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Preface

Dit doctoraatsonderzoek was een heel interessante, maar bij momenten ook
uitdagende ervaring, waar ik veel mensen voor moet bedanken.

Tijdens mijn masteropleiding heb ik een sterke interesse in zowel signaal- als
spraakverwerking ontwikkeld. Ik werkte aan automatische spraakherkenning
voor cochleaire implantaten tijdens mijn masterproef. Prof. Moonen was lid van
de masterproefjury. Hij was de eerste die me vertelde dat hij enkele interessante
doctoraatsprojecten had, onder andere in het domein van cochleaire implantaten,
en wekte daardoor mijn interesse op om een doctoraat te beginnen. Na een korte
meeting met Prof. Wouters, die me het geavanceerde test- en calibratiemateraal
op ExpORL liet zien, was ik overtuigd dat dit doctoraatsproject de ideale mix
kon zijn tussen het uitwerken van signaalverwerkingsalgoritmes en -toepassingen
enerzijds en het testen bij CI patiënten anderzijds. Die unieke mix van meer
theoretisch en meer toegepast onderzoek, dat de sterke punten van beide
onderzoeksgroepen zou combineren, was wat me over de streep trok. In de
eerste plaats moet ik Marc en Jan dus bedanken omdat zij me überhaupt lieten
nadenken over het aanvangen van een doctoraat, maar daarnaast heb ik nog
veel andere dingen aan hen te danken.

Marc, bedankt voor de Friday meetings, waarin je veelvuldig je grondige inzicht
hebt getoond en me bij momenten troostte om toch door te zetten. Je hebt
me enkele keren weer aan het werk gekregen toen ik het niet helemaal meer
zag zitten. Jouw gedetailleerde feedback op mijn manuscripten, die een zwarte
tekst in een blauw boeltje veranderden, joegen me soms wat angst aan, maar
elke opmerking was steeds terecht en maakte de tekst stukken beter. Jan,
ik heb ontzettend veel van jou geleerd de laatste jaren. Je leidt een heel
diverse onderzoeksgroep, maar je hebt een ongelooflijke visie waar het allemaal
naartoe moet leiden. Jouw vermogen om data en onderzoeksresultaten in een
oogwenk te beoordelen, en meteen de outliers aan te wijzen “waar we toch nog
even verder naar moeten kijken”, heeft me altijd verbaasd. Bedankt om mijn
horizon te verbreden en me het ruimere plaatje te laten zien, voor je steun en

i



ii PREFACE

voor je waardevolle feedback. Astrid, als mijn derde promotor, ben je altijd
beschikbaar geweest voor feedback en voor advies. Ik heb steeds het gevoel
gehad dat je achter me stond. Gedurende het laatste anderhalf jaar heb ik dit
doctoraatsproject gecombineerd met een lerarenopleiding. Marc, Jan en Astrid,
dit was onmogelijk geweest als ik jullie steun niet had gehad. Bedankt daarvoor.

I would also like to thank the jury members, for their feedback on this work.
Prof. Francart, Tom, you were a member of my supervisory committee, but
much more. You have helped me numerous times with computer or equipment
problems, but also gave interesting feedback or new insights during the research
meetings we regularly had during the first years of the PhD. Prof. Bertrand,
Alexander, we shared an office during the first few months. You made me feel
welcome in the group and brought me sandwiches when I fractured my foot.
I will never forget your kindness, but also your insight and intelligence have
impressed me. Thank you, Tom and Alexander, for being in my supervisory
committee. Prof. Van Compernolle, prof. McLaughlin and prof. Dillier, thank
you for making the time to read my thesis, for your comments and feedback,
and for attending the PhD defense(s). A special thanks goes out to Prof. Dillier
for making the trip to Leuven.

This work received funding from Research Project FWO nr. G.066213 ‘Objective
mapping of cochlear implants’, IWT O&O Project nr. 110722 ‘Signal processing
and automatic fitting for next generation cochlear implants’, and IWT O&O
Project nr. 150432 ‘Advances in Auditory Implants: Signal Processing and
Clinical Aspects’. I would also like to thank Cochlear Ltd and Bas van Dijk for
their support.

Veel collega’s hebben rechtstreeks of onrechtstreeks bijgedragen aan dit
doctoraatsproject. Michael, bedankt voor je hulp met inhoudelijke en technische
problemen en probleempjes. Jouw hersenen werken ongelooflijk snel, wat het
voor mij soms moeilijk maakte om te volgen, maar met eindeloos geduld bleef
je volhouden om mij iets bij te brengen. En je hebt me veel bijgebracht: het
grootste deel van mijn kennis over CIs, DACIs, EEG, RBA en APEX heb ik
aan jou te danken. Ook op persoonlijk vlak heb ik veel troost en steun aan
je gehad. Een heel dikke en welgemeende dankjewel daarvoor. Maaike, in
het begin van ons doctoraat werkten we samen op hetzelfde project. Na het
behalen van je beurs zijn onze wegen wat gescheiden, maar jij was de eerste
die me de weg wees op ExpORL en me de juiste literatuur liet kennen. Robin,
jij was mijn project-maatje. We hebben veel en intensitief samengewerkt, en
ik denk dat ik mag zeggen dat we een goed team vormden. De mannelijke
audioloog en de vrouwelijke ingenieur hebben sommige mensen verbaasd, maar
jouw kwaliteiten strekken veel verder dan het audiologische. Jouw technisch
inzicht heeft me meerdere keren verbaasd. Ik heb dan ook steeds jouw feedback
geapprecieerd. Daarnaast was je een echte steun als ik het soms een beetje
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moeilijk had. Hartelijk dank daarvoor. Nicolas, bedankt voor de kans om me
mee te laten werken op het DACI-project, om telkens snelle en goede feedback
te geven mijn verslagen en presentaties, en voor je geduld als het CI-werk even
voorrang kreeg. Christiane, bedankt om je inzicht in het CodacsTM systeem
met mij te delen en voor je hulp bij de DACI-presentatie op Objective Measures.
Tine, mijn Sint-Niklaas-buddy, jouw lieve mailtjes hebben me op vele momenten
deugd en plezier gedaan. Onze bezoekjes aan Crèmerie François zijn steeds een
moment geweest om naar uit te kijken, en dat zal zeker zo blijven in de toekomst.
Charlotte B., jij bent een ontzettend warm persoon waar ik vanaf het eerste
moment een klik mee had. Hopelijk volgen er nog veel musical- en Ikeabezoeken!
Arturo, eres un colega genial y un bailarín fantástico. Me encantaron las cenas y
las salidas a bares que hicimos juntos, y que nos enseñases “la auténtica comida
mexicana”. Team masterproefevaluatie, Anouk, Annelies, Ellen VdW, Sam en
Tine, jullie vormden mijn sociale brug naar ExpORL1, maar ook een afleiding
en een uitlaatklep als ik even genoeg had van het CI-werk.

Amin, Hasan, Giacomo, Jeroen, Niccolò, Pascalis, and Robbe thank you for
co-supervising the DSP project lab sessions.

Sara, jij was mijn eerste mede-ombuds, en samen hebben we het hele systeem
mogen en moeten ontdekken. Gelukkig konden we steeds op elkaar rekenen
in de uitdagende cases die we als ombuds hebben meegemaakt. Leen, het was
heel fijn met jou samen te werken als ombuds; we zaten meteen op dezelfde lijn.
Bedankt ook voor de vele andere babbels, over STEM en huizen en verhuizen.
Elly, ik apprecieerde onze korte samenwerking en wens je veel succes als mijn
ombuds-opvolger! Ook bedankt aan An, Charlotte VC, Inge, Jasper, Kristof,
Lore, Lotte, Marjolein en Riet voor de hulp als ik bij jullie kwam binnenvallen
met ombuds-vraagjes.

I also want to thank my many other ESAT and ExpORL (ex-)colleagues that
have not yet been named here: Bruno, Enzo, Giuliano, Hasan, Joe, Jorge, Pepe,
Rodolfo, Rodrigo, Wouter B, Wouter L, Toon, Alejandro, Alexander, Andreas,
Ana, Ania, Anneke, Annelies, Annelore, Astrid DV, Ben, Benjamin, Benson,
Dimitar, Ehsan, Eline, Ellen R, Ellen VDH, Federico, Frieda, Hamish, Hanne
P, Hanneke, Heleen, Ine, Jana, Jonas, Kelly, Lien, Maaike VDM, Neetha,
Olivia, Peter, Raphael, Raúl, Robert, Sanne, Sara, Sofie, Sophie, Stamie, Tinne,
Tobias, and Wivine.

Dankzij mijn vrienden kon ik gelukkig ook rekenen op de nodige ontspanning.
Tom en Steven, bedankt voor de ontspannende koffie- (voor Tom dan toch) en
middagpauzes, en de etentjes met mijn vriendje en jullie vriendinnetjes. Steven,
jij hebt gedurende ontelbare wandelingetjes geluisterd naar mijn frustraties
en verzuchtingen of naar mijn inhoudelijke monologen, en me bijgestaan met
troostende woorden of nuttige adviezen. Daarom ook ontelbaar keer dank
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hiervoor. Eline, onze afspraken in Gent, Kortrijk, Leuven of Sint-Niklaas
hebben me altijd enorm veel deugd gedaan. Daarnaast dank aan iedereen die
interesse toonde in mijn doctoraat, en bleef luisteren als ik een ingewikkelde of
lange uitleg afstak.

