.

xi






Chapter 1

Introduction

1.1 Hearing with a cochlear implant

Hearing loss is very common worldwide. In its first-ever report on hearing, the WHO estimated
that by 2050, about 2.5 billion people will be living with hearing loss of different degrees and
types. At least, 700 million of this population will need rehabilitation services (WHO 2021).
This includes providing auditory prosthesis such as hearing aids, cochlear implants (CI), and
auditory brainstem implants (ABIs) to patients who need such prosthesis. Particularly, Cls have
been shown to be capable of restoring hearing sensations to people with severe to profound
sensorineural hearing loss.

ClIs with multiple channels (at least 12) can mimic the acousto-chemical transduction of sound
to electric pulses, which is the case in normal hearing, up to an excellent extent as long as
enough auditory nerve fibers have survived in the cochlea. CIs consist of two parts, an external
battery-powered part, which encloses microphone, speech processing unit, and transmitting
induction coil, and an internal part, which is responsible for receiving coded radio frequency
(RF) pulses from the external part, decoding and delivering them to an array of electrodes. The
CI microphone collects environmental sounds. The speech processor codes the sound into
electric pulses based on a chain of processing steps, which are known as coding strategy. These
electric pulses, as well as the energy needed for operation of the internal part, are then
transmitted via the external coil to the internal coil, which is beneath the skin. In the implanted
part, the data is decoded and converted to electrical pulses, which are delivered to the electrode
array.

Despite between-individual variations, research shows that early implantation of pre-lingually
deaf children , results in a more rapid development of speech perception as well as spoken
language skills (Grant ef al. 1999; Sharma ef al. 2002) compared to later implantation. When
lacking normal acoustic hearing, there is a crucial period of less than 3.5 years for the early
born babies to undergo implantation. During this period, the plasticity of the central auditory
system remains high enough for an optimal benefit from cochlear implantation (Sharma et al.
2002). This finding motivated doctors to implant Cls in children as early as possible and the
age of implantation decreased continuously over the years from 6 years (Papsin et al. 2001), to
5 years (Fryauf-Bertschy ef al. 1997; Brackett and Zara 1998), 3 years (Miyamoto et al. 1999;
Kirk et al. 2002) and 2 years (Boons et al. 2012). More recently, research has suggested that in
order to develop language skills similar to normal hearing peers, profoundly deaf children
should receive their Cls before the age of 1 year (Valencia ef al. 2008; Dettman et al. 2016), or
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immediately after the confirmation of the diagnosis (Colletti e al. 2011). In addition to children,
also post-lingually deaf adults who received a CI can reach very good speech perception (Tyler
et al. 1997; Helms et al. 2004).

However, hearing with cochlear implants still involves many challenges and lacks behind
normal hearing. Some CI users are limited by poor performance even in basic speech tests with
no background noise. Many CI users have poor performances in telephone conversations, where
they lack visual cues. Music perception, understanding of speech in noise, auditory attention
(cocktail party), and sound localization is limited in all CI users compared to normal hearing
subjects.

1.2 Importance of fitting

Besides technological limitations of to-date Cls, such as a thousand times larger size and a
thousand times less number of electrodes compared to those of auditory nerve fibers (Zeng
2017), performance of Cls is influenced by many other factors. These factors can be categorized
in implantee-related (e.g. age at implantation, health state of residual nerve fibers), clinical (e.g.
fitting and postoperative rehabilitation, see Harris ef al. (2016)), and pedagogical (e.g.
educational programs, see Geers et al. (2003)) aspects. In order to take the most of the CI
functionality, each of these factors needs to be optimized.

Clinical parameters affecting performance of Cls are set by the audiologist during a process
known as fitting or programming. This process is normally divided into 4 phases: initial
programming, on-operation, initial activation, and follow-ups, and aims to adjust the device
parameters so that the recipient can benefit from the device maximally (Shapiro and Bradham
2012). Reports from clinicians/audiologists suggest that later performance of Cls is bounded to
the quality of their programming. Appropriate fitting of ClIs contributes to remarkable
performance, while inappropriate fitting leads to poor outcomes (Geers et al. 2003; Wolfe and
Kasulis 2008). Particularly, pertinent fitting is of high importance for babies, who are not able
to provide oral feedback on their sound perception (Wolfe and Schafer 2014).

As a global perspective, these clinical parameters can be categorized into intensity, time, and
frequency domains. In the second chapter of their book, Wolfe and Schafer (2014)
comprehensively reviewed these parameters and their specifications for the three manufacturers
of CIs at the time of writing: Advanced Bionics, Cochlear, and Med-El. The intensity domain
includes parameters such as stimulus level, threshold of hearing sensation, upper limit of
stimulation, pulse-shape characteristic (e.g. pulse width, inter-phase gap), compression, channel
gain, (microphone) sensitivity, and volume control. The two latter are known as patient-
controlled parameters, which are said to be underused or misunderstood by them (Shapiro and
Bradham 2012).

Clinical parameters which belong to the frequency domain are mainly concerned with the
electrode contacts, their corresponding channels and their frequency range. The reason is the
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so-called tonotopic organization of the cochlea, which implies that the frequency information
of the input sounds is coded at different places along the cochlea, with low- to high- frequencies
being coded in the apical-to-basal direction of the cochlea. Multi-channel Cls intuitively take
advantage of the place-code theory and map frequency content of the input signal into electrode
contacts with decreasing (Med-El and Advanced Bionics) or increasing (Cochlear) electrode
number from the base to the apex.

Although current multi-channel Cls have become more advanced compared to the first single-
channel CI developed in the 1950s (Djourno and Eyries 1957), one of the still-remaining
challenges is poor frequency resolution especially at low frequencies. In a healthy cochlea, there
are more than 3000 inner hair cells (IHCs), each of which is tuned to a small and specific
frequency range along the cochlea. With such a specialized design, the human auditory system
is able to remarkably distinguish tones of 2 Hz difference. With impaired IHCs, CIs must
compensate this high resolution with only a very limited number of electrodes (at the time of
writing, up to 25 electrodes). It is useless to add more electrodes (or channels) to increase the
frequency resolution, as the electric field generated by stimulation of a given electrode spreads
broadly over the neighboring channels. This causes severe channel interaction, thus
independent information or frequency content cannot be delivered. To overcome this problem,
a few solutions have been proposed and implemented. One is using bipolar stimulation, which
is an alternative to monopolar stimulation'. In the bipolar configuration (Figure 1.1C), two
equal and opposite stimulation currents are delivered to two neighboring electrodes, rather than
stimulating a single electrode relative to an extra-cochlear ground electrode (Figure 1.1B).

As Figure 1.1 suggests, opposite current flows generated by the two opposite phases of the
bipolar pulse cancel out each other and therefore, the equivalent electric field in the near
distance fades away faster, when compared to the monopolar configuration. Although the
electric filed in bipolar arrangement is more focused than that in monopolar, the cortical
activation achieved in the former is only modestly more focal than the latter, in guinea pigs
(Bierer and Middlebrooks 2002; Snyder et al. 2008), as well as in human speech recognition
studies (Wilson 2004).

Another strategy to manipulate the spatial location of the electrical stimulation in the cochlea
is the concept of virtual electrodes or current steering. In this concept, pairs of adjacent
electrodes are stimulated simultaneously. Based on the proportion of stimulation currents at the
electrodes, the location of stimulated neurons will be accordingly shifted between the two
electrodes. Therefore, many more intermediate stimulation sites (pitches) than the number of
electrode contacts can be, at least theoretically, elicited. As shown in Figure 1.2, when
stimulation currents are equal, the focus of stimulation will be at the midpoint of the two
electrodes, while for a dominant stimulation on one side, the focus will be shifted toward that
side. Koch et al. (2007) employed current steering to investigate the spectral resolution in users
with CII and HiRes 90K (Advanced Bionics) implants at basal, mid-array, and apical sites (2

! Bipolar electrode configuration should not be confused with biphasic pulse stimulation. The latter refers to two
opposite phases of an electrical pulse delivered to CI electrodes.
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and 3, 8, and 9, 13 and 14). On average, they found that their CI users could discriminate 5.4,
8.7 and 7.2 spectral (virtual) channels for the three electrode pairs, respectively, and when
generalizing to all electrodes, they reported an average of 93 virtual electrodes.

,,,,,

...........

Figure 1.1 Monopolar (A) and Bipolar (C) stimulation configuration and their corresponding electric
fields (B and D). The drawings in B and D were adapted with modification from (Schnupp et al. 2011).

A 50% 50% B 70% 30%

) — N N
A A
= T = Nty

' . .
Focus of stimulation Focus of stimulation

Figure 1.2 Schematic illustration of virtual electrode (current steering). The focus of stimulation will in
the midpoint of the two electrodes when the stimulation currents on the two adjacent electrodes are equal
(A). When the stimulation current dominates at one electrode, the stimulation focus will be toward that
electrode (B).

1.2.1 Lower and upper limits

Two basic intensity parameters that most of the clinics’ effort goes to their determination
(Vaerenberg et al. 2014), are the lower and the upper stimulation limits. In literature, the former
is known as ‘threshold’, “THR’, ‘T-level’, and ‘THS’ and for a given electrode, it is generally
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defined as the least stimulation current needed for the CI user to perceive it. Nevertheless, the
exact definition of the threshold differs among the manufacturers: the minimum amount of
stimulation detected by the recipients with an accuracy of 50% (Advanced Bionics), or 100%
(Cochlear), or the highest amount of stimulation just below user’s perception (Med-El). As the
THRs are likely to change only slightly in adult and children users in the first 2 months post-
implantation (Hughes et al. 2001), it is not critical to set the THRs very accurately during the
first few days of CI experience. However, appropriate determination of THRs is necessary
thereafter in order for the recipients to benefit from the optimal performance of the implant.
Yet, some studies suggested that CI recipients pertain their speech understanding, when T-
levels are set differently from the pre-measured behavioral ones. Spahr and Dorman (2005)
observed that for users of the Med-El Tempo+ speech processor, speech understanding did not
significantly change when reducing the minimum stimulation THR to 10% of MCL or to 0 pA.
In a Nucleus Cochlear implant study, Busby and Arora (2016) found that +30% deviation from
behavioral THRs (compression or expansion of the electric DR) did not affect the performance
of users in consonant-nucleus-consonant (CNC) word scores.

If THRs are set too low, users might lose their ability to perceive low level sounds, which is
suggested to improve understanding of soft speech sounds (Skinner ef al. 2000; Holden et al.
2011). Busby and Arora (2016) reported reduced speech understanding in quiet when the
electric DR was expanded by 60% and 90% (THRs were adjusted lower, while the MCLs were
fixed). Moreover, due to unnecessary functioning of the implant for sub-THR levels, setting T-
levels too low would lead to stimulation without perception in the range between where the
electrode THR and the true THRs. On the other hand, setting the THRs too high might result in
inducing a background noise (Busby and Arora 2016), and also part of already-limited electrical
dynamic range would be unnecessarily discarded (Wolfe and Schafer 2014).

The terminology describing the upper stimulation limit varies, like THR, in literature and
market. It is referred to as the maximum/most comfort/comfortable level/loudness (MCL), M-
level, C-level and is considered to “loud but not uncomfortable” or “loud but comfortable”.
Similar to THRs, setting the upper stimulation levels appropriately is critical for CI users to
benefit from their implants. With improper setting of the MCLs, CI users would have
difficulties in accessing good sound quality and speech recognition. In case of MCL
overestimation, it would induce discomfort or even unpleasant feelings. For CI wearers with
proper communication abilities, the MCLs are adjusted via psychophysical loudness scaling
methods such as categorical loudness scaling (CLS, see for example Allen et al. (1990); Launer
(1995)) or absolute/relative magnitude estimation (AME/RME). In CLS, CI users subdivide the
dynamic ranges of their CI electrodes using verbal expressions such as “audible”, “soft”, or
“comfortable”. In AME/RME, instead of words, subjects assign numerals that corresponds to
the loudness of the input stimuli. Although it is unclear which of the two methods (CLS or
AME) provides more reliable results (Launer 1995), data from Elberling and Nielsen (1993)
indicated that magnitude estimation methods could be more reliable. There exist loudness
scaling methods combined from CLS and AME (e.g. Brand and Hohmann (2002)), where the
individuals first choose among all possible verbal categories available in the method and in the
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second step, a fine numeral scale around the chosen category in the step is presented
(Hellbruiick and Moser 1985).

1.2.2 Stimulation rate

Modern CIs provide stimulation rates between 250 and 5000 pulses-per-second (pps) per
electrode. However, stimulation rates used in clinical settings vary between 900 and 2000 pps.
Performance of CI recipients when changing the stimulation rate is reported to be highly
individual (Vandali e al. 2000; Biichner et al. 2004; Verschuur 2005; Biichner et al. 2010;
Shader et al. 2020) or of no significance (Friesen et al. 2005; Balkany et al. 2007; Weber et al.
2007), although a general trend exists for all manufacturers towards higher (total) stimulation
rates (Zeng et al. 2008). Biichner et al. (2004) found that on average, employing high-rate
coding strategies (e.g. 3000 pps/ch) led to a remarkable improvement in speech understanding,
when compared to low rate configurations (1500 pps/ch). However, they observed cases with
moderate or even worse effects for high stimulation rates. Shader et al. (2020) investigate
stimulation rates of 500, 720, 900, and 1200 pps/ch, as well as a higher-than-1200 pps for those
with default rate of 1200 pps for three CI manufacturers. They found that for Cochlear-brand
users the performance with default rate (900 pps) was slightly better than for the non-default
rates. However, the overall performance of Med-El and Advanced Bionics users was modestly
higher at non-default rate (720 pps) when compared to the default setting (higher than 1200

pps).

In a large study with the Nucleus Freedom implant, Balkany et al. (2007) measured hearing
outcomes as a function of two sets of stimulation frequencies: 500, 900, and 1200 pps as low-
rate set, and 1800, 2400, 3500 pps as high-rate set. About 67% of participants preferred to
choose lower rates in both sets. They observed no advantage or improved performance when
using high-rate configurations. Verschuur (2005) investigated the effect of stimulation rate in
Med-El CI users using a categorical identification task and a consonant recognition task. They
employed rates between 400 and 2020 pps and found no variation in the results as a function of
stimulation rate. However, they reported that two subjects showed reduced performance at
lower stimulation rates. Verschuur (2005); Balkany et al. (2007); Weber ef al. (2007) came to
the conclusion that although in most cases CI performance is optimal for rates below 1200 pps,
an individual optimal stimulation rate might exist for CI users. However, Wolfe and Schafer
(2014) explicitly suggested that for very old patients, those with long CI experience, as well as
patients with auditory nerve dysfunction, low stimulation rates (below 1200 pps) should be used
in their clinical maps. They also suggested that in order for the CI users to find their individual
optimized rates, they should be provided with a wide variety of stimulation rates (e.g. 250 to
3000 pps), especially within the first months of CI activation. This is, however, challenging,
due to the already limited time that clinics offer for CI fittings (Shader et al. 2020).

1.3 Coding Strategies

The term coding strategy refers to as the algorithm which codes the important aspects of the
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acoustic signals into electrical pulses. The ultimate goal of such an algorithm is to convey the
most important features of the incoming sound, such as temporal and spectral information, to
the auditory nerve and to the brain. Continues interleaved sampling (CIS) and the n-of-m
strategy are two categories of coding strategies being used in modern Cls. Both strategies avoid
simultaneous stimulation of electrodes because the summation of the wide spreading electric
currents emitted from electrode contacts activated at the same time would rapidly lead to
overstimulation, given the small dynamic range available in electric hearing.

1.3.1 Continues interleaved sampling (CIS)

For this reason, the CIS strategy stimulates only one electrode after the other. As shown in
Figure 1.3, the envelope of each channel output of the filter bank is calculated as the input of
the map-law transformation. The output of map-law is then multiplied by a pulse train. From
apex to base (in a tonotopic fashion of low to high frequency), pulse trains are shifted in time
by the duration of at least one complete length of a biphasic pulse (blue dotted line in Figure
1.3). This prevents superposition of electric current spread from different electrodes, and thus,
provides access to higher stimulation amplitudes. The modulated pulse trains will be then
delivered to the electrode contacts with preserved tonotopic organization. Normally 8 to 16
electrodes are used by CIS and the typical stimulation rates vary between 800 and 1600 pps per
channel/electrode (Wolfe and Schafer 2014).
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Figure 1.3 Schematic illustration of continues interleaved sampling (CIS).
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Variations of CIS are used by different CI manufacturers. For instance, Med-El uses CIS+ and
high definition CIS (HDCIS). CIS+ basically resembles CIS, but the stimulation rate is
expanded and a Hilbert transform is employed instead of rectification and low-pass filtering to
provide more accurate extraction of the envelopes. HDCIS aims to perform current steering
(virtual electrodes) by sequential stimulation of adjacent electrodes such that the stimulation is
focused at a point between the two electrodes. Advanced Bionics employs simultaneous
stimulation of two remotely distant electrodes. This way the overlap between current spreads
are low enough to ensure avoidance of overstimulation (for more details, see pp 84-91 of Wolfe
and Schafer (2014)).

1.3.2 HiResolution

HiResolution sound coding strategy is another variation of the CIS strategy, which was
introduced by Advanced Bionics in 2003. The major differences between HiRes and the
classical CIS are the usage of 16 active channels compared to 8 in CIS and greatly increased
stimulation rates per channel (up to about 5000 pps). Recently, a new version of HiRes, known
as HiRes120 has been released by Advanced Bionics. HiRes120 aims to deliver finer special
resolution to the electrodes by utilizing the current steering approach. As described before,
different current ratios at two neighboring electrodes can steer the effective current between the
two electrodes. Having 16 electrode contacts provides 15 adjacent electrode pairs, and with 8
defined current ratios, up to 120 virtual stimulation channels can be achieved (Wouters et al.
2015). Although Koch et al. (2004) reported significant improvement in consonant recognition
tests in quiet and noise with the HiRes strategy compared with conventional sound processing,
no significant influence of processing strategies on speech and music perception has been
reported (Wouters ef al. 2015).

1.3.3 Fine Structure Processing (FSP) and FS4

In a similar attempt to establish current steering paradigm, Med-El introduced a CIS-type
processing strategy referred to as fine structure processing (FSP). FSP’s primary differences
with the traditional CIS strategy include 1) provision of intermediate pitches and 2) modulating
timing of stimulation to code the temporal fine structure. Access to intermediate pitches is
achieved by employing bell-shaped band-pass filters which also allow for smooth transitions
from one electrode to the neighboring basal or apical electrode (Hochmair et al. 2006).
Modulation of time in FSP is achieved by means of a series of burst pulses, which take place
after each negative-to-positive zero-crossing. The bursts aims to code the temporal fine
structure in the lower frequency bands (up to 500 Hz), which is missing in the envelope of those
bands (Wouters et al. 2015). While in the FSP, timing modulation is typically applied to one or
two apical channels to provide fine temporal processing up to 500 Hz (Hochmair et al. 2006),
in FS4, which is a newer version of FSP, up to four apical electrodes are programmed to deliver
fine structure information (Wolfe and Schafer 2014).
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1.3.4 n-of-m strategies

Unlike sequential or partially simultaneous stimulation used for all electrodes in CIS-type
strategies, the n-of-m strategies deliver from the outputs of m band-pass filters with the highest
amplitudes a maximum of n electrodes. Channels other than n are not activated during the
activation cycle of the n channels. The first obvious benefits from activation of n out of m
channels are increased stimulation rate and reduced channel crosstalk. Spectral peak (SPEAK)
and advanced combination encoder (ACE) are two well-stablished versions of the n-of-m
strategy. The ACE, which was introduced and is being used by Cochlear, differs from SPEAK
in the stimulation rate, with ACE using higher rates (up to 1800 pps for n = 8).

SPEAK and CIS strategies share pre-processing stages prior to channel selection and the
delivery of current to electrodes. In SPEAK, n usually varies between 8 and 12, but is typically
set to 8, which means that the output of 8 channels with the highest amplitudes are modulated
with biphasic pulse trains and, still in an interleaved manner, delivered to 8 electrodes. The
stimulation rate is usually set to 900 pps and the time frames in which the maximum amplitudes
are selected ranges between 2.5 to 4 ms (Zeng et al. 2008).

apex
map-law rh—"u

gl |, = :
= : x ® s
o = mcL} ©
Q — o @
o ) -8

_— o |
i|=: AN A o THR} —O © "3
S . : <
| c 40 80 )

@ dB SPL _o 10|

|l

T &—— lo|6

base A

Figure 1.4 Schematic presentation of n-of-m strategies (e.g. ACE). Filter outputs with the highest
amplitude are with electric pulses and delivered to the electrodes (here electrodes 2, 3, and 6). The
remaining channels are not used during this cycle, as they had lower amplitudes.
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1.4 THR determination

Determination of THRs for recipients with proper communication skills is straightforward and
there are several methods to do so. Basic and traditional methods are the method of limits, e.g.
the modified Hughson-Westlake procedure (Carhart and Jerger 1959) and the method of
adjustment. In the method of adjustment, the listener adjusts the intensities so that the signal is
just audible. Since employing this method requires experience and is more prone for unexpected
harmful events, it is less common in clinical routines. There are other clinically applicable
methods for setting the THRs in CI users such as ‘count THR estimation’ (Skinner ef al. 1995),
categorical loudness scaling (explained in section 1.2.1), ‘interval choice’ (Van Wieringen and
Wouters 2001), and the ‘percT’ method (Rader ef al. 2018). In ‘count THR estimation’, which
is also known as ‘count the pulses/beeps’, the THR is the level at which the listener counts the
right number of pulses, which are presented with different amplitudes, in three different sets.
In the ‘choose the interval’ method, users determine the interval (out of 4) in which a pulse train
is played. Van Wieringen and Wouters (2001) reported generally higher detection THRs for the
‘count the pulses’ compared to ‘choose the interval’ method and suggested the latter to be used
for research purposes. The ‘percT’ (Rader ef al. 2018) is based on a gradual adaptive procedure
in which two stimuli with different levels (AL = 10, 6, or 3 CU in a rough to precise manner)
are presented to the listener, who should determine whether none, exactly one, or the two of the
stimuli was/were perceived. The ‘precise’ THR was determined at the point where exactly one
stimulus was perceived by the listener, and the THR value being the average of the two stimuli.