Tenslotte rest me nog mijn familie en schoonfamilie te bedanken. Dank aan
nonkel Johan, die me adviseerde hoe de lerarenopleiding en het doctoraat te
combineren. Een dikke merci aan Dries, voor het ontwerpen van de cover. Els en
Geert, bedankt om met me mee te leven in de ups en downs van het doctoraat
en het publicatieproces, en om Simon aan mij “af te staan” in Leuven. Oma
en opa van Bellegem, oma en opa van Geluwe, bedankt voor jullie interesse
in mijn doctoraat. Nini, bedankt dat ik, al dan niet met Simon, zo vaak
mocht aansluiten voor een aperitiefje of avondeten op Cruysberghs of in het
Begijnhof, en voor de ontspannende momenten die we deelden in Leuven. Met
jouw vrolijkheid, je soms kinderlijke enthousiasme en je kleine, lieve attenties,
slaag je erin een slecht humeur te doen verdwijnen. Mama en papa, zonder
jullie was ik nooit geraakt op het punt waar ik nu sta. Jullie kennen me als
geen ander, en wisten al dat dit iets was wat ik moest doen, nog voor ik het
zelf door had. Jullie hebben me in elke stap van het proces bijgestaan, geduimd
voor beurzen en papers, en getroost of gevloekt als iets niet liep zoals ik het
wou of verwachtte. Maar jullie lieten me ook zien dat er meer is dan onderzoek
of werk in het leven, en trokken me weg uit mijn doctoraatscocon wanneer
ik dat nodig had. Bedankt om zo’n warme thuis te creëren, voor alle kansen
die jullie Ine en mij hebben geboden en voor jullie geloof in ons. Simon, mijn
grootste dankwoord gaat uit naar jou. Bedankt om me tot in Leuven te volgen.
Elke dag deelde jij daar met mij elke tegenslag en elk succes, hoe klein of groot
ook. Bedankt voor je liefde, je troost en je vertrouwen, en om me te helpen
het perspectief te blijven behouden. Nu zijn we klaar om een mooi leven op te
bouwen in Sint-Niklaas!



Abstract

Cochlear implants (CIs) aim to restore hearing in severely to profoundly deaf
adults, children and infants. Electrically evoked auditory steady-state responses
(EASSRs) are neural responses to continuous modulated pulse trains, and can be
objectively detected at the modulation frequency in the electro-encephalogram
(EEG). EASSRs provide a number of advantages over other objective measures,
because frequency-specific stimuli are used, because targeted brain areas can
be studied, depending on the chosen stimulation parameters, and because they
can objectively be detected using statistical methods. EASSRs can potentially
be used to determine appropriate stimulation levels during CI fitting, without
behavioral input from the subjects. Furthermore, speech understanding in noise
varies greatly between CI subjects. EASSRs lend themselves well to study the
underlying causes of this variability, such as the integrity of the electrode-neuron
interface or changes in the auditory cortex following deafness and following
cochlear implantation.

EASSRs are distorted by electrical artifacts, caused by the CI’s radiofrequency
link and by the electrical pulses used to stimulate the auditory nerve. CI
artifacts may also be present at the modulation frequency, leading to inaccurate
EASSR detection and unreliable EASSR amplitude and phase estimations. CI
artifacts that are shorter than the interpulse interval (IPI), i.e., the inverse
of the pulse rate (in pulses per second (pps)), can be removed with a linear
interpolation (LI) over the EEG samples affected by CI artifacts. For clinically
used monopolar (MP) mode stimulation, i.e., between an intracochlear and
an extracochlear electrode, CI artifacts are longer than for bipolar (BP) mode
stimulation, i.e., between two intracochlear electrodes.

In this thesis, CI artifacts are characterized based on the CI artifact duration
and based on the CI artifact amplitude growth function (AGF). Furthermore,
three methods for CI artifact suppression to enable reliable estimation of EASSR
parameters are developed and evaluated.

v



vi ABSTRACT

The CI artifacts are larger and longer in recording channels closer to the
implant. Appropriate reference electrode selection may lead to smaller and
shorter CI artifacts, that are more easily suppressed. Using LI, CI artifacts
may be suppressed in contralateral recording channels for 500 pps stimulation
for our recording set-up. More advanced CI artifact suppression methods are
needed to measure EASSRs in ipsilateral channels (for source localization or
lateralization studies) and in infants and children.

First, a CI artifact suppression method based on independent component
analysis (ICA) is developed. Independent components (ICs) associated with CI
artifact are automatically identified and rejected based on the component at
the pulse rate. In some cases, CI artifacts are successfully removed, although
mixed results are obtained in other cases.

Because the ICA method is not fully robust, and since multichannel recordings
are needed, a second method, based on template subtraction (TS), is developed.
With TS, for each stimulation pulse amplitude, the CI artifact pulse templates
are constructed based on a recording containing no significant EASSR. The
templates are then put in the correct order and subtracted from the recording of
interest. With TS, reliable EASSR amplitudes, phases and latencies are obtained
for a high signal-to-noise ratio (SNR) dataset. The template construction
recording duration can be reduced to 60 s, while reliable EASSR parameter
estimations are still obtained.

Because the previous method requires additional data collection, a third method
for EASSR parameter estimation in the presence of CI artifacts is developed.
The method is based on a Kalman filter (KF), as proposed in [91]. The CI
artifact model presented in [91] consists of constant triangular pulses presented
at the stimulation pulse rate, and proved to work well for CI artifacts in
contralateral recording channels for BP mode stimulation. In more general
cases, i.e., with MP mode stimulation and in ipsilateral channels, CI artifacts
are modulated and have an exponentially decaying tail. An extended state-space
model is developed that contains additional components modeling these CI
artifact features. With the new KF method, reliable EASSR amplitudes, phases
and latencies are again obtained for a high signal-to-noise ratio (SNR) dataset,
without the need for additional data collection.

The insights provided in this thesis and the developed CI artifact suppression
methods may assist researchers and clinicians to record EASSRs in the presence
of CI artifacts for clinical stimulation parameters. These responses may then
be used to improve CI rehabilitation or CI stimulation strategies, leading to a
better quality-of-life for all patients with a CI.



Beknopte samenvatting

Cochleaire implantaten creeëren een auditieve perceptie bij ernstig dove
patiënten. Electrisch geëvokeerde auditieve steady-state responsen (EASSRs)
zijn neurale responsen opgewekt door continu gemoduleerde pulstreinen, en
kunnen objectief gedetecteerd worden in het electro-encephalogram (EEG) op
de modulatiefrequentie. EASSRs hebben enkele voordelen tegenover andere
objectieve maten, omdat frequentie-specifieke stimuli gebruikt worden, omdat
bepaalde hersengebieden doelgericht bestudeerd kunnen worden afhankelijk van
de gekozen stimulatieparameters, en omdat ze objectief gedetecteerd kunnen
worden d.m.v. statistische methoden. EASSRs kunnen mogelijks gebruikt
worden om gepaste stimulatieniveaus te bepalen tijdens CI fitting sessies, zonder
gedragsmatige input van de CI subjecten. Spraakverstaan in ruis varieert sterk
over CI subjecten. EASSRs zijn de ideale methode om de onderliggende oorzaken
van deze variatie te onderzoeken, zoals de integriteit van de elektrode-neuron
interface en veranderingen in de auditieve cortex na doofheid en na cochleaire
implantatie.

Elektrische artifacten, veroorzaakt door het CI’s radiofrequente link en door de
elektrische pulsen gebruikt om de gehoorzenuw te stimuleren, beïnvloeden de
EASSR. CI artifacten kunnen ook een component op de modulatiefrequentie
hebben, wat leidt tot incorrecte EASSR detecties en onbetrouwbare EASSR
amplitude en fase schattingen. CI artifacten die korter zijn dan het interpuls
interval (IPI), het inverse van de pulsfrequentie (in pulsen per seconde (pps)),
kunnen verwijderd worden door een lineaire interpolatie (LI) over de EEG
samples aangetast door CI artifact. Voor klinisch gebruikte monopolaire (MP)
stimulatie, tussen een intracochleaire en een extracochleaire elektrode, zijn CI
artifacten langer dan voor bipolaire (BP) stimulatie, tussen twee intracochleaire
elektrodes.

In deze thesis worden CI artifacten gekarakteriseerd. Verder worden drie
methodes ontwikkeld en geëvalueerd voor CI artifact suppressie en betrouwbare
EASSR parameter schatting.
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CI artifacten zijn groter in amplitude en duren langer voor kanalen dichter bij
het implantaat. Geschikte selectie van het referentiekanaal kan resulteren in
kleinere en kortere CI artifacten, die gemakkelijker verwijderd kunnen worden.
Met LI kunnen CI artifacten verwijderd worden in contralaterale kanalen
voor 500 pss stimulatie voor ons opname systeem. Meer geavanceerde CI
artifact suppressiemethoden moeten ontwikkeld worden om EASSRs te meten
in ipsilaterale kanalen (voor bronlokalisatie en voor lateralizatiestudies) en in
kinderen en baby’s.