Although it is feasible to establish the T-levels in most children with traditional methods, such
as behavioral observation audiometry or visual reinforcement audiometry, it is still challenging
and sometimes impossible to measure the THR levels with psychophysical procedures.

Alternative methods for such conditions are objective measurements, where the listener does
not need to actively cooperate in the THR determination procedure. These objective measures
are usually neural rhythms recorded at a location from peripheral to the central auditory
pathway. Here we briefly review the most common objective measurements in CI studies:
electrically-evoked compound action potentials (eCAP), electrically-evoked auditory brainstem
responses (eABR), electrically-evoked auditory steady state responses (eASSR), and cortical
auditory evoked potentials (CAEP).

1.5 Electrically-evoked compound action potentials (eCAP)

eCAPs are the measures of the activation of the auditory nerve in the cochlea. Measurement of
eCAPs is provided by the neural response telemetry (NRT!) systems embedded in the CI
hardware. The same electrodes which are normally used to deliver electric current to the

! The term neural response telemetry (NRT) is specifically used by Cochlear. The equivalent telemetry systems
for Advanced Bionics and Med-El are referred to as neural response imaging (NRI) and auditory nerve response
telemetry (ART), respectively.
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auditory nerves now read back the intracochlear potentials shortly after the stimulation. eCAPs
are relatively robust responses and are less muscle artifact prone (Miller ef al. 2000), when
compared to e.g. eABRs. Due to close vicinity of electrode and nerves, as well as relatively
short latencies, eCAPs can be easily contaminated with the stimulation artifacts. Different
methods have been proposed to suppress the stimulation artifact in eCAP measurements. One
employs stimuli with alternating polarities, as shown in the left column of Figure 1.5. Equal
numbers of responses to multiple biphasic pulses of each leading-polarity (i.e. cathodic-first or
anodic-first) are averaged. With the assumption of linearity, averaging in the time-domain
suppresses the electrical artifact drastically. In the alternating polarity method, it is assumed
that physiological responses to both polarities are identical, thus averaging them would not
influence the eCAP signal. This assumption is, however, under question, as research suggests
that cat and guinea pig (Miller et al. 1998), as well as human (Frijns et al. 2002; Baudhuin et
al. 2016) auditory nerve responses are polarity sensitive, with cat and guinea pig nerves being
more sensitive to the cathodic phase and human nerves being more sensitive to anodic phase of
the pulses (Macherey ef al. 2006; Undurraga et al. 2013).

A second method to reduce the stimulation artifact is referred to as subthreshold template
(Miller et al. (1998); middle panel in Figure 1.5). First, a stimulation artifact template is
measured using a subthreshold stimulation, which assumes that no neural activity exists in the
response. The response to the subthreshold stimulus is then scaled to that of a suprathreshold
stimulation to match the amplitude of the latter. The scaled response is then subtracted from the
suprathreshold response in order to eliminate the stimulation artifact. An alternative to the
subthreshold template is the forward masking paradigm, proposed by Brown et al. (1990). As
shown in the right panel of Figure 1.5, the method utilizes a series of probe-only (sequence A),
masker-only (sequence B), masker-probe stimuli (sequence C), and a zero-amplitude template
(sequence D) to suppress the stimulation artifact. Responses to probe-only and masker-only
stimuli contain neural activity and stimulation artifact. For masker-probe stimuli (sequence B),
the response to the masker pulse contains neural activity and the stimulation artifact, while the
probe pulse is assumed to contain only the stimulation artifact and no neural responses as with
a sufficiently short masker-probe interval, the neural population would be in its refractory
period due to the response to the masker pulse (Brown et al. 1990).

eCAP show a biphasic-like morphology in 80% of measurable conditions in human: a trough
(negative peak; N1) which occurs around 0.2-0.4 ms after stimulus onset, followed by a positive
peak (P2) within 0.6-0.8 ms (Brown ef al. 1990; Abbas et al. 1999). eCAPs are assumed to be
a robust measure, as their amplitude is relatively large (up to 2 mV). Because they are recorded
inside the cochlea and not on the skin, the contamination by myogenic activity is smaller
compared to eABRs, ASSRs and CAEPs. On the other hand, since eCAPs are a peripheral
neural measure, in contrast to a central measure such as CAEP, they are not affected by
maturation of the central auditory system (see Sharma et al. (2002)). However, the peak
amplitude and latency of eCAPs can be influenced by many factors, e.g. stimulation amplitude
(see Brown et al. (1990); Kim et al. (2010)), inter-phase gap (IPG) and phase duration (PD; for
instance Prado-Guitierrez et al. (2006); Ramekers et al. (2014)), electrode distance from the
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nerves, location of stimulation (basal vs. apical; see for example (Frijns et al. 2002; Polak et al.
2004; Tejani et al. 2017)), polarity of stimulation pulses (e.g. Macherey et al. (2006);
Undurraga et al. (2013); Baudhuin et al. (2016)). eCAP amplitudes and latency changes in
response to these factors could shed light on CI performance and the health state of the auditory
nerve. More details on this will be presented in Chapter 2.

1.6 FElectrically-evoked auditory brainstem response (eABR)

eABRs are evoked potentials elicited from the auditory brainstem and are counterparts for the
auditory brainstem responses (ABRs) in normal hearing listeners. eABRs can be recorded using
surface electrodes and are normally evaluated with a series of waves named from el to eV as a
function of their latencies (‘e’ denotes electrically evoked), each represents neural activities of
auditory periphery and brainstem nuclei in a bottom-up direction. The first eABR recordings
date back to the late 1980’s, when Starr and Brackmann (1979) recorded eABRs from three CI
users. They found reproducible waves elll and eV for both positive- and negative-leading
pulses. eABR measurements with poor reliability were reported by Chouard ef al. (1979), who
use round window electrodes, and Simmons ef al. (1984), who observed considerable eABR
variations between trials and reported different morphologies from the conventional ABRs.
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Figure 1.5 Schematic illustration of three common methods to reduce artifact stimulation in calculation
of eCAPs.
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Particularly, the amplitudes and absolute- and relative latencies of eABR waves are of interests
for researchers and clinicians. eABR studies usually investigate wave elll and eV as they have
higher amplitudes and show more robustness against the electrical stimulation artifacts induced
by the CI. Although ABRs and eABRs share characteristics such as morphology and amplitude
range (Starr and Brackmann 1979; Miyamoto 1986), they differ in some aspects. Due to the
electrical stimulation used for eABR measurements, compared to the acoustic stimuli used in
ABRs, eABRs are more sensitive to the stimulation artifacts and myogenic activity (van den
Honert and Stypulkowski 1986). Due to the absence of the mechanical traveling wave
propagation, OHC and IHC transduction, and synaptic activation in CI users, eABR wave
latencies tend to be shorter by about 1.0 to 2.5 ms compared to those in ABRs (Starr and
Brackmann 1979; Shallop et al. 1990; Hodges et al. 1994; Truy et al. 1998). Figure 1.6 shows
examples of ABRs of a normal hearing individual and eABRs of a Cl recipient for low, medium
and high stimulation amplitudes. Response amplitudes increased as a function of electric and
acoustic stimulation amplitude in ABR and eABR, respectively. This is referred to as amplitude
growth function (AGF).

Latencies of eABR waves are reported to be independent form the stimulation level (van den
Honert and Stypulkowski 1986), which differs from those in ABRs, where higher stimulation
levels result in waves with shorter latencies. As shown in Figure 1.6A, ABR wave IIl and V
occurred at around 4.5 and 6.5 ms after the acoustic stimulus onset, respectively, while their
electrical counterpart appeared already at latencies of 2.0 and 3.5 ms, respectively. Yet, it is
observed that eABR latencies are influenced by the stimulation site of the cochlea. Shallop et
al. (1990), Miller et al. (1993), and Lundin ef al. (2015) observed shorter latencies at more
apical regions of the human cochlea, but in guinea pigs, the two former studies observed shorter
latencies of wave I and III at the basal sites.

Animal studies showed that eABR characteristics such as input-output function or IPG effect,
could indicate the anatomical survival/degradation of neural elements within the cochlea
(Walsh and Leake-Jones 1982; Black ef al. 1983; Smith and Simmons 1983; Prado-Guitierrez
et al. 2006). Extended to human, associations between eABR characteristics and speech
recognition (Gallégo ef al. 1997; Kileny et al. 1997; Gallégo et al. 1998; Danieli et al. 2021),
auditory neuropathy (Hosoya et al. 2018), distribution of neuronal tissue (Yamazaki et al.
2014), and developmental plasticity (Gordon et al. 2003), were reported.

In earlier times, eABRs were widely used for pre-, intra- and postoperative applications in
cochlear implantation. It is important to ascertain the effectiveness of cochlear implantation
before performing the surgery. This possibly also avoids implantations that may end with
irresponsiveness to electrical stimulation (Kileny et al. 1997). On the other hand, assessing the
functionality of cochlear or brainstem implants during implantation, as well as appropriate
initial configuration of THRs and upper limits could be facilitated by utilizing eABRs (Anwar
et al. 2017). However, introducing neural response telemetry systems by CI manufacturers in
their devices has faded such applications of eABRs away (Brown 2003). As such telemetry
systems can provide eCAPs with much less time and cooperative efforts, applications of eABRs
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have been shifted to other directions. Yet, in conditions such as auditory neuropathy (Walton
et al. 2008; Jeon et al. 2013; Hosoya et al. 2018), inner ear malformation (Kim et al. 2008;
Yamazaki et al. 2014; Lundin et al. 2015), absence of eCAPs, and conditions with auditory
brainstem implants (Anwar et al. 2017), which might be related to auditory neuropathy, one
would prefer to employ eABRs instead of/in conjunction with eCAPs. Studies that investigated
the relation between eABR characteristics and postoperative CI performance have revealed
contrary results. While, for instance, Gallégo et al. (1997) and (1998), Wang et al. (2015), and
Walton et al. (2008) reported correlations between speech intelligibility and eABR parameters,
other studies such as Abbas and Brown (1991), Makhdoum et al. (1998), Firszt et al. (2002),
and Lundin et al. (2015) found no significant correlations between eABR parameters and
speech outcomes. Brown (2003) suggested that, as there exists no correlation between the
acoustic ABRs and speech performance in normal hearing, one should not expect strong
correlations between those in CI users.

1.7 Cortical auditory evoked potentials (CAEPs)

CAEPs are potentials elicited from neural activity of the auditory cortex. Similar to eCAPs and
eABRs, CAEPs are described by a set of positive (P) and negative (N) extrema. CAEPs of
adults normally consist of successive P1, N1, and P2 waves, which occur 50, 100, and 175 ms
after acoustic/electric stimulus onset, respectively (Davis 1965). CAEPs exist regardless of the
state of the listener being attentive/ inattentive to the stimuli, or even sleep (Van Dun et al.
2015). However, the amplitude and morphology of CAEPs may change drastically during
different stages of sleep (Davis 1965; Colrain and Campbell 2007). The applicability of CAEPs
for the determination of THRs in CI users will be discussed in chapter 2.3.3.
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Figure 1.6 Sample ABR (A) and eABR (B) signals in response to low, medium, and high stimulation
amplitudes.
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Chapter 2
Fundamentals and a Brief Literature

Overview

In this chapter, fundamentals of temporal response properties of auditory nerve fibers will
be presented. Then, a brief summary of temporal- and multi-pulse integration in normal-
and electric hearing will be discussed. In the end, the literature investigated objective
THR determination in CI users will be reviewed. More details on the latter can be found
in the introduction sections of the two research papers available in chapters 3 and 4.

As stated in Chapter 1, the outcomes of speech understanding as a function of stimulation
rate have been reported to be highly subject-dependent. While some CI wearers prefer
high single-channel stimulation rates above 1700 pps (Verschuur 2005; Nie et al. 2006),
other CI users benefit more from stimulation rates below 1200 pps (Vandali et al. 2000;
Balkany et al. 2007; Wolfe and Schafer 2014). The reasons for such a large variation is
not clear to CI researchers. The interaction between auditory nerve fibers and electrical
stimulation at high stimulation rates seems to be more complicated compared to that at
low to moderate rates (Boulet ez al. 2016). In order to gain a better insight, it is worthwhile
to review first the most important temporal response phenomena which occur when the
spiral ganglion neurons (SGNs) are stimulated with electric pulses.

As Boulet ef al. (2016) reviewed, there exist four stimulus-response phenomena in most
of the excitable cells: refractoriness, temporal summation, accommodation, and spike-
rate adaptation. While at low stimulation rates, some of these phenomena might be absent,
the firing patterns at high rates are influenced not only by the separate effects of these
factors, but they also interact.

2.1.1 Refractoriness

Refractoriness is known since over a decade, and is defined as the diminished/reduced
sensitivity of a neuron immediately after firing in response to an excitation. Within a short
enough post-stimulation duration, the neuron completely loses its ability to respond to a
second pulse, which is referred to as the absolute refractory period (ARP). During that
period, regardless of the magnitude of the second pulse, no more action potential can be
elicited from the neuron. After a longer post-stimulation duration, the nerve gradually
recovers from the absolute refractoriness and enters into the so-called relative refractory
period (RRP), where with an elevated firing threshold (suprathreshold stimulation
amplitude), the nerve can elicit another AP in response to a stimulus. Figure 2.1A
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schematically illustrates refractoriness, where the gray curves represent stimuli and black
ones show the responses. The dominant effects of the ARP are suggested to be the
inactivation of Na" channels and the high conductance of K channels, while for RRP,
only being the inactivation of Na" channels (Boulet et al. 2016). Data from cat shows the
ARP of 0.33 ms, while being 2-4 ms for the RRP (Miller et al. 2001). However, Cartee
et al. (2000) found RRP of 0.70 ms from cat data, and while not explicitly mentioning the
ARP, refractory function fit to their data showed ARP of 2-3 ms. Boulet et al. (2016)
suggests that extraction of refractory-related parameters is difficult due to reasons such
as the sensitivity of parameters to the number of data points in the averaging pool, initial
guesses made for parameters, and constraints introduced to the fitting process.

Reduced excitability of a neuron as a result of refractoriness introduces limitations to the
rates with which the neuron can fire. Considering durations of 0.33 and 4 ms for ARP and
RRP, respectively, maximum firing rates of around 3000 and 250 Hz for absolute and
relative refractions can be expected. The 3000 Hz limitation is especially important for
CI stimulation as it could also restrict the maximum stimulation rate per channel.
However, it should be noted, that when dealing with CI stimulation, the whole nerve,
rather than a single neuron, is involved. Therefore, if a single neuron is in its refractory
sate, this does not imply a reduction in the excitability of other neurons (Botros and
Psarros 2010). Given this, Botros and Psarros (2010) suggested that eCAP recovery
functions do not reflect refractory properties at the level of a single neuron, but instead,
expresses the refractoriness of the whole nerve.

2.1.2 Temporal summation (facilitation)

The presence of a second subthreshold pulse following a first one can further charge a
neuron and change its sensitivity. For inter-pulse-intervals (IPIs) up to 300 ps, the
excitability of neurons increases due to the membrane charge which remained from the
first subthreshold pulse (Figure 2.1B). Using data from nerve fibers of different animals,
Cartee et al. (2000) expressed the summation threshold as an exponential function of ISI
with a summation time constant of 147 ps, where shorter ISIs ‘facilitated’ eliciting an
AP. While Dynes (1996); Cartee et al. (2000); (2006) investigated facilitation effects of
a single probe pulse in animals, Heffer er al. (2010) studied the effects of facilitation
provided by multi-pulse stimulation of rates between 200 and 5000 pps, also in animals.
They observed decreased THRs as a function of number of pulses (or equivalently
stimulation rate, given the fixed 2-ms stimulation duration), which was attributed to the
facilitation effect of pulsatile stimulation.
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Figure 2.1 Temporal response properties of stimulus-response phenomena in auditory nerve
fiber. (A): Refractoriness, (B): facilitation (temporal summation), (C) accommodation
(subthreshold adaptation), and (D): spike-rate adaptation. The gray curves represent stimuli and
the black ones show nerve responses. Figure adapted and modified from Boulet et al. (2016).

In a psychophysical human CI study, Karg et al. (2013) found facilitation effects for IPIs
up to 600 ps for biphasic pulses. They also investigated the effects of pulse polarity on
the degree of facilitation by varying the polarities of the first and second probe pulse.
Strongest facilitation effects occurred when the second phase of the masker pulse and the
first phase of the probe pulse were identical, that means, the polarity of the second pulse
was inverted. Using eCAP measurements, Tabibi et al. (2019) measured recovery
facilitation effects in CI users. Although not directly mentioned in their study, they found
summation time constants in the range of about 100 to 140 us, which are comparable to
the ones reported in Cartee et al. (2000). A positive correlation between the eCAP AGF
slope and facilitation magnitude was found, which implies that stronger facilitations
might indicate better neural survival in CI users. Similarly, Tabibi et al. (2020) have found
high correlation between the facilitation amplitude and time constants and the speech
understanding outcomes. Results from Tabibi et al. (2020) also showed that facilitation
shows stronger effects on the speech recognition performance of CI users, compared to
other temporal response phenomena.
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2.1.3 Accommodation

When the ISI between the masker and probe pulses exceeds a certain duration (between
1 and 5 ms to 10 ms, Dynes (1996) and Boulet et al. (2016)), the ability of the neuron to
fire in response to the probe pulse decreases. This is schematically illustrated in Figure
2.1C, where the probe pulse, even having a larger amplitude than the first pulse, could
not make the neuron fire an AP. The underlying mechanism responsible for
accommodation is attributed to the hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels of the nerve fiber (Liu et al. 2014; Negm and Bruce 2014). Long after a
subthreshold pulse, the neural excitability to respond to a second pulse decreases as the
membrane potential has dropped below resting membrane potential.

2.1.4 Spike-rate adaptation

Spike rate adaptation is referred to as the tendency of a neuron to reduce its excitability
after an initial response to stimuli with extended-durations. The time course within which
spike-rate adaptation occurs covers a range of a few tens of milliseconds (Heffer et al.
2010; Miller et al. 2011; Hughes et al. 2012) up to 1-2 minutes (Litvak et al. 2003).
Figure 2.1D shows how a neuron adapts in a high stimulation rate paradigm. In the
beginning, the neuron spikes following the rate of the stimulus, but then its firing
probability decreases. The degree of spike-rate adaptation is typically quantified by the
difference/ratio between the maximum and minimum of the spike rate and is thought to
depend on the stimulation rate, with bigger adaptation effects at higher rates (Zhang et al.
2007; Miller et al. 2008; Hughes et al. 2012). Such an increase at high rates has been
suggested to be associated with desynchronization effects in a population of fibers
(Rubinstein ef al. 1999; Hughes ef al. 2012). In a CI eCAP study, Hughes et al. (2012)
extracted eCAP responses to each of the 21 stimulation pulses at rates between 900 and
3500 pps. For slower rates, they observed a ‘zig-zag’ pattern in the eCAP amplitudes,
which was attributed to the refractoriness of the nerve fibers. This alternating pattern
diminished at higher rates, suggesting stronger desynchronization effects of ANFs. The
rate at which the zig-zag pattern disappeared was referred to as the ‘stochastic’ rate
(Rubinstein et al. 1999; Hughes et al. 2012), where the refractory state of the neural
population started to change from a two-pool paradigm (responsible for the dents of the
zig-zag pattern) to a multi-pool paradigm with equal size (Rubinstein ef al. 1999). Such
a behavior of ANFs is similar to the spontaneous activity observed in the nerves of normal
hearing listeners, and thus might be able to provide a better temporal representation
(Rubinstein ef al. 1999) and therefore improved transmission of information at very high
stimulation rates (Hughes et al. 2012).

2.2 Temporal and multi-pulse integration

In the context of hearing, temporal integration (TI) is attributed to the observation that
THRs increase when stimulation durations are reduced below about 200 ms. It is also
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extended to suprathreshold levels, where longer stimuli, compared to shorter ones, need
smaller amplitudes to induce an equal loudness. The amount of TI is normally quantified
by the slope of detection THR reduction per decade or doubling the duration. For normal
hearing listeners, TI is found to be about 8-10 dB when the stimulation duration is
increased by a factor of ten (Florentine et al. 1988), which is approximately equivalent to
a reduction of 2.5 dB/doubling the duration for durations up to 300 ms (Gerken et al.
1990; Zhou et al. 2015). For longer stimulation durations, the slope of TI becomes
shallower, which implies the existence of a critical duration.

In a human CI study, Obando Leiton (2019) measured TI functions at a typical clinical
rate of 1200 pps and a very high rate of 25000 pps, and for durations up to 1000 ms. For
the higher rate, the TI slope was steeper than that for the lower rate. Compared to the
critical duration of 200 ms in normal hearing (NH), no consistent critical duration was
found for CI users in their study. For durations up to 100 ms, the TI functions were clearly
decreasing, thereafter the inter-subject and inter-electrode differences started to become
large. For the decreasing part of TI function, a median slope of -2.90 dB/doubling the
number of pulses was observed, which is comparable with that for NH listeners, e.g. ~ -
2.5 dB/doubling the stimulus duration, summarized by (Gerken ef al. 1990). In an attempt
to mimic the stimulation paradigm used in MED-EL devices, Obando Leiton (2019) also
investigated TI effects at the rates of 1500 and 18000 pps. The former is the rate at which
single electrodes of MED-EL arrays deliver the currents, and given 12 electrodes in the
array, the latter is the maximum global rate induced by all electrodes. Similarly, a
shallower TI slope of -1.03 dB/doubling the duration was observed, compared to steeper
slope of -1.65 dB/doubling, at 18000 pps.

Due to the pulsatile stimulation used in electric hearing, the term TI is used in conjunction
with a specific term known as multi-pulse integration (MPI) in electric hearing. TI effects
are usually studied by investigating the effect of stimulation duration while keeping the
rate fixed, while in MPI, duration is fixed and the effects are investigated as a function of
stimulation rate. Carlyon et al. (2015) suggested that at higher stimulation rates, the
number, rate, and probability of firing of ANFs increase in MPI paradigms, therefore
THRs improve. At rates up to a few hundred pps, individual nerve fibers might lock to
the stimulus and respond to each pulse. Thus, increasing the input rate probably also
increases the rate of ANFs’ responses. Assuming enough neurons in the ensemble, further
pulses might make other nerve fibers spike; other than those already in refractory state
following an early pulse. Therefore, increasing the stimulation rate could increase the
number of fibers firing APs. Finally, in case of no neural firing following a stimulation
pulse, it can still facilitate firing an AP by subsequent pulses (facilitation). In other words,
higher stimulation rates, also increase the probability of neural spiking, eliciting an AP
from partially-depolarized ANFs is facilitated by closely-spaced pulses at these rates
(Middlebrooks 2004).

The effects of MPI are reported to be stronger at rates above 1000 pps, with steeper
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integration slopes observed both in humans (Carlyon et al. 2015; Zhou et al. 2015) and
guinea pigs (Middlebrooks 2004; Pfingst et al. 2011; Zhou et al. 2015). Middlebrooks
(2004) measured THRs at rates between 254 and 12200 pps and found that for rates below
1000 pps, the integration effects were minor and the MPI slopes were almost flat (median
slope of -0.8/doubling the rate) when compared to rates above 1000 pps (median slope of
~ -2/doubling the rate). He speculated that a smaller effect at rates < 1000 pps is due to
the fact that the second pulse at these rates falls outside the integration window for a
single neuron (duration ~1 ms), during which most of the integration effects occur.

Carlyon et al. (2015) investigated TI and MPI effects in users of cochlear- and auditory
brainstem implants (ABI). They measured THRs at rates of 500 and 3500 pps, and for
durations from 2 to 32 ms in steps of doubling. Effects of TI were observed at both rates
and for both types of implants, but at the slower rate, TI slope was steeper for ABI users,
compared to CI users. However, for ABI users the slope remained almost unchanged at
the higher rate, while it dropped steeper for CI recipients. The authors also measured
behavioral THRs at the rates 71, 500, 3500 pps, for durations of 40 and 400 ms. For CI
users, they observed THR reductions of 3.9 dB and 7.7 dB when the rate increased from
71 to 500 pps, and from 500 to 3500 pps, respectively. For ABI users, the slope from 71
to 500 pps was shallower than that for CI users and from 500 to 3500 pps, almost no effect
of MPI was observed. Although they did not measure THRs at a larger number of rates
to let one judge the MPI slopes below and above 1000 pps, the amount of reduction from
71 to 500 pps, (-1.38 dB/doubling the rate), was lower than that when the rate increased
from 500 to 3500 pps (-2.75 dB/doubling the rate), all for CI users.

Given the differences between neurons of the cochlea and the brainstem, psychophysical
results from Carlyon ef al. (2015) could not identify the detailed mechanisms behind the
different performances between CI and ABI users. Nonetheless, the authors speculated
that such differences probably originate from mechanisms with time constants within a
few milliseconds, e.g. 1 ms as suggested by (Middlebrooks 2004). Such interactions
within a few milliseconds seem to be absent in ABI users, as the extra five pulses within
the 2-ms window at the rate 3500 pps could not effectively contribute in THR reduction.

A more detailed review on the literature of temporal- and multi-pulse integration is
provided in Chapter 3 (sections 3.1).

2.3 Objective THRs in CI users

There exists a rich literature on measuring objective THRs in CI users, where indirect
physiological responses of subjects, without their active participation, are captured. The
main purpose of such studies are usually finding relations between the THRs estimated
with objective measures and those from psychophysical responses. Objective measures
cover the full auditory pathway, from the most peripheral measure being eCAP, through
the measures in the midway, e.g. eABRs and evoked auditory middle latency responses
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(eAMLRs), to the recordings from the central auditory pathway, such as CAEPs. Here a
relatively short review on these objective measures used for THR determination in CI
users is presented.

2.3.1 eCAP THRs

The growth function of eCAPs has been found to be correlated with human CI users’
performance in speech perception by Brown et al. (1990); Kim et al. (2010), while no
association between these two measures was found in studies such as (Turner et al. 2002).
The slope of eCAP I/O functions was also found to correlate with longer hearing loss
durations (Schvartz-Leyzac and Pfingst 2016) in humans as well as for neural survival or
spiral ganglion cells’ (SGCs) density in guinea pigs (Kang et al. 2010; Ramekers et al.
2014; Pfingst et al. 2015). Both in animal (Ramekers ef al. 2014) and human studies
(Schvartz-Leyzac and Pfingst 2016; Brochier et al. 2021), it has been observed that the
effect of IPG on eCAP amplitude growth function could correlate with neural health.
Increased IPG and/or phase duration would increase eCAP amplitude, while small SGC
populations revealed decreased eCAP amplitudes.

Many studies have investigated the feasibility of predicting behavioral THRs using eCAP
measures and almost all of them found only low to moderate correlations between these
two measures (Abbas et al. 1999; Hughes et al. 2000; Dees et al. 2005; McKay et al.
2005; McKay et al. 2013; McKay and Smale 2017), which even deteriorates for high
behavioral stimulation rates. Although eCAPs THRs are utilized together with one or two
behavioral measures for initial CI THR settings in infants and young babies, eCAP still
lacks enough predictive power to be used for fully objective CI programing alone. It is
suggested that the poor correlation between these two measures stems, at least to some
extent, is due to the different stimuli used in each (McKay et al. 2005). Stimuli in the
former are normally single biphasic pulses, while in the latter, pulse trains with rates of
at least 300 pps are used. Responses to a single pulse seems to reflect no information on
the history of neurophysiological activity of the auditory nerve such as temporal
summation, or spike-rate adaptation. However, stimulating with pulse trains seem to be
able to do so. Therefore, in an attempt to mimic the effects of pulse trains employed for
behavioral measures, pulse trains of different rates have also been used for eCAP
measurements.

McKay et al. (2013) measured eCAPs in response to a pulse train of different rates in the
range of 500 - 2400 pps. They extracted responses to each individual pulse of the first 20
pulses in the train, which were then averaged to provide a single eCAP amplitude at each
rate. Although their proposed model, when fed with the average eCAP data, well
predicted the behavioral THR change, individual slope of THRs could not be well
predicted with individual eCAP data. They concluded that their proposed eCAP measures
combined with eCAP THRs is not capable of predicting high-rate behavioral THRs with
sufficient precision. In another study, McKay and Smale (2017) used two IPGs and two
PDs as eCAP parameters to improve the accuracy of the prediction of behavioral THRs
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with eCAP measures. They measured eCAP THRs changes associated with these two
parameters as a function of stimulation rate. They showed that inclusion of IPG and PD
for the prediction of eCAP THRs could improve the accuracy of prediction of behavioral
THRs significantly. However, they mentioned that even with incorporating eCAP
parameters, eCAP measures lack sufficient predictive power to be used for totally
objective programming of Cls.

2.3.2 eABR THRs

eABRs are also reported to be useful for CI programming, i.e. in setting the THRs and
comfort levels. When using stimulation rates in the range of clinical configurations
(above 500 pps), eABR THRs showed only weak correlations with behavioral THRs
(Brown et al. 1999). However, for rates below 100 pps, eABRs have shown to provide
high correlations with other behavioral measures (Abbas and Brown 1991; Gallégo ef al.
1997; Truy et al. 1998; Brown et al. 1999). Table 2.1 summarizes studies that
investigated correlations between eABR THRs and those of behavioral measures. Firszt
et al. (1999) measured eABRs from a small group of Clarion CI users (three adults and
three pediatrics). They observed that, within each group, 2 of 3 subjects had eABR THRs
within their behavioral dynamic range, while for 1 subject per group the eABR THR
exceeded either the comfortable level or the upper limit. Similarly, Shallop et al. (1991)
observed that eABR THRs seem to be more capable of predicting comfort levels, rather
than behavioral T-levels. Due to such a large overestimation, Firszt et al. (1999)
suggested that configuring the THR levels using eABR THRs for young children, who
cannot provide reliable feedback, should be performed conservatively. Brown et al.
(1999) performed a series of eABR measurements to investigate the relationship between
eABR THRs and behavioral THRs. They found that, eABR THRs overestimated the
behavioral T-levels for all subjects (r = 0.69), the comfortable levels in half of subjects (r
=0.54), and the uncomfortable levels in a few subjects.

Brown et al. (1999) also measured behavioral THRs in response to single pulses and
pulses trains of 250-ms duration delivered at rates of 400 pps and 1000 pps, as well as
eABR THRs in response to single pulse stimulation with a rate of 13.1 pps. There was a
strong correlation between eABR THRs and behavioral THR when stimuli were single
pulses (r = 0.84). Correlations declined when pulse trains were used, where correlations
of 0.74 and 0.69 were found for 400 and 1000 pps, respectively. Brown et al. (1999)
attributed the decline of the correlation coefficients to the high variability in subjects’
temporal integration, and concluded that in order to improve the THR estimation by
eABRs, a proper estimation of temporal integration is required for each individual.
Similar to the rationale that McKay et al. (2005) provided for the poor correlation between
eCAP THRs and behavioral measures, Brown (2003) stated that the weak correlation
between eABR THRs and those used for programming Cls stem in the nature of relatively
low (<60 pps) and high (>250 pps) stimulation rates used in the former and latter,
respectively.
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Table 2.1 Details of studies that investigated the eABR THRs and behavioral THRs.

Bfehawo'r al Rate a.t Rate at Note (r: Correlation btw. the
Study stimulation behavioral ¢ABR two THRs)
duration (ms)  THRSs (pps) THRs (pps)
Shallop ef al. (1991)  n.m. 10-14 10-14 fe‘i}jlls{ THRs were near comfort
Hodges et al. (1994) n.m. 10 10 T-level: r=0.89
T-level: r=0.98
Truy et al. (1998) n.m. 300 60 Perceptual threshold =
1.06 x eABR threshold + 0.76
. ¢ABR THRs for two subjects
Firszt et al. (1999) n.m. 833 20.03  oadod Comfértvavble ‘llei L
Single pulse  13.1 T-level: r=0.84
Brown et al. (1999) 233 %to‘(‘)oo ) 400 13.1 T-level: r = 0.74
a PPS) 1000 13.1 T-level: r=0.69
Brown et al. (2000) 500 250 49 (lelz‘v’g i (())' gé
Danieli et al. 2021)  n.m, 500 21 (lelz‘v’g i _ (())gj
11600 - T-level over all subjects: 0.89
Macherey et al. (2021) 419.3 -451.3 1000 29240 T-level at BUPS: 0.49 — 0.72

n.m. not mentioned.

In a similar study with those presented in the next two Chapters of this work, Macherey
et al. (2021) measured eABRs to short-duration pulse trains with high stimulation rates
(11.60 to 29.24 kpps). They used closely ‘bunched-up’ pulse stimuli (BUPS) for eABR
measurements, where the number of pulses in BUPS varied from 1 to 32 with steps of
two-fold. For clinical measurements (CLIN), the same configuration as in eABR
measurements, but with stimulation rates of 1000 pps, was used. The estimated eABR
THRs decreased as a function of number of pulses, and over all subjects and BUPS
conditions, the correlation between eABR THRs and clinical THRs was quite high (r =
0.89). However, for individual BUPS conditions, the correlation between the two THRs
varied between 0.49 and 0.72.

Macherey et al. (2021) found that psychophysical THRs measured at BUPS conditions
were lower than those at clinical THRs, with increasing differences as the number of
pulses increased. This finding was mostly contributed to counteracting temporal
integration effects and refractoriness, where shorter inter-pulse gaps of BUPS tended to
boost refractoriness effects and thus reduced interaction between pulses. However, the
short inter-pulse gap for BUPS led to more compressed activities in the integration
window (for more details, see Middlebrooks (2004)), when compared to that for stimuli
used to measure clinical THRs. Macherey et al. (2021) concluded that their measurements
considered only the effects of refractoriness and temporal integration, but more complex
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interactions between other temporal response properties such as facilitation,
accommodation and spike-rate adaptation could also play important roles.

2.3.3 CAEP THRs

The use of CAEPs to estimate behavioral THRs dates back to the 1950s, (Perl ef al. 1953;
Davis 1965), and has continued until recently (Abbas and Brown 2015; Visram et al.
2015; Mao et al. 2019; Mao et al. 2021). Employing CAEPs for the determination of
behavioral THR is particularly of interest as this measure represents central auditory
activities, which also reflects the origins of behavioral responses. Additionally, due to late
responses of CAEP, one can use longer stimuli to possibly account for temporal
integration effects occurring at the cortical levels to a larger extent. In comparison to
eCAPs and eABRs, CAEPs have the benefit of being more robust due to relatively larger
wave amplitudes. On the other hand, the CAEPs suffer from the fact that the patient needs
to remain awake and as calm as possible, which might not be easy to achieve in younger
children (Van Dun et al. 2015).

In an early study, Davis (1965) measured CAEPs from fifty children with severe hearing
loss using filtered clicks for frequencies of 300, 600, 1200, 2400, and 4800 Hz and related
the CAEP THRs to their corresponding behavioral THRs. On average, he found a
difference of 2.5 dB between the two THRs, while for two children, average errors of
more than 18 dB was found for all frequencies tested. Picton (2011) has summarized
studies between 1967 and 2007 that investigated behavioral THR estimation using
CAEPs (late auditory evoked potentials, LAEPs in the original study) and described their
results as being more accurate than expected. Some of the studies he investigated, had
used cortical evoked response audiometry (CERA), thus they employed tones with
durations of up to 200-ms (Prasher ef al. 1993; Yeung and Wong 2007). However, for
eCAEP purposes one can only use stimuli with durations of up to 60 ms to avoid overlap
of response and stimulation artifact.

In a series of studies, McKay and her colleagues measured CAEP THRs in normal hearing
(Mao et al. 2018; Mao et al. 2021) and CI listeners (Visram et al. 2015; Mao et al. 2019;
Mao et al. 2021) and correlated them with the behavioral THRs. The stimuli they used in
all of these studies were 50-ms pulse trains delivered at a rate of 900 pps. They
extrapolated the growth functions of different temporal- and spectral features to estimate
behavioral THRs. Visram et al. (2015) employed growth functions of the global field
power (GFP) of responses, which is a measure of variation over all EEG channels and
estimated CAEP THRs and found a high correlation of 0.93 between the two THRs. They
correlated the THRs in response to 50-ms stimuli used in both CAEP and behavioral
measurements and claimed that their method would also well predict behavioral THRs in
response to stimuli with higher durations (e.g. 500 ms), which are used to determine THRs
in clinical configurations. Their rationale for such a speculation was that first, longer
stimulus duration results in lower THRs, and second, THRs determined with clinical
methods are usually higher than those obtained by the three-interval three-alternative
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forced choice method. Therefore, the higher offset of THRs obtained by 50-ms (compared
to 500-ms) stimuli could be compensated by the typical lower THRs determined by the
3-IFC method. However, their speculation still needs to be further investigated.

In a study with normal hearing subjects, Mao et al. (2018) used growth functions of four
features to estimate objective hearing THRs in response to 1-kHz pure tones. The features
were N1-P2 amplitude, root-mean-square value (temporal features), peak spectral power
(spectral feature) and the peak of the phase-locking value (peak PLV, tempo-spectral
feature), among which the peak PLV performed best with mean THR deviation of 2.7 +
5.9 dB from the behavioral estimates. Therefore, they conducted a follow-up study with
CI users and estimated the behavioral THRs using only the peak PLV feature, where they
found a strong correlation of r = 0.979 between the two measures (Mao et al. 2019). Mao
et al. (2021) extended their investigation to use spectral features to decode intensity and
threshold percepts in normal- and electric hearing modalities. They extracted Fourier
magnitude- and phase-related features referred to as event-related spectral perturbations
(ERSPs) and inter-trial coherence (ITC), respectively, and correlated them with the
stimulus intensity. The linear discriminant analysis classifiers showed that, at low
stimulation intensities and in both hearing modalities, using ITC features for training
yielded more mutual information (better performance) compared to conditions where the
ERSP features were used. They concluded that ITC features are more sensitive than the
ERSP features, and therefore, are more suitable for behavioral THR estimation.

2.4 Objectives of this thesis

The main hypothesis of this thesis is that the low correlations between objective THRs,
particularly eABR THRs, and behavioral ones originate, at least partly, due to the
different stimulation/repetition rates and durations used in these measures. Compared to
clinical rates, which are between 800 and 2000 pps, rates used in eABR measurements
are typically limited to below 100 pps. This limitation arises from the fact that at higher
rates, the stimulation artifact would interfere with the eABR characteristics e.g. wave
amplitudes. Increased stimulation duration would also lead to the same condition.
However, the short stimulation duration (up to 2 ms) allowed in eABR measurements still
provide enough room for closely-spaced multiple pulses to be fit within such a window.

In this thesis, multi-pulses of very low inter-pulse intervals have been introduced with the
aim of accounting for temporal interactions uncovered in regular eABR. The multi-pulse
configuration employed in this thesis provides very high stimulation rates of 10 kpps. As
the current spread in the cochlea is quite broad, the effective stimulation rate experienced
by a given ANF is probably not only from the nearest electrode(s), but possibly from all
electrodes, at least the ones in closest proximity. This would considerably increase the
effective stimulation rate, 1.e. from f; to N x f;, where f; is the stimulation rate for a given
electrode, and N is the number of active electrodes in the array. Therefore, the effects of
such a high stimulation rates could be investigated by employing the multi-pulse
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stimulation (here 10 kpps).

This thesis aims therefore to investigate: 1) how do the eABRs morphology and
characteristics change in response to multi-pulse stimuli at very high rates, 2) how do the
amplitude growth functions change for multi-pulse stimulation, 3) how do the eABR
THRs estimated in MP condition change compared to those at single pulse stimulation,
4) do these THRs correlate better with clinical THRs, and 5) do eABR THRs in response
to MPs allow to estimate clinical THRs with higher precision than with single pulses.
Objectives 1 and 2 are addressed in Chapter 3 and objectives 3, 4, and 5 are discussed in
Chapter 4.
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Chapter 3
Investigation of Electrically-Evoked Auditory
Brainstem Responses to Multi-Pulse
Stimulation of High Frequency in Cochlear

Implant Users

The content provided in this chapter was published in a previously peer-reviewed research
1
paper :

Sacedi A. and Hemmert W. (2020) Investigation of Electrically Evoked Auditory
Brainstem Responses to Multi-Pulse Stimulation of High Frequency in Cochlear Implant
Users. Frontiers in Neuroscience. 14:615. doi: 10.3389/fnins.2020.00615

which is reproduced here without any content-related changes. To fit the typesetting of
this document, only caption numberings of figures, tables, and formulas have been
changed.