Ten eerste wordt een CI artifact suppressie methode gebaseerd op independent
component analysis (ICA) ontwikkeld. Onafhankelijke componenten geasso-
cieerd met CI artifacten worden automatisch geïdentificeerd op basis van de
frequentiecomponent op de pulsfrequentie en vervolgens verwijderd. In sommige
gevallen zijn de CI artifacten succesvol verwijderd, hoewel gemengde resultaten
bekomen worden in andere gevallen.

Omdat de ICA methode niet volledig robust is, en omdat meerkanaalsmetingen
nodig zijn, wordt een tweede methode, gebaseerd op template subtraction
(TS), ontwikkeld. Voor elke stimulatiepuls wordt een CI artifact puls template
geconstrueerd op basis van een meting die geen significante EASSR bevat. De
templates worden dan in de juiste volgorde geplaatst en afgetrokken van de
beschouwde meting. Betrouwbare EASSR amplitudes, fases en latenties worden
bekomen voor een dataset met EASSRS met grote signaal-ruis verhouding
(SNR). De duur van de meting gebruikt voor de template constructie kan
beperkt worden tot 60 s met een even betrouwbare EASSR parameterschatting.

Omdat extra metingen nodig zijn bij de vorige methode wordt een derde
methode voor EASSR parameterschatting in aanwezigheid van CI artifacten
ontwikkeld. De methode is gebaseerd op een Kalman filter (KF), en werd
eerst voorgesteld in [91]. Het CI artifact model van [91] bevat constante
driehoekspulsen gepresenteerd op de pulsfrequentie. De methode werkt goed
voor CI artifacten in contralaterale kanalen voor BP stimulatie. In meer
algemene gevallen, zoals MP stimulatie en metingen in ipsilaterale kanalen,
zijn de CI artifacten vaak gemoduleerd en bevatten ze ook een exponentiële
staart. Het voorgestelde toestand-ruimtemodel bevat componenten die deze
features modelleren. Met de KF methode worden opnieuw betrouwbare EASSR
amplitudes, fases en latenties bekomen voor een dataset met EASSRS met grote
SNR, zonder dat extra metingen nodig waren.

De besproken inzichten en de ontwikkelde methodes kunnen gebruikt worden
door onderzoekers en clinici om EASSRs op te meten voor klinische
stimulatieparameters. Deze responsen kunnen dan gebruikt worden om CI
rehabilitatie en CI stimulatiestrategieën te verbeteren, wat de levenskwaliteit
van alle CI patiënten ten goede zal komen.
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Chapter 1

Introduction

1.1 Motivation

In 1998 Flanders was one of the first regions in the world to implement a
universal neonatal hearing screening (UNHS) program. Approximately 98% of
newborns are screened with UNHS in order to diagnose hearing impairment (HI)
and start rehabilitation as early in life as possible [30]. Early intervention leads
to better speech and language development and improved school performance.
The prevalence of congenital HI ranges from 1.2 to 2.05 per 1000 infants [138].
About 35% of infants diagnosed with a HI, suffers from severe to profound
bilateral HI [137]. A cochlear implant (CI) can partially restore hearing for
severely to profoundly hearing impaired infants and adults. For pre-lingually
deaf children, it has been shown that implantation before the age of two is
associated with better receptive and expressive language skills [11, 109, 132]
and enhanced educational and occupational opportunities [72]. In 2010, 95%
of profoundly hearing impaired children had received a CI at an early age in
Flanders [29]. Also in the Netherlands and other countries, UNHS has reduced
the age at implantation [82]. These implanted children may now have access to
mainstream education, while they were previously restricted to attend special
schools for the deaf. Indeed, due to the early diagnosis and implantation in
Flanders, in 2010, three times more children with HI were attending mainstream
education than in 1990 [30].

In the adult population, the prevalence of HI ranges between 10 and 20%
[108]. Many people acquire a HI during the course of their lives, e.g., due to
excessive noise exposure. HI is often associated with reduced quality of life,

1
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with increased chance for depression, distress, loneliness and social isolation
[27, 108]. Post-lingually deafened subjects may also receive a CI, which leads
to improved speech understanding and localization abilities (in case of bilateral
or bimodal CIs). Furthermore, CI subjects generally report improved quality of
life after implantation [28, 61, 141].

1.1.1 Improving rehabilitation options using electrophysiolog-
ical measures in children

Although CIs are the most successful neural prosthesis to date, they do
not completely restore normal hearing. Many subjects obtain good speech
understanding in quiet, but speech understanding in noise (SPIN) is highly
variable. Lazard [83] identified several pre-, per- and postoperative factors
that explained 22% of the observed variability. These factors include, but
are not limited to, duration of moderate HI, hearing status of the better ear,
use of hearing aids, etc [83]. In children, language skills also vary greatly,
even when they are implanted early in life. In [11], a model consisting
of nine factors, explaining 50% of the variance in language outcomes was
presented. It has been suggested that both higher order cognitive factors
and peripheral factors may contribute to the residual, unexplained variance.
In adult cooperative subjects, these underlying factors may be probed using
behavioral techniques. In children and in adults with additional disabilities,
however, acquiring these behavioral responses may be challenging. In these
cases, electrophysiological measures, based on functional magnetic resonance
imaging (fMRI), magneto-encephalography (MEG), electro-encephalography
(EEG) or positron emission tomography (PET), may be useful to investigate
the status of the periphery and higher order brain regions [88, 90]. Stimulation
strategies could then be adjusted accordingly, e.g., by disabling a selection
of stimulation electrodes or by increasing the minimum stimulation levels for
selected electrodes [45, 46, 153, 121]. In children, electrophysiological measures
may be obtained longitudinally to study auditory plasticity and maturation
after implantation.

At CI activation and during regular CI fitting sessions, minimum and maximum
stimulation levels are set to compensate for inter- and intrasubject differences.
CI fitting is usually based on behavioral feedback from the subject. In children
and subjects with additional disabilities, it is not easy to obtain such behavioral
feedback. Electrophysiological measures could therefore potentially be used for
CI fitting.

In summary, electrophysiological measures, obtained in subjects that cannot
reliably be tested using behavioral methods, may be useful for three reasons.
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First, to assess the status of the periphery and higher brain regions in CI
subjects and accordingly adjust stimulation parameters. Second, to study
auditory plasticity after implantation in CI adults and children, and to study
auditory maturation in CI children. Third and finally, electrophysiological
measures could guide objective CI fitting in children and adults with additional
disabilities. Acquiring fMRI, MEG and PET images is not recommended for CI
subjects due to the magnetic field (fMRI, MEG) and radio-activity (PET). EEG
recordings have a high temporal resolution and a spatial resolution that is lower
than for fMRI and MEG measures, but still reasonable. Electrophysiological
measures based on EEG recordings could therefore be used in CI subjects.
However, the CI itself causes electrical artifacts that obscure the neural responses.
This thesis focuses on CI artifact suppression methods allowing reliable neural
responses to be obtained from the EEG in CI subjects. Chapter 2 focuses on
the characterization of the electrical artifacts. In Chapters 3, 4 and 5, three
new methods for CI artifact suppression are developed and evaluated.

1.2 Cochlear implants

Cochlear implants (CIs) are used to restore hearing in severely to profoundly
hearing impaired infants, children and adults. Currently, there are five CI
manufacturers on the market: Cochlear Ltd, Advanced Bionics, Med-El, Oticon
Medical and Nurotron, of which Cochlear Ltd owns the largest market share.
In this work, Cochlear Nucleus® CIs were used for all experiments, and the
hardware components and stimulation parameters used in these implants will
be described in further detail. Please note that other CI manufacturers may
use different hardware or different stimulation strategies and parameters.

A CI consists of an internal and an external part, as shown in Figure 1.1. The
CI’s external part consists of a microphone, a sound processor and a radio
frequency (RF) coil. The internal parts consist of the actual implant with casing
electrode, the ball electrode, and an electrode array inserted in the cochlea.

A schematic overview of a complete CI system is shown in Figure 1.2. The
CI processing chain is described shortly, without going into detail. Incoming
sounds are picked up by the microphone and converted to electrical stimulation
sequences in the sound processor. Envelope encoding is the stimulation strategy
most commonly used to convert sounds to electrical pulse sequences [150]. The
audio signal is passed through a bandpass filter bank, as shown in Figure 1.3.
The envelope of each frequency band is then used to modulate a (high-rate)
pulse train, and this modulation pulse train is later applied to one of the
stimulation electrodes in the cochlea. Next, the resulting stimulation sequences
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Figure 1.1: Cochlear implant system. (1) Sound processor, (2) RF coil, (3)
implant system and electrode array, (4) auditory nerve. Figure courtesy of
Cochlear Ltd.