3.1 Introduction

Cochlear implants (CI) can restore hearing and speech understanding to people with
severe to profound hearing loss to a surprisingly high degree by electrically stimulation
of the residual auditory nerves (ANs). As the dynamic range of electric stimulation is
much narrower than in the intact ear, it is necessary to set sensation thresholds and
maximum stimulation levels properly. Both levels depend on the stimulation rate and on
the number of pulses (or the length of the pulse train) delivered. These two parameters
contribute in temporal phenomena are known as multi-pulse integration (MPI) and
temporal integration (TI) functions. For a fixed (usually long) stimulation duration, the
MPI function is referred to the function relating the psychophysical detection threshold
(THR) with stimulation rate (McKay and McDermott 1998). The TI function describes
as how the detection THR varies as a function of stimulation duration when the
stimulation rate is fixed. The time range in TI functions varies from tens of milliseconds
to hundreds of milliseconds with large individual variations. TI in acoustic hearing leads

! The paper is distributed under the terms of the Creative Commons Attribution License (CC BY), which
holds its copyright with the authors.
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to a THR decrease with a slope of approximately 2.5 dB per doubling of stimulus duration
up to about 300 ms (Gerken et al. 1990).

Studies which investigated TI functions for electric hearing generally claimed that,
similar to MPI functions, TI slopes drop when the stimulation duration (or equivalently,
the number of pulses) increased, both in animal studies (Donaldson et al. 1997; Zhou et
al. 2015) and in human studies (Zhou et al. 2015). Donaldson et al. (1997) found THR
TI slopes of 0.42 dB/doubling of number of pulses, ranging from 1 to 64 pulses at 100
pps stimulation rate. Zhou et al. (2015) found that for a stimulation rate of 640 pps, mean
TI slopes dropped about 0.88 dB/doubling of stimulation duration from 31.25 to 250 ms
(20 to 160 pulses). Donaldson et al. (1997) found that not only THRs but also loudness
levels including maximum acceptable levels (MAL) dropped when the stimulation
duration increased. For MALs, they found large inter-subject variabilities of TI slopes,
1.e. shallower, equally steep, and steeper TI slopes in comparison to the THR TI slopes.
Obando Leiton (2019) measured TI functions for two rates in a very comprehensive study.
Slopes showed a large variation between subjects but also for different electrodes within
a subject. For a stimulus of 300 ms duration, slopes ranged from -5.24 dB to -2.32
dB/doubling, when stimulation rate increased from 1500 pps to 18000 pps. Over all
subjects, Obando Leiton (2019) observed that increasing the stimulation rate from 1500
to 18000 pps caused THR levels to decrease by approximately 11 dB, which corresponds
to a decrease of -3.1 dB/rate doubling. Obando Leiton (2019) also found that the MALs
dropped by 4 dB when the stimulation rate was increased from 1500 to 18000 pps, which
suggests a slope of -1.11 dB/rate doubling. Temporal integration effects between two
pulses are usually quite small (Karg ef al. 2013). Nevertheless, for long pulse trains MPI
effects on THR and MAL can be large.

For low stimulation rates (below 1000 pps), THRs in CI users fall only by less than 1
dB/doubling of stimulus duration (Donaldson et al. 1997) when the stimulation rate is
below 1000 pulses-per-second (pps). When the stimulation rate exceeds 1000 pps, the
slope of the MPI function becomes steeper, in guinea pigs (Middlebrooks 2004; Kang et
al. 2010; Zhou et al. 2015) and in humans (Shannon 1985; McKay and McDermott 1998;
Zhou et al. 2012; Carlyon et al. 2015). As an example, Kang ef al. (2010) found a
significant decrease of MPI slopes when rates below 1000 pps increased to above 1000
pps at two stimulation sites (Aslopes = -2.88 and -2.83 dB/doubling of pulse rate at two
stimulation sites). Similarly, Carlyon et al. (2015) observed a THR decrease of 7.71 dB
when increasing the stimulation rate from 500 to 3500 pps for pulse durations of 400 ms,
which is equivalent to a slope of -2.74 dB/rate doubling. An exception was Skinner ef al.
(2000), who found MPI slope to drop by less than 0.1 dB/doubling of the pulse rate for
rates above 1000 pps and even less for rates below 1000 pps. Slopes of MPI functions for
C-levels are reported to be steeper for rates above 1000 pps compared to rates below 1000
pps (Zhou et al. 2012). In a human study, they found that MPI slopes for the C-levels
were 0.65 dB, 0.54 dB, and 1.19 dB/doubling or stimulation rate steeper for rates above
1000 pps compared to rates below 1000 pps, respectively for three stimulation sites. Zhou
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et al. (2012) observed that TI slopes for THRs were steeper than those for MAL/C-levels.
For basal and middle sites, MPI slopes for THRs were 1.24 dB and 1.07/doubling of the
rate, respectively, which were 0.59 dB and 0.53 dB steeper than their corresponding MPI
slopes for C-levels. Since Zhou et al. (2012) found no correlation between slopes of C-
level and THR MPI functions, they claimed that the underlying mechanisms of these two
functions are probably different.

Middlebrooks (2004) and Zhou et al. (2012) attributed the steeper MPI slopes at rates
above 1000 pps to a residual partial depolarization mechanism, where initial subthreshold
pulses partially depolarize a single AN or a group of ANs and further pulses, accruing
within a 1-ms time window, increase the chance of firing an action potential thus lowering
the THR level. In terms of temporal considerations, this effect is also known as
‘facilitation’, where the elevated membrane potential of the auditory nerve, as the effect
of the first pulse in the train, facilitates it for the successive pulses to elicit an action
potential (Hodgkin 1938; Hodgkin and Huxley 1952; Boulet ef al. 2016).

The slopes of MPI functions are suggested to be possibly an indicator of cochlear health
in the area close to the stimulation site, either in CI users (Kang et al. 2010; Pfingst et al.
2011; Zhou et al. 2012; Zhou and Pfingst 2016; Zhou et al. 2018) or in normal hearing
listeners (Shannon 1983). Psychophysical results from (Kang et al. 2010; Pfingst et al.
2011) indicated that in guinea pigs, for stimulation rates below 1000 pps, there is a
correlation between the THR MPI slopes and cochlear health state in terms of hair cell
counts, auditory nerves and ensemble spontaneous activity (ESA).

Electrical stimulation with high pulse rates are thought to resemble the spontaneous
activity of ANFs in a healthy ear (Rubinstein et al. 1999; Litvak et al. 2003; Hughes et
al. 2012). (Rubinstein et al. 1999) found that for pulse rates above 2000 pps, human
electrically evoked auditory compound action potentials (¢CAP) responses to a pulse train
dramatically dropped after a strong response to the initial pulse of the train and sustained
afterwards. They interpreted this sustained activity as an independent quasi-stochastic
activity of ANFs resulting from desynchronization of populations of ANFs. For
stimulation rates below 1016 pps, they still observed an alternating amplitude pattern of
the eCAP for successive pulses of the train after a relatively strong initial response to the
first pulse. The rate at which the alternating pattern seemed to vanish and the sustained
pattern appeared, was referred to as ‘stochastic rate’ (Hughes ef al. 2012), and occurred
at rates above 2033 pps in Rubinstein ef al. (1999). Hughes ef al. (2012) observed that
the stochastic rate was variable (about 2400 to 3500 pps) between different electrodes in
human subjects. Similar to human results, Litvak ef al. (2003) found a sustained discharge
rate in cat ANFs in response to a 5000 pps pulse train. They claimed that, since no
correlation between simultaneous measurements of pairs of ANF activities was found,
the 5000 pps pulse rate desynchronized the auditory nerve activities, which is, again, an
evidence that high stimulation rates could improve neural representation to electric
stimuli.
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Another motivation to use high pulse rates in electric hearing is to represent the global
stimulation rate induced by stimulation rate of individual electrodes in CIs. Results of
finite element model from Bai et al. (2019) and measurement data from Obando Leiton
(2019) and many others suggest that stimulation of a single electrode contact leads to a
broad spread of current along the cochlea, which means that in electric hearing, neurons
are stimulated not only by the nearest electrode, but also by the neighboring electrodes.
Therefore, the effective stimulation which reaches a spiral ganglion neuron — at least in
the continuous interleaved stimulation (CIS) strategy — is a burst with the global
stimulation rate originating from neighboring electrodes, which is very similar to our
experiment.

The studies mentioned above investigated the effects of multi-pulse stimulation on either
most central (psychophysical studies) or most peripheral (eCAPs or ESA) stages of the
auditory system. It is still worth to investigate such an effect at a location between these
two extreme regions, which, to our best knowledge, has not yet been done. Such a study
will shed light on the temporal integration at the level of the auditory brainstem as well
as on how temporal properties such as refractoriness and facilitation would function.
Based on these foundations, we designed this study to investigate electrically evoked
auditory brainstem responses (eABRs) to high rate electrical multi-pulse stimuli in CI
users. We measured eABRs to the stimuli with different number of pulses, but with the
same physical stimulation amplitude to see how multi-pulses are integrated in the level
of the brainstem. We also evaluated the contribution of nerve responses to each pulse or
to a few consecutive pulses in multi-pulse stimulation to estimate the post-stimulus time
histogram (PSTH) of the nerve.

3.2 Material and Methods

Sixteen ears from twelve participants (two males, mean age: 56.5 years) implanted with
Med-El CIs were measured (Table 3.1). Amplitude growth functions in MP conditions
were measured from 8 ears (out of 16; last column of Table 3.1). Participants signed a
written informed consent form and were paid for their participation. The experiment was
approved by the Ethics Committee of the Klinikum rechts der Isar, Munich.

3.2.1 Stimuli

In this study, we mainly focused on the analysis of eABR wave eV, which usually occurs
at around 4 ms after the stimulus onset. This constrains the stimulation duration to be less
than 4 ms, otherwise stimulus and response would interfere. A further limitation comes
from the large stimulation artifact, which follows the stimulus and limits the stimulation
window to be even shorter. Therefore, in order to obtain clear eABR peaks eV, we
employed a stimulation window of up to 1.6 ms, within which pulse trains of up to 16
pulses with a pulse rate of 10,000 pulses-per-second (pps) were closely packed together
to form multi-pulse stimuli.
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An overview of the stimuli is illustrated in Figure 3.1. Electric pulse trains of 1-pulse, 2-
pulses, 4-pulses, 8-pulses and 16-pulses were used. Pulses were anodic-leading charge-
balanced biphasic pulses with 45 ps phase width and 2.1 ps inter-phase gap. Multi-pulse
(MP) stimuli were assembled by putting single pulses together with an inter-pulse gap of
7.9 ps to achieve a pulse period of 100 ps and, consequently, a burst rate of 10,000 pps,
which is well above standard clinical rates. All MP stimuli were delivered at a repetition
rate of 37 Hz through an electrode in the middle of the array (subject specific electrode).

3.2.2 Pretest

In order to select the stimulation electrode for the experiment, trial psychophysical and
eABR measurements were performed on electrodes number 4, 5, 6, 7, and 8 (out of 12
electrodes in an apical-to-basal order). Psychophysical THRs and MCLs were determined
by Cl users. The stimulus was a single-pulse (1 pulse condition) with the same parameters
mentioned above. For each electrode in eABR measurements, the stimulation amplitude
was set to 95% of the corresponding psychophysical dynamic range (DR, defined as MCL
- THR). The electrode corresponding to the eABR with the largest wave eV amplitude
was selected and used for the entire measurements. In case of electrodes with similar eV
amplitudes, the one with larger DR was selected.

Table 3.1 Demographic information of CI subjects participated in the study.

Subject Side é}igrgnge Etiology 82;(:; af (Cyleer:) Cltype Electrode ?i?iri%.l 1
s1 L 50-55 amerited g 4 Co 6 Yes
S2 L,R 56-60 Congenital 56 12,10 P, So 6,4 Yes
S3 L,R 60-65 Unknown 22 45,5 So,So 4,6 No
S4 L,R 56-60 Unknown 56 11, 10 P, P 6,7 Yes
S5 L, R 66-70 Unknown 27 12,6 P,P 7,7 No
S6 L,R  60-65 gjﬁ;ﬁiﬁs 32 2,8 Sy,Co 6,5 No
S7 L 56-60 Unknown 44 3 So 6 No
S8 L 40-45 Congenital 42 5 Co 4 Yes
S10 L 76-80 Unknown 30 20 Sy 4 No
S13 L 40-45 OM 40 3 Sy 7 Yes
S14 R 3640 gperited 3 6 Co 4 Yes

OM otitis Media; Co: Concerto; P: Pulsar; So: Sonata; Sy: Synchrony
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Figure 3.1 Shape of multi-pulse stimuli used in the study.

Once an electrode was determined, psychophysical thresholds (THR) and most
comfortable levels (MCL) in MP conditions were adjusted by the subjects while they
were seated on a comfortable coach. On a normal keyboard, the subjects used two keys
(PgUp and PgDn) for coarse changes and two other keys (up arrow and down arrow) for
fine changes. The procedure of adjustment was monitored by the examiners using a
custom-designed graphical user interface. In order to avoid any visual biases, subjects did
not see the monitor screen. The THRs and MCLs for each MP condition were measured
in one trial round and two main rounds. Stimuli were presented randomly but THR and
MCL were measured in separate sessions. For THRs, CI users were asked to raise the
stimulation amplitude until they could clearly perceive it and then reduced it so that they
could not perceive it any more. For MCL measurements, they were asked to increase the
stimulation amplitude to the highest level, which they could still comfortably stand for
three minutes. This duration is about three times the duration of a single eABR recording
trial. Only the results of the main rounds were used for psychophysical analysis and, later,
for eABR measurements. The stimuli used in psychophysical measurements were the
same as those employed in eABR measurements.

3.2.3 eABR multi-pulse stimuli

We call the measured DRs in 1-, 2-, 4-, 8-, and 16-pulse conditions as DR1, DR2, DR4,
DRS8, and DRI16, respectively. Maximum stimulation amplitudes (MSA) were always
limited at 95% of the corresponding DRs to avoid very loud stimulation. They were called
MSA1, MSA2, MSA4, MSAS, and MSA16 e.g. MSA4 means stimulation amplitude of
95% of DR4. An exception was subject S14R, where due to a strong artifact at 95% of
DRs, 60% was used for all numbers of pulses.
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Figure 3.2 shows a schematic view of all stimulation conditions used in this study.
Different numbers of vertical bars depict the number of pulses and different bar sizes
indicate stimulation amplitudes. Some conditions were not measured (n.m. in Figure 3.2)
because they were above comfortable loudness. In each row of Figure 3.2, the number of
pulses is constant, while the stimulation amplitude varies. Thus, row-wise investigation
of the table provides amplitude growth functions (AFG) of MP conditions. On the other
hand, in each column of the table, the stimulation amplitude is constant, while the number
of pulses varies. Thus, investigation of the effect of number of pulses is feasible by
column-wise investigation of the table. We also provide eABR amplitude growth
functions (AGFs) in MP conditions from 8 ears (out of 16 ears). Stimuli with amplitudes
of 5% to 95% the corresponding DRs with steps of 10% were used.

3.2.4 eABRrecording

Stimulation scripts were written in MATLAB and executed on a personal computer
equipped with a National Instrument (NI) I/O card. Subjects were asked to remove their
speech processors before the measurements and stimuli were then generated and
delivered to CIs via an external induction coil of a research interface box (RIB II),
provided by the University of Innsbruck, Innsbruck, Austria.

The stimulation/recording setup is shown in Figure 3.3. The eABRs were recorded from
surface electrodes glued on the skin. The positive electrode was placed behind the ear.
The negative and the ground electrodes were placed on the upper and lower forehead,
respectively. Raw eABRs were recorded with a Biopac® MP36 system (California, USA)
with a sampling rate of 100 kHz, 24-bit A/D converter and amplifier gain of 1000. An
internally-implemented hardware band-pass filter with cut-off frequencies of 0.05 Hz and
20 kHz was used in eABR measurements. No trigger signal was recorded, as the electric
stimulation artifact was large enough for stimulus onset detection. For each MP condition,
2184 epochs were recorded, each of which had a duration of 27 ms.

The skin beneath electrodes was cleaned with alcohol swabs, smoothly but thoroughly
scrubbed to achieve low electrode impedances. Conductive gel was used to increase the
impedance match between the electrodes and the skin surfaces. Electrode impedances
were controlled by the recording setup and were kept below 10 kQ. During eABR
recording, subjects were either sitting or lying on a couch. They were asked to stay as
calm as possible to avoid myogenic artifacts. Breaks were taken on regular intervals or
on subjects’ demands.
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Figure 3.2 eABR multi-pulse measurement conditions (n.m. means not measured).
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Figure 3.3 Setup for electrical stimulation via CI and eABR recording.
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3.2.5 eABR processing

Raw eABRs were processed offline using MATLAB R2017b in a series of steps. First,
stimulus onset detection was performed using the electrical stimulation artifacts (which
were larger than about 300 uV). They were orders of magnitudes higher than neuronal
responses (maximum of about 2.6 uV). Using onset indices, date were divided into epochs
of 27 ms long. Since most of the eABR information is within the first 10 ms, epoch length
were reduced to 10 ms. Epochs contaminated with myogenic activities (e.g. eye blink,
facial muscle movement) were removed and only ‘clean’ epochs were used in further
analysis. In order to determine the clean epochs, the distribution of the RMS values of
epochs were used. For all users, the RMS value of epochs had lognormal distribution. A
normal distribution was fitted to the logarithm of RMS (logRMS) value of epochs. Epochs
with logRMS values in the range of p + ko were considered as clean epochs. The p and
o were the mean and standard deviation of the fitted distribution, respectively. The k
parameter was subject-specific and varied from 0.7 to 2. Across all subjects, at least 2053
epochs (out of 2184 epochs) remained for averaging.

The next step dealt with electrical artifact suppression. The pattern of the electrical
artifacts was subject-dependent. For some subjects, one-exponential fittings worked,
while for other subjects, two-exponential fittings were required (blue curves in Figure
3.4, compare with Spitzer et al. (2006)). Therefore, exponential functions with the general
forms of Egs. 3.1 and 3.2 were used to eliminate electrical artifacts. For each subject, only
one function was used for curve fitting, but for each measurement condition, the fitting
was performed independently. The decision of using one-exponential or two-exponentials
was made by visual inspection of the discharge curve shape. The starting point of the
fitting window varied since the duration of electrical artifacts varied due to different
number of pulses. Therefore, this parameter was excluded from the fitting curve, as in Hu
et al. (2015). The end point of the fitting window was always set to 10.0 ms after the
stimulus onset. The fitted artifact was subtracted from the individual eABR epochs.

f(t) = ap + a,e 1t + ayeb2t 3.1

f) = ap+a;et 3.2

Noise was reduced by zero-phase digital filtering (bandpass 4" order Butterworth filter,
passband: 100 Hz to 3 kHz). As a final stage, weighted non-stationary fixed multi-points
(WNSFMP) averaging was applied (Silva 2009). In this method the variation of multiple
fixed time points in subsets of epochs is analyzed to estimate the variance of the residual
noise (RN). The WNSFMP method assumes stationary noise within a subset of epochs,
but still lets the noise vary within different subsets. This enables the method to eliminate
the effect of non-stationary noise, and, on the other hand, to make a weighted averaging
with weights being the inverse of corresponding subsets variances. The WNSFMP
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method also provides post-average RN estimation, its variance (63y) is a measure of RN
power. In this study, amplitude variances were estimated as G6Zp, = 263y, as in
Undurraga et al. (2013).

Only eABR wave eV amplitudes and latencies were analyzed, as wave elll was corrupted
by the stimulation artifact, especially in the 8- and 16-pulse conditions. Wave eV
amplitude was calculated as the difference of peak eV and the next trough and the latency
of wave eV was defined as the time point where peak eV occurred. Only amplitudes
greater than V262, were accepted as valid amplitudes and were used for further analysis.
Exemplary final eABRs in 1-, 4-, and 8-pulse conditions are shown in Figure 3.5 for three
subjects.
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Figure 3.4 Surface electrode recordings (blue curves) and exponential fittings of stimulation
artifacts (only after stimulation, red curves). Left column shows two-exponential fittings and right
panels show one-exponential fittings. In each panel, the number of pulses and the stimulation
amplitude is indicated. Note that the stimulation artifact exceeds the range displayed in the figure.
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Figure 3.5 Exemplary final eABRs for three subjects (columns) in multi-pulse conditions (rows).
The stimulation amplitudes and the number of pulses are indicated in each panel. Significant
peaks and troughs elll are marked with filled black and red diamonds, respectively. Peaks and
troughs of eV are shown with filled black and red circles, respectively. Horizontal red lines

indicate +v/262y. The minimum number of epochs used for averaging (min N) is indicated for
each subject.

3.2.6 Statistical analysis

Repeated measures analysis of variance (ANOVA) was used to statistically test the effect
of the number of pulses. Statistical analysis was performed in MATLAB 2017b. In
psychophysical data, the within-subject variable was changes in THRs and MCLs, while
in eABR data, the within-subject variable was changes in wave eV amplitudes. For
pairwise comparisons, Bonferroni corrected post hoc analysis was applied. The statistical
significance level was set to 0=0.05.
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3.3 Results

3.3.1 Psychophysical results

Results of psychophysical experiments are plotted in Figure 3.6. THRs and MCLs are
plotted for individual subjects in Figure 3.6A with open blue and green circles,
respectively. Total burst charges (TBCs) used to reach THRs and MCLs, are also depicted
in open circles in Figure 3.6B. The TBC was defined as overall charges in positive phases
of multi-pulses. The corresponding median values of each set of the data are shown with
filled symbols.

The median THRs and MCLs for single pulses were 211.8 pA and 514.5 pA, respectively,
which corresponds to TBCs (of the integrated positive pulse phases) of 9.4 nC and 23.1
nC, respectively. This corresponds to a dynamic range from 4.65 dB to 12.61 dB (median:
7.17 dB). With increasing number of pulses both THRs levels and MCLs decreased
monotonically, almost for every measurement and patient, with steeper drops for THRs.
The median THRs levels over all subjects dropped by about 6.30 dB when the number of
pulses increased from 1 to 16 pulses, whereas the decrease for MCLs was only 2.90 dB.
For the analysis, linear regression was calculated for each set of data and averaged. The
THRs decreased with an average slope of 1.30/doubling of the number of pulses (ranged
from 0.65 to 2.34 dB/doubling), while the MCLs decreased with an average slope of 0.93
dB/doubling of the number of pulses (ranged from 0.66 to 1.32 dB/doubling).
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Figure 3.6 (A) Psychophysical THR and MCL currents (in dB re 1 wA) and (B) Total burst charge
(TBC) (dB re 1 nC) for 14 subjects (19 ears). Values differed significantly between all conditions
(p<0.05).
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Two-way repeated measures of ANOVA showed that THR and MCL data (amplitudes
and TBCs) in Figure 3.6 dropped significantly as a function of number of pulses. In panel
A, both THR and MCL decreased significantly (main effect of the number of pulse; F(4,
112) = 176.14, p<0.001) when the number of pulses increased from 1 to 16. The
interaction effects between THRs vs. MCLs were significant (F(4, 112) =5.26, p<0.001),
which indicates a shallower slope for MCLs compared to THRs. In panel B, THR and
MCL TBCs increased significantly (main effect of the number of pulse; F(4, 112) =
3470.2,p<0.001) as a function of number of pulses. The interaction effects between THRs
vs. MCLs were significant (F(4, 112) = 5.26, p<0.001), which indicates a shallower slope
for THR TBCs compared to MCL TBCs.

3.3.2 eABR results

Since eABR wave elll was corrupted by the multi-pulse stimulation artifact especially in
measuring conditions with larger number of pulses, we focused on wave eV amplitudes
and latencies. Figure 3.7 and Figure 3.8 show individual eABR wave eV amplitudes and
latencies for all CI subjects, respectively. Each panel consists of 15 data points
(measurement conditions listed in Figure 3.2). In each panel, data points with the same
color represent responses to stimuli with equal current amplitudes, but with different
number of pulses. Amplitude growth functions in Figure 3.7 (reading data for identical
numbers of pulses) indicate that eV amplitudes grow generally monotonously with
stimulus level. Lines in a single color show how wave eV parameters depend on the
number of pulses. Note that because of maximum stimulation levels mentioned earlier,
measurement conditions differ in number of data points. Since wave eV amplitude was
calculated by subtraction of two values (peak eV and the following trough), error bars in
Figure 3.7 are equal to 2 X 63y. No efforts were made to estimate error bars for latencies
(Figure 3.8). Results of eABR eV amplitudes in multi-pulse conditions over all subjects
are plotted in Figure 3.9. In each panel, data were normalized to (divided by) the
corresponding responses at the largest number of pulses (2-, 4-, 8-, and 16-pulses in panels
A-D, respectively). Data points in gray show individual CI responses to multi-pulses and
the colored circles, which match the colors in Figure 3.7, are their corresponding median
values. Data for MSA1 are not plotted, as all values were 1 due to normalization.

The stimulation amplitudes in MP conditions were 95% of the corresponding DRs for the
longest burst. For shorter bursts, however, this stimulation amplitude was far below this
value. Over all subjects, stimulation amplitudes of MSA16 (95% of DRs in 16-pulses
conditions), corresponded to averages of 35%, 46%, 60%, and 74% of the DRs in 1-, 2-,
4-, and 8-pulses conditions, respectively. Similarly, stimulation amplitudes of MSAS
(95% of DRs in 8-pulses conditions) corresponded to averages of 52%, 63%, and 78% of
the DRs in 1-, 2-, and 4-pulses conditions, respectively. For example, for the 1-pulse
conditions, the stimulation amplitudes were at 35%, 52%, 65%, 80% and 95% of the DR
(averaged over all subjects; more details are available in supplementary Figures 1 and
2).Visual inspection of the curves from individual CI subjects in Figure 3.7 shows that
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inter-subject variability is high. Yet, some trends could be detected. For most subjects,
and particularly in 8-pulse and 16-pulse conditions, eABR wave eV amplitudes tend to
increase when the number of pulses increased from 1-pulse up to a certain number of
pulses, i.e. up to 2-, 4-, or 8-pulses, then they seem to saturate or even decrease. Such an
increase was not found for the stimulation amplitude MSA 16 (cyan data points in Figure
3.7) for S7TL and S10L, where a monotonically decreasing trend was observed. The points
where wave eV amplitudes reached their maximum depended on the subject, but also on
level within a subject. Due to a facial nerve artifact, éABRs in some conditions were not
reliably measured, thus excluded from the dataset (e.g. subject S3R). Similar to the
amplitudes, latencies across subjects showed high variability, as depicted in Figure 3.8.
However, for a fixed stimulation amplitude (lines with single colors), the general trend
was that latency was increasing with the number of pulses. Moreover, for a fixed number
of pulses, higher stimulation amplitudes resulted in shorter latencies, as expected.
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Figure 3.7 eABR wave eV amplitudes corresponding to the 15 measurement conditions
mentioned in Figure 3.2. Curves with specific colors represent responses to stimuli with fixed

stimulation amplitude and varying number of pulses. Error bars indicate £v25%y.
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Figure 3.8 eABR wave eV latencies corresponding to the 15 measurement conditions mentioned
in Figure 3.2. Curves with specific colors represent responses to stimuli with fixed stimulation
amplitude and varying number of pulses.

Amplitude averaged over all subjects, depicted in Figure 3.9, suggest that wave eV grows
when the number of pulses increased from 1 to 2-pulses and then tended to decrease for
further pulses. Statistical analysis on overall results showed a significant difference only
between 1 and 2-pulse conditions when the stimulation amplitude was MSA2 (F(1, 14) =
4.73, p<0.05) (red data points in Figure 3.9) and MSA4 (F(2, 28) = 3.66, p<0.02) (green
data points in Figure 3.9).

Overall results of wave eV latencies corresponding to data in Figure 3.9, is depicted in
Figure 3.10. Data in each panel were normalized to (subtracted from) the corresponding
latencies at conditions with the largest number of pulses, i.e. MSA2, MSA4, MSAS, and
MSA16 in panels A to D, respectively. Note that data for MSA1 are not plotted. Statistical
analysis shows significant differences between 1-pulse and 4-pulses (F(2, 28) = 3.15,
p<0.05) when the stimulation amplitude was MSA4 and also between four pairs when the
stimulation amplitude is MSAS8 (F(3, 42) = 12.29; p<0.01 for I-pulse and 4-pulses,
p<0.01 for 1-pulse and 8-pulses; p<0.02 for 2-pulses and 4-pulses; p<0.01 for 2-pulses
and 8-pulses). In 16-pulses condition, only the difference between 2-pulse and 16-pulse
conditions was significant (F(4, 40) = 4.80; p<0.05).
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Figure 3.9 eABR eV amplitudes of multi-pulse conditions over all subjects. In each panel, the
stimulation amplitude is constant (MSA2, MSA4, MSA8, MSA16 in panels (A-D), respectively).
Data from individual subjects are plotted in gray circles and their corresponding median values
in colors, which match the colors in Figure 3.7. In each panel, data were normalized to (divided
by) the corresponding responses at the largest number of pulses (2-, 4-, 8-, and 16-pulses in panels
A-D, respectively). Data of MSAT1 condition (blue points in Figure 3.7) are not plotted, as all were
1 due to normalization. The asterisk shows pairs with significant difference.

Figure 3.11 shows wave eV amplitudes and latencies as a function of stimulation
amplitudes (%DR) in different MP conditions for 8 ears (out of 16 ears). Columns show
results for different number of pulses, while top and bottom rows show results of wave
eV amplitudes and latencies, respectively. The amplitude data in top panels was
normalized to the largest wave eV amplitudes that could be measured in 1-pulse condition
(mostly 95%DR). Data from individual ears are in gray and the corresponding median
values are depicted in black. The median AGFs showed a monotonic increasing trend
except for few cases. Due to the small latency variabilities between subjects, latency data
in bottom panels were not normalized. Visual inspection in top panels show a saturating
tendency for the AGFs in MP conditions. The variation of range of eV amplitudes as a
function of number of pulses was insignificant only between 2-pulses and 16-pulses (F(4,
24) =7.55, p<0.02). The variation of ranges of eV latencies as a function of number of
pulses was significant only between 1-pulse and 8-pulses (F(4, 24) = 5.24, p<0.02) and
between 2-pulses and 8-pulses (F(4, 24) = 5.24, p<0.03).
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The structure of data on AGFs in MP conditions is different from that presented in Figure
3.9 and Figure 3.10. In the latter, we used fixed stimulation amplitudes for different
number of pulses, while in the former, the stimulation amplitudes of the same percentage
of the DRs were not identical. For instance, the physical stimulation amplitudes at 65%
DR in 1-, 2-, 4-, 8-, and 16-pulses were not the same. Therefore, we could not apply the
same analysis to both datasets.

3.4 Discussion

3.4.1 Artifact suppression

In neurophysiological measurements such as eABRs or eCAPs, electrical stimulation
artifacts are inevitable. Factors such as stimulation mode, amplitude, phase width,
polarity of the stimulus as well as stimulation site affect the magnitude and morphology
of the stimulation artifact. Low stimulation amplitudes generate small artifacts, it may
still be possible to extract eABRs without further processing (Gordon et al.). Often even
large artifacts decay rapidly, such that they do not interfere with the eABR waves and
blanking of the artifact-contaminated region is sufficient (Tykocinski et al. 1995; Truy et
al. 1998). When long and strong artifacts corrupt the eABRs, stimulation with alternating
polarity is a further option to reduce artifacts (Abbas and Brown 1991; Spitzer et al. 2006;
Bahmer et al. 2008). However, due to nonlinearities of the eABR generation (probably
mostly due to the stimulation electrodes), residual artifacts may remain even with
alternating polarity stimulation. A different approach was proposed by Bahmer et al.
(2010), who measured eABRs in response to triphasic pulses. They varied the distribution
of charge over the three phases and selected a configuration, where the artifact was
minimal. However, adopting this procedure for pulse train stimulation is not straight-
forward. In this case as well as when only single polarity stimuli are used, exponential
fitting can be used to subtract artifacts (Undurraga et al. 2013; Hu et al. 2015). For stimuli
consisting of multi-pulses, accumulated charges remaining from individual pulses yield
to higher artifacts compared to single pulse stimulation. This could be the reason why in
this study it became apparent that the stimulation artifacts obviously had two components,
which can be fitted by two exponential functions. This was already found in a few studies
even for conventional biphasic (Spitzer et al. 2000) or tri-phasic stimuli (Bahmer and
Baumann 2012). Two-exponential fitting functions used in this study appeared to robustly
and reliably remove the artifact even for long stimuli, e.g. 16-pulses, where the artifact
superimposed with the eABR wave eV.
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Figure 3.10 eABR eV latencies of multi-pulse conditions over all subjects. In each panel, the
stimulation amplitude is constant (MSA2, MSA4, MSA8, MSA16 in panels (A-D), respectively).
Data from individual subjects are plotted in gray circles and their corresponding median values
in colors, which match the colors in Figure 3.7. Data of MSA1 condition (blue points in Figure
3.7) are not plotted, as all were 0 due to normalization. The asterisk shows pairs with significant
difference.
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Figure 3.11 Wave eV amplitude growth functions (A) and latency functions (B) as a function of
stimulation amplitude in all MP conditions for 8§ ears (last column of Table 3.1). The amplitude
data was normalized to the largest valid wave eV amplitudes in 1-pulse condition for each ear.
Results from individual subjects are plotted in open gray circles, while the corresponding median
values are plotted in filled black circles.

3.4.2 TI functions in psychophysical data

The first part of this study examined the TI functions of THRs and MCLs as a function
of stimulation duration, which increased from a single pulse to 1600 pus (16-pulses). As
the psychophysical THRs and MCLs in this study were determined for the purpose of
eABR measurement, the stimulation pattern differed fundamentally from those usually
used for psychophysical measurements in other studies e.g. (McKay and McDermott
1999; Zhou et al. 2015). In this study, besides the high stimulation rate of 10,000 pps, a
repetition (burst) rate of 37 bursts-per-second was presented, which was essential to
record eABRs which require fast averaging. This way it was possible to apply identical
stimuli for both psychophysical measurements and eABR recordings. Nevertheless, even
with these deviations in stimulation pattern, results were in line with previous studies. We
observed a decrease of -1.31 dB/doubling of stimulation duration in TI slopes of THR
levels. If this is combined with the TI slopes of -0.42 dB (Donaldson et al. 1997), -0.88
dB (Zhou et al. 2015), -1.0 dB, and -2.6 dB/doubling the number of pulses (Obando
Leiton 2019), one can see that the T1 slopes decrease monotonically when the stimulation
rate increased. We also compared the TI slopes of THR levels with those of wave eV
amplitudes, for conditions of fixed stimulation amplitude (MSA8 and MSA16), while the
number of pulses changed, as well as for conditions of fixed number of pulses, while the
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stimulation amplitude changed (AGFs in 1-pulse and 2-pulses conditions). Details of
these comparisons is available in supplementary Figures 2-6. TI slopes for MCLs showed
a shallower decline of 0.78 dB/doubling the number of pulses, when compared to that of
THRs. This was consistent with findings of Zhou ef al. (2012) and Obando Leitén (2019),
where shallower TI slopes were found for comfortable levels and MCLs, respectively.
Nevertheless, given this shallow decline and that TBC is proportional to the power
consumption of the implant, our results also show that very high pulse rates (when using
biphasic pulses) are not very efficiently stimulating neurons (A schematic illustration of
the integration of charges in 16-pulses condition is depicted in supplementary Figure
A.l).

The fact that not only a pulse rate (10,000 pps), but also a burst rate (37 bps) were
employed in the study, might raise the hypothesis that a combination of both rates, and
not only the pulse rate, contributes to temporal integration functions. This needs us to
investigate phenomena related to temporal processing of ANFs including refractoriness,
facilitation, accommodation and high-frequency spike rate adaptation (see Boulet et al.
(2016) for review). Each of the mentioned phenomena is effective in certain conditions
and time ranges. Refractoriness and high-frequency spike rate adaptation are related to
conditions where the stimulation amplitude is (well-) above thresholds (e.g. MCLs),
whereas the facilitation and accommodation deal with subthreshold amplitudes.
Refractoriness states that a single nerve fiber has an elevated threshold after firing an
action potential (relative refraction period), in a short period after a first action potential
it is even impossible to elicit another action potential (absolute refractory period). The
duration of the absolute refractory period is around 0.5 ms (Hodgkin and Huxley 1952;
Matsuoka et al. 2001; Boulet et al. 2016), relative refractory period for the auditory nerve
is about 4 ms (Boulet ef al. 2016). This means that the high pulse rate used in this study
(10 kHz) interacts with the refractory time for multi-pulse stimulation. That is, the
population of nerves that responded to the first pulse of a multi-pulse burst cannot be
activated by further pulses of the burst and instead, only a population other than that
responded to the first pulse may respond to the second pulse of the burst.

Spike rate adaptation characterizes the reduced ability of ANs to elicit action potentials
in response to pulse trains with relatively high-rates (> 250 pps). The time course of spike
rate adaptation effect is reported to be between 10 and 100 ms (Zhang et al. 2007; Miller
et al. 2011; Boulet ef al. 2016), when the stimulation lasts 300 ms, i.e. excitability of
neurons starts to decrease immediately after the first spike and then with a time constant
between 10 ms and 90 ms. In this study, although we used a high stimulation rate of
10,000 pps, the stimulation duration was not in the same range of that in abovementioned
studies. Therefore, spike rate adaptation has a massive effect on temporal response
properties in the present study, it can be concluded that responses are dominated by the
first pulse, which is supported by the relatively small changes in MCL amplitudes when
the number of pulses was increased. The time course of facilitation and accommodation
is reported to be 0.5 ms and between 0.5 and 1 to 10 ms, respectively (Boulet ez al. 2016).
Therefore, ANFs could integrate residual charge for multi-pulse stimulation, which leads
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to lower THRs. On the other hand, the inter-burst interval of 27 ms is longer than the 0.5
to 10 ms accommodation window, so that ANF had enough time to recover.

3.4.3 eABRs to multi-pulse stimulation

The notion that responses to a high-frequency burst are dominated by the first pulse is
also supported by the relatively small changes in eABR responses when the number of
pulses increased (Figure 3.9 and Figure 3.10). The averaged changes in amplitudes were
smaller than 2.22 dB and 0.1 ms in latency compared to the single-pulse response with
the same amplitude. Figure 3.9 shows even a decreasing trend for eV amplitude in MSA4,
MSAS, and MSA16 after an initial increase from MSA1 to MSA2, which suggests that
response amplitude falls. Although the stimulation current in each panel of Figure 3.9 is
constant, the number of stimulation pulses and with it, the stimulation TBC increased.
Therefore, higher wave eV amplitudes in response to stronger stimuli would be expected,
but this was not observed here. One possible explanation for this observation is
destructive interferences, where peaks and troughs of responses to the first pulse are
reduced by anti-phasic (because of the delay) responses to later pulses in the train. For
instance, the eABR in the 16-pulse condition could be assumed as an arithmetic
summation of responses to individual pulses (as in Eq. 3.3) or groups of pulses (as in Eq.
3.4). The responses to groups of pulses can be extracted by simple subtractions: for
example, the response to the second pulse is eABR, = eABR,, — eABR;, and the
response to the third and fourth pulses could be derived as eABR;3 4, = eABR,, —
eABR;,, where eABR,,, is the measured eABR to a train of i-pulses. Figure 3.12 depicts
such a decomposition of the responses to groups of pulses in the 16-pulse condition for
subject S8L. It can be easily observed how the responses to successive pulses, especially
eABR;s gand eABRq 414 (cyan and magenta curves), contribute to suppressing the wave
eV amplitude of eABR, by pushing down the peak of €V of eABR;,, as well as by pulling
up its trough, both resulting in a smaller wave eV amplitude of eABR;¢;,. Similar analysis
on S8L’ data in MSA2, MSA4, MSAS8 conditions (not shown) supports the claim that the
first pulse of the train has the dominant effect and responses to other pulses suppress the
response to the first pulse. Therefore, the drop in eABR wave eV amplitudes of MSA4,
MSAS, and MSA16 conditions might not be because of a weaker response but seems
likely to be caused by destructive interference with eABR responses to later stimulation
pulses. The effect of the destructive interference could be also observed in Figure 3.11,
where the range of eV amplitudes decreased as a function of number of pulses (significant
difference only between 2-pulses and 16-pulses) and latencies and their ranges were
elevated (significant differences only between 1-pulses and 8-pulses and between 2-
pulses and 8-pulses).
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eABR16p = eABR1 + EABRZ + eABR3_.4_ + eABRS_.g + eABRg_.16 3.4

Here an additional support for the destructive interference rationale mentioned above is
provided. As mentioned in Methods section, at each multi-pulse condition, eABRs to
MSAs, which were defined as 95% of psychophysical MCLs, were measured. Assuming
that all MSAs induce the same hearing impression (loudest tolerable level) to each CI
subject, similar eABR signals and consequently, similar wave eV amplitudes are
expected. However, as shown in Figure 3.13A, when the number of pulses increased, the
eABR wave eV amplitudes in response to MSAs tended to decrease, but not to preserve.
The opposite trends in stimulation TBCs (Figure 3.13B) and wave eV amplitudes (Figure
3.13A) also support the rationale of destructive interference, as more TBC would mean
more activated ANFs and, consequently, larger eV amplitudes. Additionally, such a
destructive effect was found to reverse the tendency of latency, where normally shorter
latencies are expected for higher stimulation amplitudes. Figure 3.10, however, suggests
longer wave eV latencies (maximum of about 0.1 ms) over all subjects, when the number
of pulses increased.