Figure 1.2: Schematic overview of a CI system. Figure obtained from [150].

are encoded and sent to the CI’s internal parts via the RF communication
link. The RF protocol is described in detail in [152]. The decoded stimulation
sequences are then presented to the stimulation electrodes of the electrode array,
stimulating the auditory nerve and bypassing the impaired middle and inner
ear. Subjects with a functioning auditory nerve will perceive sounds, according
to this electrical stimulation.
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Figure 1.3: Schematic overview of how sound is encoded in a cochlear implant
system. The incoming sound is passed through a filter bank. For each filter band,
envelopes are extracted and used (after compression) to modulate high-rate
biphasic pulse trains. The modulated pulse trains are presented to the auditory
nerve via the intracochlear electrodes. Figure obtained from [87].

1.2.1 Influence of stimulation rate

Most modern CIs use modulated high-rate, i.e., > 500 pulses per second (pps)
per channel, pulse trains to represent speech envelope information. High-rate
stimulation may have several advantages over low-rate stimulation [19, 44, 100,
139]. First, increased temporal detail may be represented in the high-rate
stimulation sequences. Second, the neural firing patterns resulting from high-
rate stimulation may be more stochastic than for low-rate stimulation, and
thus resemble patterns from acoustic stimulation more closely. Third, it has
been shown that the pulse rate must be at least a factor four of the modulation
frequency for accurate modulation frequency detection [19, 100, 139]. The
speech envelope modulations are in the range of 2-40 Hz, while F0 modulation
frequencies range from about 80 to 300 Hz. Pulse rates of 320 to 1200 pps are
therefore recommended, and are typically used in current CIs. The clinical
pulse rate for Cochlear Nucleus® CIs is 900 pps for each stimulation electrode.
However, the relevance of pulse rate for speech perception is not well understood,
and studies investigating speech perception for high-rate stimulation have
produced mixed results [44].
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1.2.2 Influence of stimulation mode

The stimulation mode depends on the chosen active and reference stimulation
electrode(s) [126]. The monopolar (MP) mode stimulation refers to stimulation
between one or more extra-cochlear electrodes and an intra-cochlear electrode,
while bipolar (BP) mode stimulation refers to stimulation between two intra-
cochlear electrodes. Other stimulation modes, such as tripolar or focused
stimulation, are sometimes also used in research. The greater the physical
separation between active and reference electrode, the wider the stimulation,
and the lower the behavioral threshold values. For wider stimulation modes,
there is also less variation in behavioral threshold values across electrodes. The
wider MP mode stimulation is the preferred mode in clinical practice. Battery
life is prolonged due to the lower stimulation levels needed to elicit auditory
percepts [126, 155].

1.3 The need for electrophysiological measures in
CI subjects

Clinical and research applications of electrophysiological measures in CI subjects
include CI fitting, studying the state of the auditory periphery, and studying
auditory maturation and plasticity. These three applications will be described
in detail hereafter.

1.3.1 CI fitting

Stimulation parameters, such as stimulation mode, rate, polarity and levels, are
set or adjusted at device activation and during regular follow-up visits. The most
commonly adjusted parameters are the minimal and maximal stimulation levels
for each stimulation electrode, in Cochlear Ltd terminology called threshold
(T) and most comfortable (C) levels, respectively [126, 133]. The T level is
the stimulation level that elicits a just perceivable auditory perception. The
C level is the stimulation level at perceived maximum comfortable loudness.
Due to variations in neural survival, electrode placement and cochlear health,
T and C levels vary across subjects and across stimulation electrodes within
one subject. Maximum and minimum levels are mostly determined based on
subjective loudness perceptions for the stimulation electrodes [126, 133]. Levels
are then balanced for equal loudness across electrodes [126, 133]. Next, the
map, i.e., a selection of stimulation parameters programmed into the speech
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processor, is created and the implant is activated for live speech. Additional
adjustments can be made based on the subject’s reaction [126, 133].

Adults without additional disabilities can usually accurately detect sounds
around T level, and judge loudness to determine C levels. Infants and children,
and subjects with additional disabilities, may not be able to provide such
subjective feedback about perceived sounds. For infants, visual reinforcement
audiometry (VRA) is usually employed to estimate threshold levels [131]. The
infant learns to associate an audible sound to the appearance of an interesting
image on a monitor. The infant is thus visually reinforced to react to sounds
he perceives by turning his head. T levels are then set at a fixed level below
the level at which the infant turns his head. In older children, conditioned play
audiometry (CPA) is used. When an audible sound is perceived, the child is
conditioned to indicate a response through a playful activity, such as throwing
a ball in a box or putting a piece into a puzzle [7].

For MP mode stimulation, T and C levels vary only slightly across stimulation
electrodes [120, 126, 133, 148]. Therefore, audiologists often determine T and
C levels at a selection of stimulation electrodes, and interpolate between these
measured values to obtain T and C levels for intermediate electrodes. Especially
for young children, where CI fitting is already challenging, this results in
important fitting time reductions.

Stimulation levels are preferentially determined for the stimulation rates used in
daily practice, i.e., 900 pps for Cochlear Nucleus® implants. McKay et al. have
recently shown that the largest variability in the threshold-versus-rate curves
over subjects occurs for the lower pulse rates (< 500 pps), while the slope is more
similar across subjects for rates higher than 500 pps [97]. Therefore, stimulation
levels could possibly objectively be determined with 500 pps stimulation, and
extrapolated to find appropriate levels for stimulation at 900 pps. However, no
research data is available up to this date to corroborate this claim.

The increasing number of implantations due to UNHS and expanding
CI candidacy criteria, the emergence of bilateral CIs and electro-acoustic
stimulation, and the younger implantation age in infants, place an increasing
demand on clinicians and audiologists. Objective measures may be used in the
future to assist or automate CI fitting in adults and to obtain (more) reliable
responses from infants and children. Objective measures may also be used to
“close the loop”, in closed-loop CI systems, where stimulation parameters are
dynamically adjusted to the auditory responses obtained [96].

Several electrophysiological measures have been considered to guide objective
CI fitting. These are discussed below in Section 1.4 and 1.5.1. Note that many
studies focused on correlations between electrophysiological and behavioral
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thresholds. This is indeed a necessary first step, although the main aim should
be to optimize performance with a CI, rather than exactly predicting behavioral
T and C levels.

1.3.2 Studying the electrode neuron interface

Individual variation in electrode placement, neural survival and cochlear health
may contribute to variability in speech outcomes. These factors are collectively
referred to as the electrode neuron interface (ENI). Variation in the ENI may
cause both temporal and spectral cues to be distorted, leading to impaired
speech perception. Spectral cues are distorted in CI subjects, due to spread of
excitation effects. The larger the electrode-neuron distance and the lower the
neural survival, the higher the stimulation levels needed for perception, and the
larger the spread of excitation. Due to the reduced spectral cues, CI users rely
heavily on temporal modulations for speech understanding. Several studies have
assessed the ENI using thresholds to focused stimuli [9], or modulation detection
thresholds (MDTs) [112]. It was shown that variation in these measures of
ENI state are negatively related to speech understanding. Several studies then
used similar behavioral measures of ENI state to adjust stimulation strategies,
e.g., by disabling indiscriminable stimulation channels [154] or stimulation
channels with high MDTs [45, 46], or alternatively by raising T levels on a
selection of stimulation channels with high MDTs [153]. However, behavioral
assessment of the ENI may be difficult in infants, children and adults with
additional disabilities. In these cases, electrophysiological measures may allow
for assessment of the ENI state without behavioral or with limited behavioral
input from the subject. It was shown in [90] that electrophysiological measures
of modulation detection are significantly correlated with behavioral MDTs.
Variability in electrophysiological measures of modulation detection has also
been correlated to SPIN [88]. In summary, electrophysiological measures may
be used to assess the functional status of the ENI, and to adjust stimulation
strategies accordingly.

1.3.3 Studying auditory plasticity and maturation

Speech understanding outcomes vary greatly over CI subjects. In [11], a model of
nine clinical and environmental factors was considered to explain receptive and
expressive language outcome in CI children. However, only 50 % of the observed
variability could be explained using this model. In [83], fifteen factors, including
among other factors duration of moderate HI, hearing status of the better ear,
use of hearing aids, were considered. However, these factors could only explain
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22% of the variability between CI users. It has been suggested that higher
order cognitive factors may play an important role [83], next to variability in
the ENI as discussed above. Auditory plasticity, and cognitive and cross-modal
reorganization may occur due to a lack of auditory input in deaf infants and
children, and in post-lingually deafened adults. Animal models have been used
to study these structural changes. However, in human subjects, analyses are
restricted to behavioral and electrophysiological assessments, because of obvious
ethical reasons.

Electrophysiological measures may thus aid our understanding of cortical
reorganization following deafness and cochlear implantation, and to derive
predictors of CI proficiency. Transient electrophysiological measures and steady-
state responses are discussed in more detail in two following sections 1.4 and
1.5.

1.4 Transient electrophysiological responses in CI
subjects

An auditory evoked potential (AEP) is an electrical potential generated by
acoustic stimulation of the auditory system. Depending on the stimulation
parameters, recording electrode placement, filter settings, and the post-stimulus
analysis window, AEPs from different sources in the auditory pathway can be
analysed. An electrically evoked auditory evoked potential (EAEP) is elicited
using electrical stimulation, e.g., through a CI. Stimuli may be delivered via
direct stimulation, using dedicated hardware and software, or via sound-field
stimulation, e.g., using loudspeakers.