T I

11 S8L; Stim. amp. = MSA16 (257.24 pA) —eABR;, = eABRg i | |
_eABR2 — eABR15p
-eABR; 4, - - = Noise floor

Amplitude (uV)

Time (ms)

Figure 3.12 eABRs to individual pulses and groups of pulses in 16-pulses condition for subject
S8L. Note the peaks and troughs of responses to successive pulses and groups of pulses, which
suppress the response to the first pulse (¢ABR ;). This destructive interference effect may explain
the decrease of the eV amplitude in multi-pulse conditions.
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3.4.4 Efficacy of multi-pulse stimulation

For electric biphasic stimulation, pulse shape could affect the detection THRs at the level
of a single ANF, eCAPs or eABRs. It is known that pulses with longer phase durations
evoke stronger neural responses when compared to pulses with shorter durations and
equal stimulation amplitude. This means, in comparison to shorter phases, pulses with
longer phases need less current to reach THR. However, according to the fact that nerve
membrane functions more as a leaky integrator rather than a perfect one, pulses with
longer phases seem to be less efficient than those with shorter phase durations of same
overall charges (Abbas and Brown 1991; Shepherd et al. 2001). For single pulses, Moon
etal. (1993) observed mean slopes of -3.60 and -5.71 dB/doubling of phase duration when
pulse duration was less or more than 0.5 ms/phase, respectively. The effect of phase
duration on eCAP and eABR was also found to be correlated with auditory nerve survival
in guinea pigs (Prado-Guitierrez et al. 2006). Shepherd and Javel (1999) investigated the
efficacy of pulses of different shapes. They found that, not only ordinary biphasic pulses,
but also chopped pulses could make a single ANF elicit an action potential. Shepherd and
Javel (1999) also found that charge packages of 2x30, 3x20, and 6x10 us of same
polarity, followed by a series of reversed polarity, could charge the nerve membrane even
up to eliciting an action potential. This packet-structure, which was called a ‘chopped
pulse’, was found to show 1.5 dB higher THRs (less efficient) than a 60 ps/phase biphasic
pulse with 60 ps inter-phase gap and, interestingly, at least about 1.5 dB lower THRs
(more efficient) when compared to a 60 ps/phase biphasic pulse without inter-phase gap.
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Figure 3.13 Comparison of psychophysical and eABR results. eABR wave eV amplitude at
MSAs (95% of psychophysical MCLs) (A), and corresponding stimulation TBCs led to
psychophysical MCLs (B). All data are normalized to their corresponding values at 16-pulses
condition. The ‘n.s.” in red in panel (A) show not significant differences between 1-pulse and 2-
pulses and between 4-pulses and 8-pulses. The difference between the rest of the pairs were
significant. In panel (B), all pairs were significantly different.
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Although the electric current and charge are closely related, in electric hearing, the
current, rather than the charge, plays the main role in stimulating auditory nerves.
Moreover, in MED-EL implants there is a coupling capacitor, which forces the net charge
to be zero. A net residual potential of the electrodes should have no effect in the resistive
fluid. In such a structure, if stimulation mode was 100% efficient, it could be expected
that the total charge required to elicit THR/MCL remained constant. In such a condition,

: : : . . 1
the stimulation amplitude in a m-pulse condition should decrease by a factor of —

compared to the 1-pulse condition. This was not found in the data of the present study.
Figure 3.6 highlights the inefficiency of multi-pule stimulation. The TBC of the positive
phases in a multi-pulse condition is plotted as a function of number of pulses for THR
and MCL. In both THR and MCL data (Figure 3.6B), the TBC needed to elicit THR/MCL
increased drastically as a function of number of pulses (see also supplementary Figure 7).
The steeper slope for THRs show a stronger inefficiency compare to that for MCLs. The
inefficiency found in this study can be attributed to rapid phase switching of pulses,
therefore multi-pulse stimuli are far less efficient than single pulses.

3.4.5 Temporal effects in eABRs to fast pulse trains

Since all multi-pulse stimuli used in eABR section of this study were (well-) above THR,
temporal phenomena such as facilitation and accommodation would not be involved in
temporal processing of ANFs. Refractoriness however, is the likely occurring
phenomenon and the eABR measurements might shed light on this effect. Abbas and
Brown (1991) employed a masker-probe paradigm in which an initial pulse, termed
masker, followed by a second pulse, named probe, with varying inter-pulse interval from
the masker was used to measure eABRs. They found that average durations of 5.10 and
4.63 ms, respectively, were needed for the probe (second) pulse to fully recover, using
two different CI types. Their findings seem to be consistent with the relative refractory
period of about 4 ms, as reported in Boulet et al. (2016). This also suggests that, in the
16-pulse condition of the present study, where the stimulation lasted for 1.6 ms, a portion
of the ANFs might fire twice during the train. This portion would probably be those ANFs
which responded to the first pulses, and later, most likely to the pulses close to the end of
the train, due to their recovery after their absolute refractory period.

Particularly in multi-pulse stimulation employed in this study, the initial pulse activated
a population of ANFs, which consequently led to a detectable eABR in the brainstem.
This population is not capable to respond to the second pulse and has only limited
responses during the rest of the pulses in the burst, because of the refractoriness.
Therefore, another population of ANFs, other than the one responded to the first pulse
and presumably farther than that, might be capable of eliciting action potentials as a
response to the second pulse. In case that the second pulse alone is not strong enough, a
group of pulses might be able to make ANFs fire, as described in Eq. 3.4. Generalized to
further pulses, characteristics of wave eV amplitudes in response to multi-pulse
stimulation provide insight into how multi-pulse stimuli are integrated at the level of the
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brainstem and they might be a potential measure of health state and/or survival of ANFs.

Obando Leiton (2019) and Bai et al. (2019) confirmed that stimulation of a single
electrode of the CI leads to a broad spread of current along the cochlea, which means, the
auditory nerves are stimulated not only by the nearest electrode, but also by a number of
neighboring electrodes. This would mean that in the CIS strategy the effective stimulation
rate in electric hearing is not the rate of individual electrodes, but a burst with the global
stimulation rate originating from neighboring electrodes with overlapping current spread.
Considering a typical stimulation rate of 800-2000 pps for individual electrodes, the high
stimulation rate of 10,000 pps used in this study represents the global stimulation rate
induced by stimulation of N neighboring electrodes. Thus, eABRs in response to multi-
pulse stimuli of high rate could be used for estimation of THRs like those used in clinics.
This assumption of course requires further investigation.

52



Chapter 4
eABR THR Estimation Using High-Rate
Multi-Pulse Stimulation in Cochlear Implant

Users

The content provided in this chapter was published in a previously peer-reviewed research
1
paper':

Saeedi A., Englert L., and Hemmert W. (2021) eABR THR Estimation Using High-Rate
Multi-Pulse Stimulation in Cochlear Implant Users. Frontiers in Neuroscience.
15:705189. doi: 10.3389/fnins.2021.705189

which is reproduced here without any content-related changes. To fit the typesetting of
this document, only caption numberings of figures, tables, and formulas have been
changed.

4.1 Introduction

Appropriate adjustment of hearing threshold (THR) levels is important in cochlear
implant (CI) fitting in order to make the best use of the limited dynamic range (DR)
available in electric hearing. Precise THR estimation, especially for the first fit after
implantation, can provide the user with improved perception of soft sounds, which in turn
helps for a better speech perception (Holden et al. 2011; Rader et al. 2018). Setting the
THRs too low or too high results in suboptimal usage of the available DR. In the former
case, quiet sounds cannot be perceived and in the latter, the available DR is reduced and
CI users might even perceive an irritating background noise (Busby and Arora 2016).
Clinically, THR levels are determined by direct adjustment/feedback from the implantee.
The procedure of THR determination becomes hard if the implantee is unable to
cooperate, e.g. infants or users with lack of proper communication. In such situations,
objective estimation of THRs, where electrically-evoked objective measures of the
auditory pathway are used, could be an alternative. Among these measures are
electrically-evoked compound action potentials (¢CAP, peripheral measure), electrically-
evoked auditory brainstem responses (€ABR), electrically-evoked auditory steady state

! The paper is distributed under the terms of the Creative Commons Attribution License (CC BY), which
holds its copyright with the authors.
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response (€ASSR), and cortically evoked potentials (CAEP) (central measures). The
extent to which the THRs estimated in each of these measures correlate with the
behavioral THRs are reported to be different, with generally better performance in central
measures compared to peripheral ones (e.g. CAEP vs. eCAP in Abbas and Brown (2015)).
Although responses from higher auditory brain areas capture the THRs better, they are
less suitable for THR estimates in newborns and young infants for two reasons: higher
level potentials require attention (Picton ef al. 1971; Picton and Hillyard 1974), and the
auditory pathway is not yet developed. Therefore, a compromise between more peripheral
(e.g. eCAP) and more central auditory responses (e.g. CAEP) has to be found.

eCAPs overestimate the behavioral THRs with moderate correlation when the behavioral
stimulation rate is low, e.g. 250 pulses-per-second (pps) (Miller et al. 2008) and
correlation decreases when stimulation rates increase. This is due to the fact that in eCAP
measurements single stimulation pulses of low stimulation rates are used, which do not
reflect temporal integration effects observed when high rate pulse trains are used for
clinical fittings. This limits the prediction power of the behavioral THRs (Miller et al.
2008; McKay et al. 2013; Mao et al. 2019). Conventional eABRs showed relatively high
correlation with behavioral THRs when the behavioral stimulation rate is less than 500
pps, e.g. r=0.89 at 10 pps (Hodges et al. 1994), r=0.83 at 35-80 pps (Brown et al. 2000),
r=0.98 at 300 pps (Truy et al. 1998), and » = 0.84 and 0.74 at single pulses and pulse
trains of 400 pps, respectively (Brown et al. 1999). However, the correlation between
eABR THRs and behavioral THRs reported to decrease when the stimulation rate
increased, e.g. 7 = 0.69 at 1000 pps in Brown et al. (1999).

In central electrophysiological recordings (e.g. eASSR and CAEP), larger correlations
were found compared to those reported in eCAP and eABR measurements. In an eASSR
study, Hofmann and Wouters (2012) showed high correlations between eASSR THRs
and behavioral THRs either for 40 pps pulse trains (r = 0.96) or 900 pps amplitude
modulated (AM) and phase-width modulated (PWM) pulse trains (r = 0.96 and r = 0.96,
respectively). In a CI study, Visram et al. (2015) recorded CAEPs in response to 50 ms
pulse trains presented at 900 pps, and found high correlations between behavioral THRs
and cortical THRs (r = 0.93). Using a phase-locking feature value for CAEP growth
functions, Mao et al. (2019) showed high correlations between CAEP THRs and
behavioral THRs (r = 0.979 in the standard Cz-to-mastoid montage and r = 0.96 in
recordings from channels near the CI). Although cortical potentials (eASSR and CAEP)
showed promising objective THR estimates, they have still limitations that restrict their
applicability for clinical purposes. For instance, subjects should remain awake and as
calm as possible during the cortical measurements, which restricts the method for infant
Cl users. Therefore, it remains worthwhile to introduce modifications to other established
measures (e.g. eABR) with the aim of improving their functionality to achieve more
accurate objective THR estimates.

Neurons would respond differently to stimuli with different parameters, such as pulse
shape and stimulus frequency (Mahmud and Vassanelli 2016). One modification to the
conventional (single-pulse) eABR measurements could be employing multiple-pulse
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(MP) stimuli with the aim to account also for loudness integration, which is prominent
for typical environmental- and speech sounds. Multi-pulse integration (MPI) suggests that
at a fixed stimulation rate, the detection THRs improves when the number of pulses (or
equivalently the stimulation duration) increases. Compared to stimulation rates below
1000 pps, the MPI slopes for rates above 1000 pps are steeper in guinea pigs (Kang et al.
2010; Zhou et al. 2015) as well as in humans (Shannon 1985; McKay and McDermott
1998; Zhou et al. 2012; Carlyon et al. 2015; Zhou et al. 2015). Carlyon et al. (2015)
found that when the number of pulses increased from 1 to 16, MPI slopes decreased by
about 0.68 and 1.33 dB/doubling the number of pulses, for rates of 500 and 3500 pps,
respectively. Obando Leiton (2019) found that at rates of 1500 and 18000 pps, MPI slopes
dropped 3.44 and 5.43 dB per tenfold increase of the number of pulses, which correspond
to drops of 1.03 and 1.63 dB per doubling the number of pulses, respectively. In a
previous study (Saeedi and Hemmert 2020), we measured behavioral THRs and MCLs
as well as eABRs in response to 1-, 2-, 4-, 8-, and 16-pulses stimuli at the rate of 10000
pps. MPs were constructed by assembling single-pulses closely together to make the
stimuli more representative of high-rate clinical stimulation paradigms. We found
behavioral MPI slopes of -1.30 and -0.93 dB/doubling of the number of pulses for
behavioral THRs and MCLs, respectively.

Our previous study (Saeedi and Hemmert 2020) aimed to assess temporal effects and
efficiency of MPs in eABR. We found that eABR morphology in response to MP stimuli
did not differ from those to conventional single-pulse stimuli. It was also shown that
introducing more pulses led to larger wave eV amplitudes up to a certain subject-specific
number of pulses. The saturation of the growth function was attributed to the destructive
interference of the eABRs to later pulses in a pulse train, where time-shifted peaks and
troughs of later pulses suppressed those of earlier pulses. This study aimed to 1)
investigate how features extracted from the eABRs in response to MPs grow and 2) see
how well the estimated THRs in MP conditions correlate with the behavioral THRs. We
measured psychophysical THRs at MP conditions as well as clinical THRs. We also
measured eABRs to MP stimulations from 5 to 95% of the corresponding DRs. Then, we
calculated growth functions of eABR wave eV amplitudes, root mean square (RMS)
values, peak phase-locking value (peak PLV), and the lowest valid data point (LVDP).
We fitted and extrapolated the growth functions of these features with a linear and an
exponential fitting function (FF) to estimate eABR THRs. The estimated eABR THRs
were then compared to those from psychophysical measurements as well as to the clinical
THRs. We assumed that eABR THRs in response to MPs could estimate clinical THRs
more accurately, as in our previous study (Saeedi and Hemmert 2020) psychophysical
THRs tended to approach the clinical THRs when the number of pulses increased from 1
to 16.

4.2 Material and Methods

A total of thirteen ears from nine CI users (three males, mean age: 50.6 years) implanted
with MED-EL CIs were measured. Demographic information of the participants is
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available in Table 4.1. Participants signed an informed consent and received a
compensation fee for their participation. The study was approved by the Medical Ethics
Committee of the Klinikum rechts der Isar, Munich.

4.2.1 Stimuli

A schematic of the stimuli used in this study is depicted in Figure 4.1. Stimuli in clinical
measurements consisted of 500 ms pulse trains with a stimulation rate of 1000 pulses-
per-second (pps) followed by a 1000 ms pause (Figure 4.1A). In clinical measurements,
single pulses were anodic-first charge-neutral biphasic pulses with 45 pus phase width and
2.1 ps inter-phase gap. Stimuli for eABR measurements were same as in our previous
work (Saeedi and Hemmert 2020), where electrical multi-pulse (MP) trains of 1-pulse, 2-
pusles, 4-pulses, 8-pulses and 16-pulses were employed (Figure 4.1B). Multi-pulses were
assembled by concatenating single pulses. Properties of single pulses in the eABR
measurements were identical to those in clinical measurements. Additionally, an inter-
pulse gap of 7.9 us was used to achieve a pulse period of 100 ps, which corresponds to a
burst rate of 10000 pps. Stimuli for eABR measurements were delivered to an electrode
in the middle of the array with a repetition rate of 37 blocks-per-second.

Table 4.1 Demographic information of CI participants

Subject  Side(s) gizrs;ange Etiology ?Eréf(l;ees;rs) (Cera:()perience Cltype Electrode
s1 L 50-55 omerited 49 4 Co 6

S2 L,R 56-60 Congenital 56 12,10 P, So 6,4

S3 L,R 60-65 Unknown 22 45,5 So,So 4,6

S4 L,R 56-60 Unknown 56 11, 10 P, P 6,7

S8 L 40-45 Congenital 42 5 Co 4

S10 L,R 75-80 Unknown 30, 20 20, 12 Sy, P 4,5

S12 R 20-25 Meningitis 22 10 So 5

S13 L 40-45 oM 40 3 Sy 7

S14 R 35-40 g‘ll\‘/[erited 31 6 Co 4

OM otitis Media; Co concerto; P pulsar; So sonata; Sy synchrony
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Figure 4.1 Stimuli used in clinical measurements (A) and in eABR measurements (B). Stimuli in
panel b were presented at a repetition rate of 37 bocks-per-second.

4.2.2 Pretest

Psychophysical thresholds (THRs) and the most comfortable levels (MCLs) for eABR
and clinical measurements were adjusted by the subjects in four different sessions during
the same day. In psychophysical measurements, all MP conditions of THR/MCL were
presented separately; e.g. all MP THRs were measured in one session and all MP MCLs
were measured in another session. Each THR/MCL was measured three times; one trial
round and two main rounds. Only results of the main rounds were used for further
analysis. The same stimuli employed in psychophysical measurements were later used in
eABR measurements. The clinical THRs measured in pretest sessions were compared to
the estimated eABR THRs. More details on psychophysical measurements can be found
in (Saeedi and Hemmert 2020).

4.2.3 eABR stimulation

In order to estimate eABR THRs in each MP condition, the corresponding eABR
amplitude growth functions (AGFs) were measured. Stimuli with amplitudes of 5% to
95% of the dynamic range (DR) with steps of 10% were used. For two subjects, high
stimulation amplitudes stimulated the facial nerve and thus resulted in artifact-corrupted
eABRs. These conditions were excluded from further analysis. In most of the subjects,
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no clean eABR was observed at low stimulation amplitudes, e.g. 5% of the DR. When
less than 4 points remained in the AGFs, extra stimuli were used to add more points to
the AGFs and thus to make the eABR estimation procedure feasible. Stimulation scripts
were developed and compiled in MATLAB 9.6.0.1072779 (2019a) installed on a personal
computer. The compiled scripts were then delivered through a National Instrument (NI)
I/O card to a research interface box (RIB II), manufactured by the University of
Innsbruck, Innsbruck, Austria. The RIB II conveyed the stimulation pulse sequences to
the internal part of the implant via an induction coil.

4.2.4 eABR recording

eABRs were measured differentially from surface electrodes glued on the skin. Raw
eABRs were recorded with a Biopac® MP36 system (California, USA) with a sampling
rate of 100 kHz, 24-bit A/D converter and amplifier gain set to 1000. eABRs in MP
conditions were measured in separate sessions. Measurements in each MP condition were
randomized through the stimulation amplitudes (5% to 95% of the DR, maximum of 10
conditions). For each stimulation amplitude of MP conditions, 2184 epochs were
recorded, each of which had a duration of 27 ms (totally about 59 seconds). Subjects were
sitting or laying on a comfortable couch during the eABR recordings. They were asked
to close their eyes, not to blink, and stay as calm as possible during stimulation to
minimize myogenic/muscle artifacts. Subjects were allowed to move freely between two
consecutive measurements. Regular breaks were made and subjects were also free to
request a break or to terminate the experiment at any time during the measurement. In
order to achieve a low recording electrode impedance, the skin beneath electrodes was
cleaned with alcohol swabs, and scrubbed by subjects themselves as thorough as they
possibly could. Conductive gel was used to minimize the impedance between the
electrodes and the skin. Electrode impedances were monitored by the recording setup and
were below 10 kQ during the whole measurement time.

42.5 eABR THR estimation

Raw eABRs were processed offline using MATLAB. The procedure of eABR processing
included stimulus onset detection, electrical artifact suppression by exponential fitting,
band-pass filtering, and weighted averaging. We used weighted non-stationary fixed
multi-points (WNSFMP) averaging method, introduced by Silva (2009), to minimize the
noise mainly originated in myogenic activities as well as spontaneous activity of the brain
(e.g. EEG). The WNSFMP method is a powerful method to estimate the noise even in
non-stationary situations such as auditory processing. The eABR processing steps were
described in detail in (Saeedi and Hemmert 2020). The WNSFMP method provides post-
average residual noise (RN) estimation. In this study, eABR amplitude variances were
estimated as 6§mp = 262y, as in (Undurraga et al. 2013). Only eABR waves eV with

amplitudes greater than V24, were accepted as valid responses. One can think of
increasing the number of averages to improve the signal-to-noise ratio. However,
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significantly larger numbers of averages beyond 2000 are not practicable due to the long
measurement times. Therefore, eABRs with low amplitudes are stronger affected by
noise. This is also true for longer stimulation durations of MPs, which would consider
temporal integration effects better. Long stimuli smear out the eABR responses and
reduce their amplitudes due to destructive interferences, as described in Saeedi and
Hemmert (2020).

Four features were used for eABR THR estimation: wave eV amplitudes, root mean
square (RMS) values, peaks of phase locking values (PLV) (Mao ef al. 2018; Mao et al.
2019), and the lowest stimulation amplitude, where still a valid wave eABR eV could be
detected (lowest valid data point: LVDP). All four features were calculated on the block
average of clean epochs. eABR wave eV amplitude was defined as the difference between
peak eV and the following trough amplitude. eéABR RMS value was calculated for valid
eABR responses in a time window from 2.5 ms to 6.5 ms after stimulus onset. éABR peak
PLV was calculated by first taking the short-time Fourier transform (STFT) on a post-
stimulus window from 2.5 ms to 6.5 ms after stimulus onset. A hamming window of
length 150 samples and an overlap of 100 samples were used for the calculation of the
STFT. The phase-locking spectrograms were calculated at 270 frequencies linearly
spaced between 300 and 3000 Hz, by calculating the phase of each time-frequency point
of the STFT (0;(t, f)) and then applying the formula in Eq. 4.1 to calculate the phase-
locking spectrogram (Mardia 2014). The peak PLV was the maximum value in the PLV
spectrogram.