In the following subsections, transient AEPs and EAEPs are discussed. The
clinical and research applications of each type of evoked potential are also shortly
described. Steady-state responses, that are used in this thesis, are discussed in
Section 1.5.1.

1.4.1 Electrically evoked compound action potential (ECAPs)

The electrically evoked compound action potential (ECAP) reflects a syn-
chronous response generated by a group of auditory nerve fibers. A recent
review of the possible uses of ECAP measurements can be found in [57]. The
ECAP typically consists of an initial negative peak (labeled N1), followed by a
positive peak (labeled P2) [57, 68]. In CI users, the ECAP can be measured
using reverse telemetry, where an electrical current is applied to an intracochlear
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electrode and the neural response is measured from another intracochlear
electrode. Reverse telemetry has been built into CIs since 1998. ECAPs may
provide three advantages compared to other electrophysiological measures. First,
contrary to some other electrophysiological measures in CI users, the ECAP can
be measured without additional equipment, since it is measured from the CI
electrodes, and with minimal cooperation from the subject as it is not influenced
by anesthetics or subject arousal. Second, ECAPs are near field measures, since
the CI electrodes are located close to the neural response generation. These
near field measures are much larger than far-field measures obtained with scalp
electrodes. Third and finally, ECAPs are less influenced by maturational effects
than other electrophysiological measures, especially cortical potentials.

In research, different aspects of the ECAP have been studied to assess spatial
selectivity, temporal response properties and to estimate neural survival.
However, no clear associations between ECAP properties and speech perception
with a CI have been shown up to date [57].

ECAPs have also been used clinically to verify CI functioning and for initial
programming level estimation. More specifically, ECAP thresholds have been
considered for objective CI fitting. ECAP thresholds are mostly higher than
behavioral thresholds, and may approximate or exceed upper comfort levels [68].
Correlations between ECAP thresholds and behavioral thresholds to clinical
stimuli (>500 pps) are only moderate at best [17, 70]. This is probably because
ECAPs are obtained for low repetition rates between 30 and 80 Hz, while
higher rates (>500 pps) are typically used in clinical speech processors [98]. At
these high rates, peripheral (refractoriness and adaptation) and central factors
(temporal integration) may play a different role than at the low rates used
to measure ECAPs [98]. Although it is not impossible to measure ECAPs to
high-rate stimuli, these measurements are quite time-intensive. Studies have
shown that it may be interesting to combine ECAP measures elicited with
low-rate stimuli with a selection of behavioral measures to program CI maps
[4, 12, 17, 68, 70].

1.4.2 Electrically evoked auditory brainstem response (EABRs)

The electrically evoked auditory brainstem response (EABR) is measured using
scalp electrodes, and reflects contributions from the auditory nerve and the
brainstem pathways. In normal hearing subjects, the ABR consists of several
amplitude peaks with latencies of approximately 1.4 to 6 ms, labeled waves I
to V, with earlier peaks associated with more peripheral generators [76]. ABR
wave latencies are longer than EABR wave latencies, because of the traveling
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wave delay [68]. EABR amplitudes are larger than ABR amplitudes, due to the
broader electrical stimulation, and the greater neural synchrony [68].

The EABR may provide two possible advantages compared to the ECAP
[68]. First, the EABR is a more central response measure, that can provide
information about higher levels in the auditory pathway. Second, the EABR is
less influenced by stimulation artifact than the ECAP, because it is a far-field
potential and because the EABR occurs at longer latencies than the ECAP.

No strong correlation between EABR measures and speech perception has been
demonstrated, probably because speech perception is influenced by central
processes, while the EABR merely reflects peripheral neural responsiveness [15].

For objective CI fitting, Brown et al. concluded that there is no one to one
correspondence between EABR thresholds and either the T or C levels for
older Clarion and Cochlear Nucleus® implants [16, 17, 18]. However, EABR
thresholds could potentially be used in conjunction with behavioral T and C
level estimates on selected electrodes to guide CI fitting [16, 17, 18]. Again, for
these EABR measures, low-rate stimulation was used, which could explain the
discrepancy between the low-rate EABR thresholds and the higher-rate clinical
thresholds.

1.4.3 Electrically evoked middle-latency response (EAMLR)

The electrically evoked auditory middle-latency response (EAMLR) is a far-
field neural response measured with scalp electrodes, originating from the
upper brainstem, thalamus and auditory cortex [68]. It consists of a Na-Pa-Nb
complex, with latencies between 15 and 55 ms, and is affected by arousal,
sleep and anesthetics. EAMLR amplitudes are generally larger than AMLR
amplitudes for acoustic stimulation, due to the larger neural synchrony caused
by the electrical stimulation. EAMLR latencies seem to be influenced by age
and duration of CI use. The clinical use of EAMLR measures for objective CI
fitting has not yet been thoroughly evaluated, although EAMLR thresholds
correlate well to behavioral measures obtained with the same low-rate stimulus.

1.4.4 Cortical auditory evoked potentials (CAEPs)

Several AEPs are collected under the term cortical auditory evoked potentials
(CAEP): the electrically evoked auditory late response (electrically evoked late
latency response (EALR)), the electrically evoked auditory change complex
(electrically evoked auditory change complex (EACC)), the mismatch negativity
(electrically evoked mismatch negativity (EMMN)), and the P300. CAEPs are
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typically also measured at the scalp level. Compared to ECAPs, EABRs and
EAMLRs, a wider range of stimuli, with varying stimulation durations, can be
used. The EALR, EACC, and the EMMN consist of a P1-N1-P2 complex, and
are evoked while passively listening to repeated stimuli, a change in an ongoing
stimulus, and oddball stimuli, respectively. Similar to the EMMN, the P300 is
also elicited using an oddball paradigm, but contrary to the EMMN the listener
should actively attend to the oddball stimuli.

CAEPs have mainly been used in research, e.g., to verify that a stimulus
difference has been detected. EALR morphology and latency can be used to
study auditory maturation in normal hearing children and children with a CI. It
has been used to demonstrate the advantages of early (bilateral) implantation
[52, 77, 127]. In [144], strong correlations between CAEP and behavioral
thresholds were found for clinical stimulation parameters.

1.4.5 Electrically evoked stapedius reflex (ESR)

The stapedius reflex is a stapes contraction occurring in response to loud
sounds, presented either acoustically or electrically. For electrical stimulation,
the electrically evoked stapedius reflex threshold (ESRT) is then determined
as the minimum stimulation level eliciting such a stapes contraction. Intra-
or per-operatively, the stapes contraction can directly be observed, while it is
detected post-operatively by measuring immitance changes in the non-implanted
ear using a clinical tympanometer [3, 68].

While objective fitting methods based on ECAPs and EABRs have focused on
both T and C level estimation, ESRTs have been investigated for objective C
level estimation. Maximum stimulation levels are set at a loudness that is loud,
but comfortable, and thus is usually based on a subjective judgment of the
subject. Infants and children often cannot make a reliable judgment of loudness;
maximum stimulation levels are therefore often subjectively determined based
on children’s facial expressions when a sound is presented [3]. An alternative,
objective method of determining maximum stimulation levels may be based on
the ESRT.

ESRTs can be measured in 37 to 80% of the tested subjects [22, 56, 62, 68, 134].
Some studies have found high correlations between ESRTs and upper comfort
levels, while weaker correlations were reported in a number of other studies
[68]. Correlations between ESRTs and C levels were not always significant,
but ranged between 0.27 and 0.7 when they were [3, 22, 56, 134]. ESRTs were
underestimating upper comfort levels in some studies, while ESRTs were higher
than the upper comfort level, and even close to the uncomfortable level, in other
studies [68]. To summarize, mixed findings have been reported on the relation
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between ESRTs and upper comfort levels. The ESRT cannot be measured in
all CI subjects, but when present, the ESRT represents a stimulation level that
should be audible, but not exceed uncomfortable levels for most CI subjects
[68].

1.5 Steady-state responses and CI artifacts

The focus of this thesis is on CI artifact suppression for reliable steady-state
response parameter estimation. Steady-state responses are discussed in Section
1.5.1. A discussion of CI artifact causes, morphology and suppression methods
is included in Section 1.5.2.

1.5.1 Steady-state responses

In the previous sections, transient AEPs and EAEPs were described and their
clinical and research applications were discussed. Transient AEPs are typically
evoked using short duration stimuli, and consist of a number of transient
peaks with varying latencies. Repetitive presentation of such short duration
stimuli, such as clicks in normal hearing subjects and low-rate pulse trains
in CI subjects, results in overlapping transient response peaks, leading to a
steady-state periodic response at the repetition frequency [64, 115]. Neural
phase-locking to modulated sines or noise bands in normal hearing subjects
and to modulated high-rate pulse trains in CI subjects also results in a steady-
state periodic response at the modulation frequency [65, 115]. While transient
responses are typically analyzed by manually labeling response peaks and
investigating their amplitude and latency, steady-state responses can objectively
and automatically be detected at the response frequency using statistical
methods [41, 65, 115]. Furthermore, objective CI fitting based only on ECAPs or
EABRs was unsuccessful. Steady-state responses may be a more promising tool
for objective CI fitting and for studying the ENI and plasticity in CI subjects. In
the remainder of this thesis, the focus will be the auditory steady-state response
(ASSR) and the electrically evoked auditory steady-state response (EASSR),
that can objectively be detected in the EEG. The ASSR and the EASSR have
some advantageous properties compared to the transient AEPs and EAEPs, as
discussed below.

The ASSR and the EASSR are neural auditory steady-state responses, present
in the EEG, that result from neural phase-locking to a periodic stimulus [115].
EASSRs can be evoked with continuous electrical stimulation [64, 65], either
with unmodulated low-rate or modulated high-rate pulse trains. As shown in
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Figure 1.4: Illustration of ASSR stimuli and measurements, visualized in time or
frequency domain or in a polar plot. (a) An acoustic ASSR stimulus, consisting
of a modulated sine. (b) Two cycles of an ASSR averaged in time domain. (c)
Frequency domain plot of an averaged epoch. The peak in the spectrum is
compared to the noise level, that is determined either as based on the adjacent
frequency bins (F-test) or based on the variability of the spectral component at
the response frequency over time (HT2 test). (d) Polar plot of an ASSR. The
ASSR phasor is compared to the noise level, plotted as a black circle around
the origin.

Figure 1.4, the ASSR or the EASSR consists of a spectral peak at the repetition
frequency (in case of low-rate stimulation) or at the modulation frequency (in
case of high-rate stimulation), that is compared to the neural background noise
to determine whether a significant response is present.

EASSR stimuli are a good model for CI processing

Most CI stimulation strategies are focused on the coding of the speech envelope,
as well as F0 modulations. The speech envelope modulations are in the range of
2-40 Hz, while F0 modulation frequencies range from about 80 to 300 Hz. The
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amplitude modulated (AM) pulse trains often used in the EASSR paradigm are
a perfect model for these coding strategies.

Recording set-up and signal processing for EASSR detection and parameter
estimation

Throughout the thesis, EASSRs were measured using the same set-up. Stimuli
were high-rate amplitude modulated (AM) pulse trains, presented directly to the
CI, with stimulation amplitudes expressed in µA. The EEG was recorded using
a 64 channel Biosemi ActiveTwo system, with a sample rate of 8192 Hz and a
1638 Hz anti-aliasing low pass filter. EEG signals represent the voltage difference
between an active and a reference electrode, with amplitudes expressed in µV .
Figure 1.5 shows the location of the EEG recording electrodes and electrodes
that are often used for (E)ASSR analysis are highlighted [50, 53, 140]. Subjects
were lying down or seated in a reclined chair inside a sound isolated Faraday
booth, and watching a subtitled movie of their choice. The obtained EEG
signals were stored for offline analysis.

Raw EEG signals are usually re-referenced prior to further analysis, by
subtracting the reference electrode signal from the other recording electrode
signals. Recording electrode Cz is often used as a reference in (E)ASSR
measurements. Next, re-referenced EEG signals are filtered with a high-pass
filter to remove amplitude drifts and DC bias. Recording channels are then often
combined, usually through averaging, over a region of interest, to summarize
the multidimensional data. However, single channel EEG signals may also be
considered. Recording channels often used for analysis are shown in Figure 1.5.

For synchronization purposes, the start of each stimulation epoch is indicated
via a trigger signal that is sent to the recording equipment. In ASSR and
EASSR studies, stimulation epochs are often 1.024 s long [50, 53, 54, 89, 90, 91].
The re-referenced and filtered data are split in epochs, based on the trigger
signal. A percentage of the available epochs, usually 5%, is rejected, based on
the peak-to-peak amplitude, in order to remove movement, muscle, or ocular
artifacts. These artifacts are large and broadband signals that may obscure
the EASSR parameter estimation and detection. A discrete Fourier transform
(DFT) is then applied to each remaining epoch. The mean component at the
modulation frequency, averaged over epochs, is calculated. The absolute value
and angle of this component are used to estimate the EASSR amplitude and
phase, respectively. These values are then compared to the noise level, to decide
whether a significant response is present. The noise level is either determined
based on frequency bins adjacent to the modulation frequency, i.e., an F-test
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Figure 1.5: Recording electrode locations. The set of recording channels that
are often used for analysis are shown in blue (left) and red (right). Often used
reference electrodes are indicated in green.

[41], or based on the variance over epochs of the component at the modulation
frequency, i.e., a Hotelling T 2 test [64, 66].

Neural generators

Different parts of the auditory pathway are activated during ASSR stimulation,
depending on the modulation frequency used [49, 59, 116, 118]. In normal
hearing subjects, activity is mostly generated by a brainstem source, for
modulation frequencies in the 80–100 Hz range. For 40 Hz range stimulation,
thalamic and subcortical sources have been identified. For lower modulation
frequencies, activity is mainly generated in the cortical areas. Up to date, only
one study has investigated neural EASSR generators in CI users [89]. In this
study, results indicated that 40 Hz stimulation resulted in thalamic activity also
in CI users.
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The choice of modulation frequency thus allows to study several different brain
regions.

Advantages compared to transient responses

EASSRs offer a number of advantages compared to transient responses. First,
EASSRs are responses elicited by frequency-specific stimuli, activating one
stimulation channel, compared to transient responses, which are often evoked
with non-frequency specific stimuli, and with free field stimulation, activating
multiple stimulation channels. Second, EASSRs can objectively be detected
at the modulation frequency [41, 64, 65, 66], while transient responses are
typically assessed subjectively by examining the latency and amplitude of
visually identified peaks. Although statistical methods could be used for
objective detection of transient responses, this is not routinely used in research
or in the clinic. Third, depending on the chosen modulation frequency, different
brain regions, from brainstem to cortical sources, may be studied. Fourth, as
explained before, the stimuli used to elicit the EASSR are a perfect model for
the envelope coding in CIs. Fifth, EASSRs may be a more promising tool than
ECAPs and EABRs for objective CI fitting, as explained below.

Objective CI fitting

EASSRs can be elicited using high-rate stimulation, while ECAPs and EABRs
are traditionally measured with low-rate stimulation. T and C levels vary
with stimulation rate [97, 98], and are therefore ideally determined with the
clinically used stimulation rate. Although this is not impossible [71], it is not
straightforward to record ECAPs and EABRs with clinically used stimulation
rates. T levels determined with ECAPs and EABRs, using low-rate stimuli, are
only moderately correlated with behavioral T levels. T levels determined with
EASSRs, using high-rate stimulation, correlate well with behavioral T levels, at
least for stimulation in BP mode [65]. More research is needed to evaluate the
usefulness of EASSR based CI fitting for MP mode stimulation.

1.5.2 CI artifacts

EEG measurements in CI subjects in general and EASSRs specifically are
corrupted by electrical stimulation artifacts, which can be caused by both
the electrical stimulation pulses and the RF communication link between the
external speech processor and the implant. The former can have a periodic
component at the response frequency which may distort the neural response [65].
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Fig. 1.6 shows the EEG signal recorded on two channels in time and frequency
domain, for subthreshold stimulation. Both EEG signals have a component at
the modulation frequency, which is caused by the electrical stimulation since no
neural response is assumed to be present.

The origin of the component at the modulation frequency is now discussed.
Symmetric biphasic pulses, with equal phase widths and equal but opposite
amplitudes for both phases, are used for stimulation in clinical settings in
Cochlear Nucleus® implants, as shown in Figure 1.7. These pulse trains have
frequency components at the pulse rate fc and its harmonics. However, the
measured CI artifacts are often asymmetric, as shown in Figure 1.6, resulting
in a DC component. The origin of the pulse asymmetry is not well known, but
a possible contributor is the constant-current stimulation is used in Cochlear
Nucleus® implants. If the impedance of the active CI stimulation electrode
(stimulated during the first phase of the pulse) and reference CI stimulation
electrode (stimulated during the second phase of the pulse) differ, the voltage of
both pulse phases may be different, resulting in pulse asymmetries and a direct
current (DC) component in the spectrum. The amplitude modulation used to
elicit the EASSR results in CI artifact components at the carrier sidebands and
possibly also at the modulation frequency. Amplitude modulation of high-rate
pulse trains with modulation frequency fm results in frequency components at
the carrier sidebands kfc ± fm, with k = 0, 1, 2, . . .. The CI artifact component
at fm is problematic, because it distorts the EASSR and leads to false EASSR
detections.