2 N 2

+ Z sin(0;(t, f))] 4.1

i=1

N
PLV(t,f) = % [Z cos(0;(t, 1))
i=1

Figure 4.2 illustrates the estimation of eABR THR. For each MP condition, valid points
of the features’ growth functions were fitted with a linear or an exponential growth
function. THRs were estimated using the median from subsamples of growth functions,
where one data point was excluded from the fit and the THR was extrapolated from the
remaining data points. THRs were extrapolated with an exponential and a linear function,
as described in Eqgs. 4.2 and 4.3, respectively. In Eq. 4.2, f(x) represents a feature, x
represents the stimulation amplitude in %DR, a the asymptote, b the x-intercept and ¢
the exponential growth. In Eq. 4.3, a represents the growth slope and b the x-intercept.
Fitted functions were extrapolated to intersect the x-axis, where the features are zero. The
intersection point was assumed as the eABR THR. Two criteria were considered in THR
estimation: 1) the 25™ percentile of the THRs from the leave-one-out method is positive;
2) the median (50™ percentile) is bigger than the difference between 75" and 25%
percentiles. The first criterion helped to remove negative THR estimates and the second
criterion provided an unbiased estimation.
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f(x)=a (1 — e_#) 42
f(x) =a(x—b) 43

4.2.6 Statistical Analysis

Repeated-measures analysis of variance (ANOV A) was used to statistically test the effect
of the number of pulses. Fisher’s r to z transformation and z-test statistics were employed
to compare of Pearson correlation coefficients (PCCs). MATLAB 9.6.0.1072779 (2019a)
was used for all statistical analysis. For pairwise comparisons, Bonferroni corrected post
hoc analysis was used. The significance level was set to oo = 0.05 for all analysis.
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Figure 4.2 Illustration of eABR THR estimation for subject S8L. (A): valid eABRs in each MP
condition. In each panel, eABRs to different stimulation amplitudes are plotted. (B):
corresponding growth functions (blue circles) in (a), growth function fittings (red lines) and eABR
THR estimations (red diamonds). (D): Details of eABR estimation from b (8-pulses condition).
The ‘x* shows the median of estimated eABR THRs (diamonds). (D): Estimated eABR THRs as
a function of number of pulses.
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4.3 Results

4.3.1 Psychophysical thresholds

Psychophysical thresholds are plotted in Figure 4.3, where data from individual subjects
is plotted in gray while the corresponding median values are plotted in black. Figure 4.3A
shows that while inter-subject variability was high, psychophysical THRs decreased
monotonically when the number of pulses increased from 1 to 16. The median THRs
dropped from 46.8 dB for a single pulse to 40.4 dB for 16 pulses. Linear regression of
psychophysical THRs revealed an average slope of -1.61 dB/doubling the number of
pulses. Clinical THRs and their corresponding median values are shown in the right side
of Figure 4.3A. The difference between clinical THRs and the psychophysical THRs, and
the corresponding absolute values of the differences are plotted in Figure 4.3B and C,
respectively. This enables us to make a between-subject comparison, and on the other
hand, it provides more details on the trend of psychophysical THRs towards clinical
THREs.

The median differences between psychophysical THRs and clinical THRs (Figure 4.3B)
decreased monotonically from 6.7 to -0.8 dB when the number of pulses increased from
1 to 16. This is equivalent to a slope of -1.8 dB/doubling the number of pulses. The
between-subject range in Figure 4.3B monotonically decreased from 10.4 to 8.1 dB when
the number of pulses increased from 1 to 16. The median of absolute differences between
psychophysical THRs and clinical THRs, (Figure 4.3C) monotonically decreased from
6.70 to 2.10 dB when the number of pulses increased from 1 to 8, which is equivalent to
a slope of -1.60 dB/doubling the number of pulses. It further decreased from 2.10 to 2.05
dB when the number of pulses increased from 8 to 16. The between-subject range of the
absolute differences monotonically decreased from 10.4 to 5.3 dB when the number of
pulses increased from 1 to 16.

432 eABR results

Figure 4.4 shows the growth of features as a function of stimulation amplitude (in %DR).
Columns 1-5 show growth functions of features in 1-, 2-, 4-, 8-, and 16-pulses conditions,
respectively. Rows a-c represent growth functions of wave eV amplitudes, RMS values,
and peak PLVs, respectively. The thick lines show the median values of the features over
all subjects and the shaded area represents the area between the 25" and 75™ percentiles.
Wave eV amplitudes were larger than the RMS values and peak PLVs for a given
condition. The median RMS values were in most cases larger than their corresponding
peak PLVs. Despite having dents, the growth functions of all features showed to be
generally monotonic. In some cases, for instance in A3, A4, C3, and C5, the median
features saturated at higher stimulation amplitudes. The inter-subject data variability was
larger at higher stimulation amplitudes (broader shaded area).
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Figure 4.3 Results of psychophysical THRs. (A): Psychophysical THRs as a function of number
of pulses. Clinical THRs of all subjects are plotted in the most right side of panel a. (B): The
difference between psychophysical THRs and clinical THRs as a function of number of pulses.
(C): The absolute values of the data in panel b. The gray circles show results of individual subjects
while the black circles show the corresponding median values over all subjects.
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Figure 4.5 shows the estimated eABR THRs as a function of number of pulses. The gray
circles represent results of individual subjects and the black circles show the
corresponding median values across subjects. eABR THRs were estimated by
extrapolation of growth functions (panels A-E) or the lowest valid data point (LVDP,
panel F). For each feature, an exponential and a linear function, as described in Eqs. 4.2
and 4.3, were used to fit the growth function data (left and right panels of Figure 4.5,
respectively). Similar to between-subject difference in psychophysical THRs and DRs,
the variability of the estimated eABR THRs was high across subjects. For the eV
amplitude feature, eABR THRs in single pulse estimated from exponential fitting
functions (FFs) were significantly larger than those in 4-pulses condition, (panel A; [F(4,
28) = 5.65, p = 0.011]). For the RMS feature, THRs in single pulse were significantly
larger than that in 8-pulses condition (panel C, [F(4, 32) = 5.08, p = 0.040]), when
estimated from exponential FFs. No significant differences were found for eABR THRs
estimated from the peak PLVs. However, for the LVDP feature, more conditions had
significantly different estimated eABR THRs. THRs estimated in the single pulse
condition were significantly larger than those in the rest of the MP conditions (2-, 4-, 8-,
and 16-pulse conditions; panel G; [F(4, 44) = 19.87, p = 0.002, p = 0.001, p = 0.0003, p
= 0.003, respectively). Significantly larger THRs were estimated at 2-pulses condition,
when compared to 8-, and 16-pulses conditions (panel G, [F(4, 44) =19.87, p = 0.001, p
=0.0497, respectively). Note that no extrapolation was used for the LVDP feature.

The median estimated eABR THRs in all panels of Figure 4.5 decreased when the number
of pulses increased from 1-pulse to 4-pulses (no significant differences for individual
data). As shown in Table 4.2, for exponential FFs the median THRs dropped by 50.4,
65.4, and 48.5 pA, respectively for eV amplitude, eABR RMS values, and peak PLV
when the number of pulses increased from single pulse to 4-pulses. For linear fittings the
corresponding values dropped by 75.3, 92.2, and 50.9 pA, which suggests larger drops
(not significant) for linear FFs when compared to exponential FFs. For the LVDP feature,
the median THRs dropped by 51.9 pA when the number of pulses increased from 1 to 4.
When the number of pulses increased from 4 to 8, in most conditions the median value
increased and then decreased again from 8-pulses to 16-pulses (exceptions were panels E
and g). Similar to the comparison between single pulse and 4-pulses conditions, larger
(insignificant) drops were observed for linear FFs compared to exponential FFs, when the
number of pulses increased from 1 to 16 (details in Table 4.2).

Statistical analysis showed that for a given condition in Figure 4.5, the eABR THRs
estimated from exponential FFs were significantly larger than those estimated from linear
FFs (worst case p<0.04). Due to the inherent nature of the exponential FF compared to
the linear FF, the former overestimated the clinical THRs more often than the latter. For
wave eV, 85.9% of eABR THR estimates were larger than clinical THRs, when estimated
with the exponential FF (panel A), while being 58.3% when estimated with the linear FF
(panel B). For RMS feature, the ratio of overestimation for the exponential and linear FFs
were 84.5% and 56.3% (panels C, D), respectively, and for peak PLV the ratios were
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80.4% and 61.7% (panels E, F), respectively.
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Figure 4.5 Estimated eABR THRs as a function of number of pulses, resulted from extrapolation
of wave eV (panels A and B), eABR RMS value (panels C and D), peak PLV (panels E and F),
and LVDP (panel G) growth functions. For each estimation method, an exponential function (left-
side panels) and a linear function (right-side panels) were used for fitting. For the LVDP method,
no estimation function was used. Data in gray shows results of individual subjects and data in
black shows the corresponding median values across subjects. Asterisks show significant
differences with a = 0.95.
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Table 4.2 Median estimated THR differences for different features and fitting functions.

Median estimated THR difference between Feature exponential linear

eV amplitude -50.1" -75.3

RMS value -65.4 -92.2

1-pulse and 4-pulses (LA) Peak PLV 485 50.9
LVDP -51.9"

eV amplitude -42.0 -66.0

Lol 4 16-0ul A RMS value -73.3 -119.9

-pulse and 16-pulses (nA) Peak PLV -33.6 -113.7
LVDP -74.3"

* shows statistically significant differences.

In order to examine the predictive power of the estimated eABR THRs presented in
Figure 4.5, we plotted the ratio of estimated eABR THRs to the clinical THRs in Figure
4.6a-g, as well as the absolute difference between them in Figure 4.6H-N. The gray circles
represent individual THRs and the black circles show the corresponding median values.
The lower and upper error bars show the 25" and 75" percentiles, respectively. In Figure
4.6a (amplitude feature, exponential FF), the ratio of eéABR THRs to the clinical THRs
in single pulse and 2-pulses conditions were significantly larger than those in 4-pulses
([F(4,28)=4.67, p=0.026]) and 8-pulses conditions (p = 0.045), respectively. For RMS
feature in Figure 4.6C (exponential FF), the ratio between the two aforementioned THRs
at single pulse was significantly larger than those at 8-pulses ([F(4, 32) =3.26, p =0.009])
and 16-pulses conditions (p = 0.033). For RMS features in Figure 4.6D (linear FF), the
ratio at single pulse was significantly larger than those at 8-pulses ([F(4, 20) = 6.80, p =
0.02]) and 16-pulses conditions (p = 0.03). In panel G (LVDP), where median THR in
single pulse condition was significantly larger than that in 2-, 4-, 8, and 16-pulses
conditions ([F(4, 44) = 23.46, p = 0.018, p = 0.0003, p = 0.0006, and p = 0.0002],
respectively), and the median THR in 2-pulses condition was significantly larger than
those in 8- and 16-pulses conditions (p = 0.001, p = 0.012], respectively).

In the absolute difference panels, significant differences were found in panels J (RMS,
exponential FF) and N (LVDP). In Figure 4.6J, the absolute difference between eABR
THRs and clinical THRs in single-pulse condition was significantly larger than that in 8-
pulses condition ([F(4, 32) =3.53, p =0.036). In panel N (LVDP), significant differences
were found between the same pairs as in panel G (larger absolute differences for single-
pulse condition compared to 2-, 4-, 8-, 16-pulses conditions: [F(4, 44) =19.87, p = 0.002,
p = 0.001, p = 0.0003, and p = 0.003, respectively]; larger absolute differences for 2-
pulses condition when compared to 8-, and 16-pulses conditions: p = 0.001, p = 0.0497).
In the ratio panels E-G, the median THRs monotonically decreased as a function of
number of pulses, while for absolute difference panels, monotonic decrease of medians

65



eABR THR Estimation Using High-Rate Multi-Pulse Stimulation in Cochlear Implant
Users

was only observed in panel N (LVDP).
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Figure 4.6 The ratio of estimated eABR THRs to clinical THRs (panels A-G) and absolute
difference between them (panels H-N, respectively) as a function of number of pulses. The
estimated eABR THRs were presented in Figure 4.5, which were resulted from extrapolation of
growth functions of wave eV (panels A, B, H, and I), eABR RMS value (panels C, D, J, K), peak
PLV (panels E, F, L, M), and LVDP (panels G and N, without any extrapolation). For each
estimation method, an exponential function (left-side panels in each sub-figure) and a linear
function (right-side panels in each sub-figure) were used for fitting. For the LVDP method, no
estimation function was used. Data in gray shows results of individual subjects and data in black
shows the corresponding median values across subjects. Lower and upper error bars show the
mean 25th and 75th percentiles of median values from subsamples of growth functions,
respectively. Asterisks show significant differences with 0.95 confidence intervals.
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The ideal median ratio of 1 did not occur at the same MP condition. In Figure 4.6A, C, E,
F, and G, the closest median ratios closest to 1 were found at 16-pulses condition (1.064,
1.065, 1.148, 0.902, and 1.778, respectively), while in Figure 4.6B and D, the ratios
closest to 1 were 1.068 and 0.927. They occurred at 8-pulses and 4-pulses conditions,
respectively (details in Table 4.3). Similarly, in absolute panels of Figure 4.6, the
minimum of median values occurred at different MP conditions. In panels H, I, and K,
the minimum median of absolute differences were found in 4-pulses condition (48.6, 39.5,
30.3 uA, respectively). In panels L and N, the minimum median values were 36.6 and
30.0 pA, respectively, which occurred at 4-pulse condition. In panels J and N, the
minimum median values occurred at 16-pulses (25.9 and 93.5 pA, respectively). These
results did not consider the between-subject variability and, therefore, might not reflect
conditions with the best estimated eABR THRs that applies to majority of the subjects
who participated in this study. Table 4.3 also shows the best conditions for the ratio of
eABR THRs to clinical THRs (defined as A in Table 4.3) and the absolute difference
between them (defined as B in Table 4.3), with considering the between-subject
variability. For relation A, the expression min |A — 1| does not account for the between-
subject variability, while the expression min |logA | X mid50 was introduced to
consider it. The variable mid50 represents the mid 50 percentile (75" percentile — 25
percentile). For relation B, the expression min B yields the absolute minimum of the
differences between the two THRs, while the expression min B X mid50 would consider
the data variability. In Table 4.3, conditions that minimized the aforementioned
expressions are expressed in parenthesis. For a number of cases, conditions with the
closest THR estimates remained unchanged, e.g. best conditions in expression A, when
THRs were estimated with linear FFs. In other cases, however, conditions with the best
THR estimates differed when considering the variable mid50. For instance, for RMS
results and exponential FFs, the minimum of B occurred at 16-pulses, while the minimum
of B X mid50 occurred at 4-pulses condition. Data in Figure 4.6] is in line with this
finding, as it suggests that 4-pulses condition would provide smaller median differences
and at the same time smaller between-subject variability.

Figure 4.7 shows the eABR THR estimates as a function of psychophysical THRs for all
MP conditions and estimation configurations. Individual data are depicted in black open
circles. Each row presents eABR THRs resulted for a specific feature and a fitting
function and each column shows results for a specific number of pulses. The black dotted
lines show lines of equality and the blue lines show linear regressions. In each panel, the
PCC (r) and the probability value (p) are shown. Except for 16-pulse conditions, PCCs
were relatively high for the rest of the MP conditions and the corresponding p-values
showed significance of the correlations. The eABR THRs estimated from linear FFs seem
to underestimate the psychophysical THRs when compared to exponential FFs, i.e. data
in panels B, D, and f tends to be below the lines of equality. Since no fitting was used for
the LVDP feature, the THRs estimated with this feature overestimated the psychophysical
THREs, i.e. data in panels G are above the lines of equality. High PCCs in Figure 4.7 show
that it is, in principle, possible to predict behavioral THRs from eABRs. In the 16-pulses
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conditions, due to the low eABR amplitudes and the lack of enough data points of growth
functions, THR estimations were unreliable and could not be performed for all subjects.
This also resulted in statistically insignificant PCCs in all 16-pulses conditions. In order
to compare the PCCs statistically, they were first transformed to z-scores via Fisher’s r
to z transformation and then z-test statistics were applied. For a given feature and MP
condition, there was no significant differences between the PCCs of the two FFs (for
instance, Figure 4.7C1 and D1). For neither exponential nor linear FFs, no significant
differences were found between features, e.g. Figure 4.7A4 compared to C4 or E4). For
a given feature and FF, comparison of PCCs of MP conditions showed significant
differences only in 3 pairs (out of 60): 2- and 16-pulses, where RMS feature and
exponential FF were used (Figure 4.7C2 and C5), single pulse and 16-pulses, where RMS
feature and linear FF were used (Figure 4.7D1 and DS5), and 2-, and 16-pulses, where
amplitude feature and linear FF were used (Figure 4.7B2 and B5).

Table 4.3 Conditions with the closest eABR THRs to clinical THRs for different features and
fitting FFs. For each of relations A and B, two expressions were defined, one without considering
the between-subject variability ( min|4 — 1| and min B, respectively) and the other with
considering it (min | log A | X mid50 and min B X mid50, respectively). The variable mid50
represents the mid 50th percentile (75th percentile — 25th percentile). Conditions (argument) in
which the minima of expressions occurred are presented in parenthesis. nP: number of pulses.

eABR THRs

~ Clinical THRs

B = |eABR THRs — Clinical THRs|

min |4 — 1| min | log A | X mid50 min B min B X mid50
(arg in |A—1]) (arg fmin |log A | X mid50) (arg in B) (arg in B X mid50)
exponential linear exponential linear exponential linear exponential linear
Amplitude 1.064 1.068 0.042 0.030 48.6 39.5 3315.6 1530.6
P (nP=16) (nP=238) (nP=16) (nP=28) (nP=4) (nP=4) (nP=4) (nP=4)
RMS 1.065 0.927 0.039 0.016 259 30.3 2295.6 774.1
(nP=16) (nP=4) (nP=4) (nP=4) (nP=16) (nP=4) (nP=4) (nP=4)
PLV 1.148 0.902 0.086 0.026 36.6 30.0 3013.7 1968.3
(nP=16) (nP=16) (nP=16) (nP=16) (nP=18) (nP=18) (nP=8) (nP=18)
1.778 0.479 93.5 8921.8
LVDP (nP=16) (nP=18) (nP=16) (nP=4)
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Figure 4.7 Estimated eABR THRs as a function of psychophysical THRs for multi-pulse
conditions. Each column shows results of a specific number of pulses. Panels in A and B show
the eABR THRs estimated from AGFs of wave eV with exponential and linear fittings,
respectively. Data in panels C and D present the eABR THRs estimated from growth functions
of eABR RMS values with exponential and linear fittings, respectively. Panels E and F present
the eABR THRs estimated from growth functions of peak PLV with exponential and linear
fittings, respectively. Panels in G show the eABR THRs resulted from the LVDP method. Open
circles present data from individual subjects. Dotted black lines show the identity lines and the
blue lines show linear regressions. In each panel, the correlation coefficient () and the probability
value (p) are shown.
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Since this study aimed to estimate clinical THRs, the estimated eABR THRs were plotted
as a function of clinical THRs in Figure 4.8 and correlated. Except for 16-pulse conditions
(panels in column 5) and for panel D3, the PCCs in Figure 4.8 were smaller than their
corresponding values in Figure 4.7. Similar to Figure 4.7, the PCCs in the 16-pulses
conditions were all statistically insignificant and thus were excluded from further
analysis. For the linear FFs (panels B, D, and F), the PCCs in the 4-pulses conditions were
larger than their corresponding PCCs in the other MP conditions. The largest PCC over
all conditions (» = 0.83, p = 0.005) was resulted from linear fitting of growth functions of
the eABR RMS values at the 4-pulses condition (panel D3). Similar to Figure 4.8, for a
given feature and MP condition, comparison of PCCs of the two FFs revealed no
significant differences (e.g. Figure 4.8E2 and F2). For neither exponential nor linear FFs,
no significant differences were found between combinations of the two features, e.g.
Figure 4.8B5 compared to D5 or F5). Finally, for a given feature and FF, comparison of
PCCs of MP conditions showed significant differences only between 4- and 16-pulses
conditions, where the RMS feature and linear FF were used (Figure 4.7D3 and DS).