The spatial distribution of the spectral component at the modulation frequency
is shown in the topography plot, indicating that the electrical stimulation artifact
is present on all recording electrodes. The amount of distortion is highly subject-
dependent, and is, at least in theory, affected by (1) the stimulation parameters,
(2) the impedances of the electrode-tissue interface, the body tissue and the
EEG recording electrode-gel-skin interface, (3) the recording equipment, and (4)
post-processing, as shown in Figure 1.7. The exact influence of some of these
factors, e.g., the impedances, is difficult to determine, as these factors cannot
easily be measured or systematically be varied within or over subjects. The
impedance at the CI electrode-tissue interface and at the skin-gel-EEG electrode
interface likely has a capacitive component [102]. This capacitance results in
distortion of the CI artifact pulse shape, as shown in Figure 1.7. Low pass
filters, and possibly also high pass filters, in the EEG acquisition system may
further influence the CI artifact pulse shape, as explained in detail in Section 6.3.
Further postprocessing may consist of applying digital filters and CI artifact
suppression methods, which may both further adjust the CI artifact pulse shape.
Suppressing CI artifacts seems more challenging for EASSR recordings than
for transient responses because CI artifact and EASSR continuously overlap in
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Figure 1.6: Example of CI artifacts for a subject, with a CI at the right side,
measured with 37 Hz AM 900 pps pulse trains at a subthreshold stimulation
amplitude. Left: time and frequency domain signals at recording electrodes
located near the ear TP8 (ipsilateral) and TP7 (contralateral), referenced to Cz.
The two selected recording electrodes for which the time and frequency domain
signals are visualized, were randomly chosen. Right: spatial distribution of
spectral power at the modulation frequency, view from the top of the head,
referenced to Cz. The units of the topography plot are dBnV = 20 log10 nV,
where 1 µV corresponds to 60 dBnV and 0.1 µV corresponds to 40 dBnV . The
colors at the recording electrode locations (black dots) are exact values, the
other colors are obtained using interpolation on a fine Cartesian grid. No neural
response is expected to be present, as subthreshold stimulation levels were used.
Figure (with adjusted caption) taken from [37].

time and frequency.

Existing CI artifact suppression methods

Stimulation artifacts contaminating the EEG are a problem in various domains
where electrical or magnetic stimulation is used, including deep brain stimulation,
transcranial magnetic and current stimulation, somatosensory and cochlear
implant stimulation.

Changes to the measurement set-up, such as maximum separation of stimulation
and recording electrode leads, proper grounding of amplifier and subject,
and careful skin preparation can help to reduce artifact amplitudes [64, 73].
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Figure 1.7: Block diagram showing CI artifact sources, and factors influencing
the CI artifact characteristics.

However, none of these measures can completely prevent the presence of excessive
stimulation artifacts in the EEG. Optimal reference electrode placement has
been investigated for transient responses to cochlear implant stimulation [47],
but optimal selection of reference electrode is highly subject dependent, and has
not yet been assessed for artifact removal in EASSR measurements. Stimulus
design can also help to avoid stimulation artifacts: responses to alternating
polarity pulses have been averaged in order to reduce the stimulation artifact
[75, 93], or short stimuli have been used such that the stimulation artifact has
decayed before the response occurs [93]. Adjustments to the stimuli are not
desirable, because we want to measure EASSRs to clinically used parameters.
Therefore, stimulation is restricted to cathodic-first, biphasic pulses, with fixed
pulse width and interphase gap, stimulated at high-rate and in MP mode.

Artifact elimination methods remove EEG channels or epochs that are
contaminated with artifacts. This is done for example with ocular artifacts in
the EEG. However, all epochs are affected by stimulation artifacts in EASSR
measurements because of the continuous stimulation. Furthermore, most
recording channels are affected by stimulation artifact. Therefore, artifact
elimination methods, removing epochs or channels, are not appropriate for
artifact removal in EASSR measurements, since almost all data would be
rejected.
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Several methods have been proposed for stimulation artifact minimization.
Single channel techniques include frequency [2], time-frequency [124, 130, 151],
or adaptive filtering [13, 14, 67, 78, 92, 111]. Template subtraction [43, 95,
145, 146] has also been investigated. In the case of EASSR, frequency domain
filtering is inappropriate because the stimulation artifact has a component
at the response frequency. For adaptive filtering and template subtraction,
assumptions concerning the stimulation artifact shape or filtering process need
to be made.

Interpolation methods [58, 63, 64, 65] have also been used. For time-restricted
stimulation artifacts, a linear interpolation (LI) can be applied between a pre-
artifact and post-artifact sample, effectively removing the stimulation artifact.
This method is only successful if the interpulse interval (IPI) is longer than the
stimulation artifact duration, and it has been validated for EASSR measurements
in BP mode stimulation [65].

Multichannel techniques such as beamforming [149], principal component
analysis (PCA) [93] and independent component analysis (ICA) [1, 47, 60,
80, 93, 147, 117, 119, 142, 143] were investigated in various domains. CI
stimulation artifacts have successfully been removed from the EEG for transient
responses using multichannel methods, but these methods have not yet been
investigated for steady state responses. Clinically, multichannel EEG systems
are expensive and require more subject preparation time.

Challenges for CI artifact suppression in EASSR measurements

The CI artifact duration, in combination with the IPI, determines whether LI
can reliably be used for CI artifact suppression. Four main factors influence
either the CI artifact duration, or the IPI. First, the pulse rate is inversely
proportional to the IPI: LI is less likely to completely suppress CI artifacts
at higher pulse rates. Second, the stimulation mode influences CI artifact
characteristics: MP mode stimulation results in larger and longer CI artifacts
than BP mode stimulation [69, 85]. Third, CI artifacts are usually shorter in
recording channels that are placed further away from the CI electrode array
and CI coil. Fourth, CI artifacts may be more significant in children than
in adults. In children, due to the smaller head size, EEG signals may be CI
artifact dominated even in the contralateral hemisphere. As children are the
main target audience for objective CI fitting based on EASSR measurements,
this is an important issue to consider.

Suppressing CI artifacts seems more challenging for EASSR recordings than
for transient responses for three reasons. First, in EASSR recordings, the CI
artifacts and EASSR overlap continuously in time. On the contrary, the CI
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artifacts typically precede the neural response for transient responses, with
only a limited overlap in time. Second, in EASSR recordings, due to the
modulated and asymmetric CI artifacts, the CI artifacts and EASSR also have
overlapping spectra. The EASSR is in fact not expected to have any frequency
components that are not also present in the CI artifacts spectrum. Both signals
have a component at the modulation frequency with different amplitude and
phase. Third, EASSRs are typically obtained using direct stimulation with one
stimulation channel. In studies investigating transient responses in CI subjects,
responses are often obtained using free field stimulation with a loudspeaker.
In this case, the stimulation pulses delivered to the electrode array are not as
exactly controlled as is the case for direct stimulation, and multiple electrodes
may be activated, even for narrow band stimuli, due to the maxima selection
implemented in many clinical processors and the overlap of the filters of the
array filter bank Furthermore, the clocks of the stimulation and recording
systems are not perfectly synchronized, such that in the recording epochs the
CI stimulation artifact pulses may be slightly jittered. This leads to CI artifact
attenuation when the jittered epochs are averaged. In previous studies, due to
free field stimulation [47, 93, 142, 143], stimulation sequences are not identical
nor perfectly aligned over recording epochs, resulting in attenuated CI artifacts
when epochs are averaged to compute the event-related potential.

1.6 Outline of the thesis

In the previous section, CI artifact suppression methods for transient responses
have been summarized and it was discussed that CI artifact suppression may be
more challenging for steady state responses than for transients. With the aim
of measuring EASSRs to clinically used stimuli, only cathodic-first, biphasic
pulses, with fixed pulse width and interphase gap, stimulated at high-rate
and in MP mode were used throughout this thesis. Existing methods may
not sufficiently suppress CI artifacts in EASSR recording with clinically used
stimulation parameters.

The aim of this research is two-fold. First, we aimed to characterize the CI
artifacts and to investigate the feasibility of CI artifact suppression with linear
interpolation for MP mode stimulation with clinical stimulation parameters.
Second, we aimed to develop several methods for CI artifact suppression and
for reliable EASSR parameter estimation in the presence of CI artifacts for
clinically used stimulation. This thesis consists of four studies. One study
considers the nature of CI artifacts. Methods for reliable EASSR parameter
estimation in the presence of CI electrical artifacts are developed and evaluated
in the remaining three studies.
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CI artifacts are characterized in Chapter 2, based on the slope of the CI artifact
amplitude growth function and on the CI artifact duration. The aim of the first
study, presented in Chapter 2, is to characterize the CI artifact for modulated
high-rate pulse trains stimulated in MP mode and to investigate the feasibility
of CI artifact suppression with linear interpolation. Linear interpolation was
chosen as the CI artifact removal method, because its efficiency has been
demonstrated for BP mode stimulation, and it can be applied to single channel
data which is useful for clinical applications. The CI artifact characterization
will help to explore the feasibility of other CI artifact suppression methods. The
influence of reference electrode position on the CI artifact characteristics and
the operating limits of the interpolation method are investigated. The obtained
results indicate that significant CI artifacts are present in most subjects. At
contralateral recording electrodes, the artifact is shorter than the interpulse
interval across subjects for stimulation at 500 pps, which was not always the
case for 900 pps stimulation. Linear interpolation thus allows to suppress
the CI artifact at contralateral recording channels for stimulation at 500 pps.
This work has been published as Deprez, Hanne, et al. "Characterization of
cochlear implant artifacts in electrically evoked auditory steady-state responses."
Biomedical Signal Processing and Control 31 (2017): 127-138. In [53], EASSRs
measurements were collected for 500 pps MP stimulation. Measurements were
indeed response dominated in contralateral channels after linear interpolation.
To measure EASSRs in adults for higher-rate stimulation or in ipsilateral
recording channels, new CI artifact suppression methods must be developed.
Furthermore, in children, due to their small head sizes, contralateral recording
channels may also be severely distorted by CI artifacts.