4.4 Discussion

The aim of this study was to examine the capability of the eABR THRs in response to
MP stimulations to predict clinical THRs. We employed 1-, 2-, 4-, 8-, and 16-pulse burst
stimuli with a fast burst rate of 10000 pps. We found that the behavioral THRs in response
to MP stimuli approached clinical THRs when the number of pulses increased from 1 to
16 (Figure 4.3). Moreover, the between-subject range of the difference between
psychophysical THRs and clinical THRs dropped by about 2.3 dB (Figure 4.3B), and the
range of absolute difference by about 4.9 dB (Figure 4.3C), when the number of pulses
increased from 1 to 16. These findings were the motivation to see whether similar findings
can be observed in eABR measurements, too. We have tested various methods to
extrapolate eABR THRs and evaluated, how well they coincided with clinical THRs and
found that MP stimulation protocols indeed provide a better estimate than single pulses,
although, inter-subject variability was high. Recording of each stimulation amplitude of
MP conditions took about 59 seconds. If the time spent for subject preparation is excluded
from the total measurement time, and if only one MP condition is used to extrapolate
THRs, the recording time would be below 10 minutes (10 stimulation amplitude steps for
the AGF x 59 seconds). This is comparable to the smallest recording time reported by
Mao et al. (2018) (12.7 = 3.1 minutes), and to the 10-minute measurement conditions
reported by Mao et al. (2019), but still larger than the 5-minute measurement conditions
in the same study.
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Figure 4.8 Estimated eABR THRs as a function of clinical THRs for multi-pulse conditions. Each
column shows results of a specific number of pulses. Panels in A and B show the eABR THRs
estimated from AGFs of wave eV with exponential and linear fittings, respectively. Data in panels
C and D present the eABR THRs estimated from growth functions of eABR RMS values with
exponential and linear fittings, respectively. Panels E and F present the eABR THRs estimated
from growth functions of peak PLV with exponential and linear fittings, respectively. Panels G
show the eABR THRs resulted from the LVDP method. Open circles present data from individual
subjects. Dotted black lines show the identity lines and the blue lines show linear regressions. In
each panel, the correlation coefficient (r) and the probability value (p) are shown.
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44.1 eABR THR estimation

Due to the variable trend of the AGFs of electric and acoustic hearing, linear (Mao et al.
2018) and non-linear regressions (Ross ef al. 1999; Abbas and Brown 2015; Visram et
al. 2015; Mao et al. 2019) were used for extrapolation of the AGFs. Mao et al. (2018)
showed that linear regression can perform equally well when compared to exponential
regression. In the study of Mao et al. (2018), the baseline value was defined as the point
where the extrapolated FF was zero (x-intercept) while Visram et al. (2015) and Mao et
al. (2019) defined the baseline as the point where the extrapolated FF equals to the
response to -20 dB sensation level (noise floor). The THRs estimated from the latter were
usually larger than those estimated from the former, due to the monotonic increase of the
exponential function. In this study, we used growth functions of two time features (wave
eV amplitude and RMS value) and one time-frequency feature (peak PLV) to estimate
eABR THRs and the zero baseline criterion for THR estimation (Figure 4.6).

As Table 4.3 suggests, for the two criteria (ratio and absolute difference) the closest eABR
THRs to clinical THRs occurred at different MP conditions depending on the two FFs as
well as on different expressions used to find the minima. Results in Table 4.3 showed that
without considering the between-subject variability, the MP condition with the closest
eABR THRs to clinical THRs could be misleading. As expressions A and B (in Table
4.3) treat the relation between the estimated eABR THRs and clinical THRs differently,
it is not possible to directly compare the corresponding conditions in each expression.
The dimensionless expression A cares about the relative difference of the eABR THRs,
while expression B considers the absolute linear difference between the two THRs.
Presuming two subjects with hugely different hearing DRs, estimation errors of +50 pA
would be treated identically by the expression B, while expression A would treat them
differently and more realistically. On the other hand, expression A differentiates
underestimations from overestimations, and, thus, it treats them differently. For instance,
for a given clinical THR of 50 pA with estimation errors of £25 pA, expression A would
result in ratios of 1.5 (75nA/50 pA) and 0.5 (25pA/50pA), while expression B would
treat both errors identically, and assuming an enough large DR, more realistically.
Therefore, depending on the THR value, the DR, and required accuracy and sensitivity
of estimation, one expression could be used over the other.

In this study, no attempt was made to measure the noise floor in response to stimulus far
below the THRs. Therefore, it was not possible to compare the zero baseline method with
the noise floor method used for THR estimation. Similar to Visram et al. (2015) and Ross
et al. (1999), we defined the THR at a location where the extrapolated FFs were zero.
This procedure is responsible for the small underestimation of eABR THRs relative to
psychophysical THRs, which can be detected in most conditions of Figure 4.7. Therefore,
when data with more subjects is available, a compensation of this bias could further
improve the accuracy of eABR THR extrapolation. (Mao et al. 2018).
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4.42 eABR THRs vs. psychophysical THRs and clinical THRs

In Figure 4.3B, C, the difference and the absolute difference between psychophysical
THRs and clinical THRs monotonically decreased when the number of pulses increased
from 1 to 8. From 8-pulses to 16-pulses, the difference further decreased while the
absolute difference remained almost the same. Yet, the between-subject range was
smaller in the 16-pulse condition when compared to that in the 8-pulse condition. This
suggests that psychophysical THRs with 16-pulses could be used as estimations of the
clinical THRs with the smallest offset of about 2.0 dB and the smallest between-subject
variability of 5.3 dB, when compared to other MP conditions. However, in Figure 4.6 the
absolute difference between estimated eABR THRs and clinical THRs in 16-pulses
condition were not always the smallest. This can be explained by the insignificant
correlations between psychophysical THRs and estimated eABR THRs (Figure 4.7,
column 5). The fact that eABR THR estimates at 16-pulses failed to show significant
correlation with psychophysical THRs could be attributed to two factors: first, the
subject-dependent desynchronization of the auditory nerves is largest at 16-pulses
condition (especially for the PLV feature), and second, the small number of data points
in 16-pulses conditions due to the smaller eABR amplitudes. These reasons severely
compromised the precision of THR estimates (right column in Figure 4.7) and led to large
differences to clinical THRs (Figure 4.6).

Although the PCCs in single pulse conditions of this study (between 0.73 and 0.90) were
smaller than those reported in the literature (e.g. R = 0.98 in Truy et al. (1998)), we
observed that the PCCs were significant and still relatively large for all but 16-pulses
conditions (Figure 4.7). This suggests that up to 8-pulses, the eABR THRs seem to be
able to well represent their corresponding psychophysical THRs, and thus, could be able
to estimated clinical THRs. As Figure 4.6 and Table 4.3 suggest, with considering
between-subject variability, eABR THRs in 4- and 8-pulses conditions estimated the
clinical THRs better than the other MP conditions. However, as the medium values of the
PCCs in shows, eABR THRs in none of the MP conditions were able to represent all
aspects of the temporal integration elicited by clinical stimuli. The PCCs of the PLV
feature in the single pulse condition (0.73 and 0.80, respectively for exponential and linear
FFs) were smaller than the PCCs of 0.979 and 0.966 reported in Mao ef al. (2019) for Cz-
M and Cz-closest montages, respectively. Such a better performance in their study might
be due to the fact that they measured responses from more central locations of the auditory
pathway, thus resulted in higher correlations between behavioral THRs and CAEP THRs.
Since Mao et al. (2019) did not measure clinical THRs (they measured response to 50-
ms electric stimuli), and therefore, it is not possible to compare the PCCs between clinical
THRs and eABR THRs measured from the PLV feature. However, they mentioned two
methods to estimate clinical thresholds with longer (500 ms) clinical stimulation: using a
correction factor to compensate for the longer stimulation duration, or using longer
stimuli, however, these would cause interference with the recorded CAEPs. In this study,
we have hypothesized that packing as many pulses as possible within a short stimulation

73



eABR THR Estimation Using High-Rate Multi-Pulse Stimulation in Cochlear Implant
Users

period (longest duration was 1.6 ms) would at least partially consider integration effects
and allow us to estimate clinical THRs with higher precision. We plan to extend the multi-
pulse stimulation paradigm for CAEP modalities in the future. With the stimulation
configuration used in this study, one can pack up to 500 pulses (each of length 100 pus) to
construct a 50-ms burst. We assume that measurements with more pulses at more central
locations of the auditory pathway could potentially yield even better objective THR
estimates.

Fully objective estimation of thresholds of normal and electrical hearing is still
challenging from some aspects such as accuracy of the method, measurement equipment,
and measurement time. Intra-cochlear measurements, e.g. €CAP, which are provided by
the telemetry systems of current implants have their limitations as they can only assess
peripheral effects and responses to single pulses. Therefore eCAPs are unable to cover
temporal loudness integration, which occurs at higher levels of the auditory pathway.
Measurements from mid- to central locations of the auditory pathway usually need
additional equipment and longer measurement time to capture more epochs to increase
the signal-to-noise ratio. In some measurements such as event-related potential
measurements, active listening of participants is required. This makes these methods not
applicable to estimate THRs in young babies. However, methods with high precision
estimation of THRs are proposed (Visram et al. 2015; Mao et al. 2018; Mao et al. 2019),
where they used CAEPs to estimate behavioral THRs. Another issue regarding estimation
of behavioral THRs is overestimation, where estimated THRs are larger than behavioral
THRs, which reduces the available dynamic range of the CI users.

The eABR seems to be able to estimate behavioral THRs (particularly clinical THRs) at
least to some extent. Results of this study show that eABR THRs in response to high-rate
multi pulse stimuli could in principle improve objective estimation of clinical THRs. As
the stimulation to elicit eABR has to be shorter than some milliseconds to separate
stimulation artifacts from eABR responses, loudness integration, which has still longer
time constants, cannot be completely covered. Yet, the longer stimulation duration in MP
eABRs compared to single pulse measurements (eCAP, single pulse eABRs) at least
cover some of the temporal processing aspects and therefore provide a more precise
estimation of clinical THRs. Still higher and later potentials might enable even longer
lasting stimuli and be able to cover slower effects as loudness integration at more central
levels of the auditory system (Abbas and Brown 2015) with higher precision. On the other
hand, higher potentials (CAEPs, eASSR) in young children depend highly on the
development of the auditory pathway, which makes their measurement and interpretation
harder. However, studies have shown that CAEPs are developed in months-old children
(Sharma et al. 2002, 2002), with quite stable latencies from birth to age 6, and decreasing
P1 and N2 amplitudes and increasing N1 and P2 amplitudes (Wunderlich et al. 2006). It
is straight-forward to extend the methods to higher auditory potentials. Our paper
provides methods for THR extrapolation of eABRs with extended stimulus durations
which should cover higher processing steps as facilitation and, at least partly, temporal
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loudness integration. These features hold the potential to improve the process of clinical
THR estimation with objective measurements.

Accurate clinical THR estimation is important for improvement of Cls’ functionality.
Among CI manufacturers, MED-EL and Advanced Bionics set the THRs to 0 clinical
units (CU) or 10% of the maximum acceptable levels (Wolfe and Schafer 2014). The 0
CU would underestimate real THRs while 10% of the MAL could either under- or
overestimate the real THRs. In both cases, speech would not be optimally coded within
the small dynamic range available for CI users and accurate estimation of the THRs with
MP stimulation could improve the performance of the Cls in either case.

In summary, the main contributions of this study are:

eABRs to bursts of high rate could estimate clinical THRs with smaller errors.
For the longest pulse trains (1.6 ms, 16 pulses) eABR amplitudes were reduced
due to interference, which limited the measurement precision.

Correlation between eABR THRs and their corresponding psychophysical THRs
was generally large (except for 16-pulses) when compared to those between
eABR THRs and clinical THRs.

MP condition at which the smallest difference between eABR THRs and clinical
THRSs occurred, varied between 4-, 8-, and 16-pulses conditions.
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Chapter 5

Summary, Conclusion, and Outlook

This thesis investigated characteristics of eABRs to multi-pulse stimuli at very high burst
rates (10 kpps) and examined the feasibility of estimation of clinical THRs using eABR
THRs in response to such high-rate stimuli. Main findings of the thesis were published in
two research papers and their contents were presented in Chapter 3 and 4.

Chapter 3 investigated the psychophysical THRs and MCLs as well as characteristics of
eABRs to single-pulse, 2-, 4-, 8-, and 16-pulses stimuli, including eABRs’ general
morphology, amplitude and latency growth functions, and the effect of number of pulses
on the eABRs. As an effect of temporal and loudness integration, THRs and MCLs
decreased monotonically with slopes of -1.30 and -0.93 dB/doubling the number of
pulses, respectively. These slopes are equivalent to decrements of 6.30 and 4.65 dB for
THRs and MCLs, respectively, when the number of pulses increased from 1 to 16. When
the total charge of the burst (total burst charge: TBC) that is needed to reach THRs and
MCLs was considered, it significantly increased as a function of number of pulses. This
is, at least partially, an underlying reason which explains the reduction in the THRs and
MCLs, and consequently the temporal integration. However, comparing the slopes of
THRs (or MCLs) drop and the slope of increase of TBC in a given MP condition suggests
that MP stimuli are inefficient (see Figure 3.6). If the efficacy was 100%, one would
expect that in comparison to the single-pulse condition, m-pulses stimulus would need a

reduced amplitude by a factor of % to elicit the same THR as in single-pulse condition.

However, such a proportionality was by far not observed in our measurements, which
indicates that the neuronal integration process must be quite leaky.

The general morphology of eABRs to MPs did not differ from that of ordinary (single-
pulse) eABR. Therefore, the traditional wave eV amplitudes were used for analysis.
Despite occasional dents, amplitude growth functions were almost monotonic in all MP
conditions. However, there was a decreasing tendency in wave eV amplitude and an
increasing tendency in wave eV latency, when the number of pulses increased from 1 to
16 (Figure 3.11). However, as Figure 3.7 suggests, the degree of eABR multi-pulse
integration was not consistent within subjects. For a few subjects (e.g. S2L, S3L, and
S4R), wave eV amplitudes grew as more pulses were presented, with the stimulation
amplitude kept constant. For other subjects, wave eV amplitudes increased up to a certain
subject-specific number of pulses and then saturated or decreased. In S3L, for instance,
the amplitude decrease started at 2-pulses condition, while for S4L, in MSA16, the
decrease started at 4-pulses condition. Even for a given subject, the condition where the
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decrease occurred was not always identical. For S6L, the start of negative slope in MSA4,
MSAS, and MSA 16 happened at 2-pulses, 4-pulses, and 8-pulses conditions, respectively.

Comparing the eABR wave eV amplitudes at maximum stimulation amplitude (MSA) of
each MP condition also supports the finding of large charge loss in multi-pulse
stimulation. We assumed that all MSAs (MSA1-MSA16) would probably induce similar,
if not the same, hearing sensation, which were close to the corresponding MCLs. Thus,
one would expect the eABR characteristics and amplitudes to these stimuli, e.g. wave eV
amplitudes, to be similar. However, Figure 3.13A shows that wave eV amplitudes at
MSAs (95% of the corresponding DRs of MP conditions) decreased monotonically and,
in most of the cases, significantly. At the same time, as depicted in Figure 3.13B, charge
at MCLs and consequently at MSAs significantly increased as a function of number of
pulses. Therefore, it seems that using more charge led to a decrease in eABR wave eV
amplitudes, which one might usually not expect. In Figure 3.12, we suggested one
possible reason for such a contradiction, where we estimated the individual and group
components of eABRs by subtracting responses with the same stimulation amplitude, but
with different stimulation amplitude. As shown in Figure 3.12, the amplitude of the first
pulse dominated the overall response, whereas the amplitudes of the following
components were smaller and also delayed systematically. For instance, the response
peak of the component eABR, ;¢ (extracted eABR to the 9"-16" pulses in the train)
occurred at around 5.2 ms after stimulus onset, while the latency of the response peak of
the second pulse (eABR,) was at around 4.0 ms. The differences in latencies led to
destructive interference, which generally suppressed the overall response. Therefore, a
reduced wave eV amplitude might not necessarily be a result of less activity of brainstem
neurons, but might be caused by the interactions between different and time-shifted
components of the original responses.

The extent of temporal- and loudness integration is thought to be closely related to the
neural survival and health state (Zhou and Dong 2017) of the SGNs. Therefore, eABR
wave eV MP integration characteristics could be a predictor for neural population health.
If there would be a high correlation, this objective measure could be used in conjunction
with or even instead of imaging techniques (MRI or CT-scans) used now to estimate the
health state of neurons and thus candidacy of a CI. This speculation, however, requires
further examinations.

In Chapter 4, we have investigated the feasibility of using eABRs for estimation of
clinical THRs. The choice of eABR as an objective measure was a compromise between
peripheral and central measures of auditory neuronal responses. Peripheral measures such
as eCAPs usually overestimate clinical THRs, as they characterize responses to single
pulse stimuli with low-rate. Therefore, they fail to account for the temporal integration
effects observed in the clinical setting, where pulse trains of relatively high-rates are
applied. There are limitations when centrally evoked potentials are recorded in infants
and newborns, as the auditory pathway may not be developed at their age. Moreover, as

77



Summary, Conclusion, and Outlook

such cortical potentials are sensitive to attention, it can be difficult to measure them in
this population. We hypothesized that using eABRs to high-rate multi-pulses could, at
least partially, compensate the temporal integration missed in eCAPs.

The same MP stimuli as described in Chapter 3 was employed and growth functions of
four features were used to obtain eABR THRs in each of MP conditions. The features
were the amplitude, RMS value, and peak of phase-locking value (peak-PLV, as used by
Mao et al. (2018); Mao et al. (2019)), and lowest valid data point (above the noise floor)
in the amplitude growth function. The growth functions of the features were fitted and
extrapolated with linear- and an exponential functions. The value at which the fitting
function crossed zero was selected as the eABR THR. Although extraction of objective
THRs share some general steps such as the usage of growth functions of some features
and extrapolation of such features, they still differ in some aspects. For instance, different
studies have used different temporal and/or spectral features for THR estimation. The
details of the procedures of THR estimation also varies. For example, Visram et al. (2015)
and the study in Chapter 4 of this thesis have defined the estimated THR at a location,
where the fitting function of a given feature equals to zero (parameter b in fitting
functions of Egs. 4.2 and 4.3), to a baseline value (Mao et al. 2018; Mao ef al. 2019) or
to a fixed value of 0.1 pV (Macherey et al. 2021). Although no study has attempted to
investigate the effect of such variabilities, one can intrinsically observe how different
methods could lead to different results. For instance, using a baseline value for THR
estimation leads to larger estimations, when compared to the zero crossing. Therefore,
besides the natural differences in responses which are, at least partly, due to different
stimulation configurations, such technical variations could also play a role in the precision
of the proposed methods.

Psychophysical THRs evoked from MP stimuli in Figure 4.3 showed that they can
closely approach clinical THRs. In 16-pulses condition, the median difference between
psychophysical and clinical THRs was about -0.80 dB (absolute difference of 2.1 dB in
Figure 4.3C), which suggests that it is worthwhile to employ these MP stimuli for eABR
measurements. Both time (wave eV amplitude and the RMS value) and time-frequency
features used for eABR THR estimation, generally showed monotonic growth functions
(see Figure 4.4). In Figure 4.6, we used the ratio as well as the absolute difference of
estimated eABR THRs and clinical THRs (expressions A and B in Table 4.3) to examine
the goodness of THR estimates. The best values of expressions A and B (ratio of 1 and
absolute difference of 0, respectively) for different features and fitting functions were
observed at different MP conditions. For instance, the best value of expression A for PLV
features and exponential fit occurred in 16-pulses condition (A = 1.148), while the best
value of expression B for the same condition was observed in 8-pulses condition (B =
36.6). As the inter-subject variability was high in Figure 4.6, we also considered the mid-
50! (mid50) percentile as a measure of dispersion. Therefore, we also calculated the best
values of expressions A and B with considering the mid50 values (see Table 4.3).
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Discussion

Figure 4.7 suggests that up to 8-pulses, the correlation between psychophysical THRs
and eABR THRs was relatively high for all features and fitting functions. Therefore, it
seems that eABRs in response to MP conditions up to 8-pulses can well represent their
corresponding psychophysical THRs. As Figure 4.8 shows, in only a few conditions, the
correlation between eABR THRs and clinical THRs was fairly high (e.g. 0.83 for the
RMS feature and the linear fit). This suggests that although MP stimuli might be able to
partially account for temporal loudness integration occurring in the auditory pathway,
they are still unable to fully represent such temporal integrations. This is, at least partly,
because of the fact that the integration mechanisms remain active up to the most central
stations of the auditory pathway. Therefore, eABRs seem to be unable to cover such
integration activities which occurred after the lateral lemniscus. In order to cover the
integrations missed by eABRs, employing central potentials such as CAEPs could be
beneficial. With a 100 ps-long pulse train, one can pack up to 500 pulses into a 50-ms
window, which is short enough to allow capturing cortical potentials (e.g. N1-P2
complex, which occurs about 100 ms after the stimulus) without being interfered by the
stimulation artifact. This would remain as a future topic for investigation.

Objective estimation of THRs in normal and electric hearing is an ongoing research topic
and it still faces challenging aspects such as the precision and the amount of time needed
for measurements. Hearing THRs are perceptual concepts, which means they result from
the interactions between different stations of the auditory pathway, from the outer ear in
normal hearing listeners or auditory nerve fibers in CI users to the central auditory cortex.
Therefore, one might imply that objective estimation of such THRs is only possible by
using measures from the central auditory system, such as CAEPs. However, we showed
that eABRs are capable of objectively estimating psychophysical and, at least to some
extents, clinical THRs. This is especially important for situations, where measuring of
central potentials are not possible. This is the case in young children, whose auditory
pathway is not not-fully developed. Nevertheless, investigating CAEP THRs remains
worthwhile for investigation of objective estimation of clinical THRs.
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Supplementary material for Chapter 3

In this chapter, appendices are shown. Note that, you can add up to two levels to the
appendices, e.g. Al.1.
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Figure A.1 Schematic illustration of charge integration of a neuron with nonlinear conductance
in 16-pulses condition.
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