The first alternative to LI for CI artifact suppression is based on independent
component analysis (ICA). ICA has often been used to remove CI artifacts
from the EEG to record transient auditory responses, such as cortical evoked
auditory potentials. The aim of this study was to investigate how well CI
artifacts are suppressed in EASSR measurements using ICA. Multichannel
measurement systems are not routinely used in clinical practice. However, if the
ICA based CI artifact suppression proves to be a robust method, the minimum
number of recording channels needed for reliable CI artifact suppression could
be determined, which could possibly be implemented in the clinics. The goal
of ICA is to split multichannel signals in statistically independent components
(independent component (IC)s), that represent either the neural response, CI
artifacts, ocular or muscle artifacts, or neural background noise. In the second
study, described in Chapter 3, an ICA-based CI artifacts attenuation method
is developed and evaluated for EASSR measurements with varying CI artifacts
and EASSR characteristics. Artifactual independent components (ICs) are
automatically identified based on their spectrum. Three datasets are selected,
with overlapping and non-overlapping CI artifacts, and EASSRs of various
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signal to noise ratio (SNR). Given the challenges of using ICA for CI artifacts
attenuation in EASSR measurements on the one hand, and the reported success
of the method on the other hand, the aim of this study is to apply the method on
several datasets, with a wide variety of CI artifacts and EASSR characteristics, in
order to determine whether and in which conditions the method gives acceptable
results. In the contralateral channels of high-SNR recordings, ICA results in the
same EASSR amplitude and phase estimates as linear interpolation. For small
EASSRs or large CI artifact amplitudes, ICA separation quality is insufficient to
ensure complete CI artifacts attenuation without EASSR distortion. As the ICA
approach is not very robust, the influence of the number of recording channels
on the performance of ICA based CI artifact suppression was not systematically
investigated and no recommendations for clinical implementations were made.
One conference paper on this work has been published as Deprez, Hanne, et
al. “Cochlear implant artifact rejection in electrically evoked auditory steady
state responses.” Proc. European Signal Processing Conference (EUSIPCO),
Lisbon, Portugal, Sep. 2014. A journal paper on this work is published as
Deprez, Hanne, et al. “Independent component analysis for cochlear implant
artifacts attenuation from electrically evoked auditory steady-state response
measurements.” Journal of Neural Engineering 15(1) (2018): 16006.

The ICA-based CI artifact suppression lacks robustness, as reliable results are
not obtained for all subjects and all stimulation parameters. Furthermore, with
ICA, multichannel data are needed, while expensive multichannel set-ups are
not routinely used in clinical practice. In Chapter 4, a template subtraction
(TS) method to remove continuous CI stimulation artifacts is developed. This
single-channel method does not require a multichannel recording system, and
is possibly more robust than ICA because no independence assumptions must
be made. The template construction (TC) is based on an EEG recording
containing CI stimulation artifacts but no synchronous neural response. The
constructed templates are subtracted from the recording of interest. Response
amplitudes and latencies are compared for the TS and LI method, and for
different TC durations. TS with a TC duration of only 1 minute allows to
suppress CI stimulation artifacts in individual contra- and ipsilateral EEG
recording channels and to reliably estimate EASSR amplitudes and phases.
This work has been published as Deprez, H. et al. “Template Subtraction to
Remove CI Stimulation Artifacts in Auditory Steady-State Responses in CI
Subjects.” IEEE Transactions on Neural Systems and Rehabilitation Engineering
25(8) (2017): 1322-1331.

A Kalman filter (KF) has been used in [91] to estimate EASSR amplitudes in
the presence of CI artifacts in contralateral recording channels for BP mode
stimulation. This approach may pose significant advantages compared to the
TS method. First, stationarity of the EASSR or the CI artifact is not assumed.
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Second, no extra data is needed for the CI artifact template construction. The
proposed state-space model was extended in Chapter 5 to allow CI artifacts
suppression for MP mode stimulation in contralateral and ipsilateral recording
channels. The estimated EASSR amplitudes and phases were similar to those
obtained with linear interpolation. The KF also results in correct EASSR phase
estimates, and KF without inclusion of the CI artifact model is insufficient
for correct EASSR parameter estimation. A report on this research has been
submitted.

In Chapter 6, the results are summarized, additional insights are discussed
and some suggestions for future work are given.





Chapter 2

Characterization of cochlear
implant artifacts in
electrically evoked auditory
steady-state responses

Abstract

Objective: Electrically evoked auditory steady-state responses (EASSRs) are
neural potentials measured in the EEG in response to periodic pulse trains
presented, for example, through a cochlear implant (CI). EASSRs could
potentially be used for objective CI fitting. However, EEG signals are
contaminated with electrical CI artifacts. In this paper, we characterized
the CI artifacts for monopolar mode stimulation and evaluated at which pulse
rate, linear interpolation over the signal part contaminated with CI artifact is
successful.

Methods: CI artifacts were characterized by means of their amplitude growth
functions and duration.

This chapter is an adapted version of the article Deprez, Hanne, et al. “Characterization of
cochlear implant artifacts in electrically evoked auditory steady-state responses.” Biomedical
Signal Processing and Control 31 (2017): 127-138. Changes are limited to layout and
representation aspects, and minor editing.
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Results: CI artifact durations were between 0.7 and 1.7 ms, at contralateral
recording electrodes. At ipsilateral recording electrodes, CI artifact durations
are between 0.7 and 2 ms.

Conclusion: At contralateral recording electrodes, the artifact was shorter than
the interpulse interval across subjects for 500 pps, which was not always the
case for 900 pps.

Significance: CI artifact-free EASSRs are crucial for reliable CI fitting and
neuroscience research. The CI artifact has been characterized and linear
interpolation allows to remove it at contralateral recording electrodes for
stimulation at 500 pps.

2.1 Introduction

A cochlear implant (CI) is an electronic device that can restore hearing in
severely hearing impaired subjects. A CI system consists of three main parts:
an external speech processor, the implant, and an electrode array inserted
in the cochlea. The speech processor converts the incoming sound to an
electrical stimulation pattern, which is transmitted to the implant via a radio
frequency (RF) link. The electrodes stimulate the auditory nerve with biphasic
charge-balanced pulses [86]. Two stimulation modes are often used, depending
on the return electrode: bipolar mode for stimulation between intra-cochlear
electrodes and monopolar mode for stimulation between intra- and extra-cochlear
electrode(s). In clinical settings, pulses are often delivered at high rates in
monopolar mode, which requires less battery power than stimulation in bipolar
mode. Furthermore, threshold levels vary less over stimulation electrodes with
stimulation in monopolar than in bipolar mode, resulting in easier CI fitting.

Since early implantation is proven crucial for speech and language development
[11], an increasing number of severely hearing impaired infants receive a CI
within the first year of life. Prior to CI activation, the threshold (T) and
maximum comfortable (C) stimulation levels are determined based on behavioral
(verbal) feedback. This is particularly challenging in infants and subjects who
cannot give reliable behavioral feedback. In such cases, objective CI fitting
based on electrophysiological measurements could be used.

Objective CI fitting based on electrophysiological measurements is currently
under investigation. Transient responses to low-rate stimuli measured at the
electrode-nerve interface (ECAPs) and at the brainstem level (EABRs) have
been investigated as objective measures for threshold estimation. However, the
threshold values obtained with these methods that use low-rate stimuli are
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only moderately correlated with behavioral thresholds to high-rate pulse trains
[17, 21, 70, 104].

Objective CI fitting based on electrically evoked auditory steady-state responses
(EASSRs) is also being researched. EASSRs are neural steady-state responses to
electrical stimuli with a periodicity, such as a modulated pulse train. They are
the electrical analogue of auditory steady state responses (ASSRs), which are
evoked acoustically, and can be recorded with head mounted scalp electrodes.
ASSRs are the result of neural phase-locking to an auditory stimulus and the
response is believed to result from different brain regions, depending on the
repetition or modulation frequency of the stimulus (further called response
frequency) [59, 115]). (E)ASSRs can be detected in the frequency domain
at the response frequency by means of a statistical test, e.g., an F-test or a
Hotelling T2 test [41, 115].

EASSRs are corrupted by electrical stimulation artifacts, which can be caused by
both the electrical stimulation pulses and the RF communication link between
the external speech processor and the implant. The former can have a periodic
component at the response frequency which may distort the neural response [65].
Figure 2.1 shows the EEG signal recorded on two channels in time and frequency
domain, for subthreshold stimulation. Both EEG signals have a component at
the modulation frequency, which is caused by the electrical stimulation since
no neural response is assumed to be present. The spatial distribution of the
spectral component at the modulation frequency is shown in the topography
plot, indicating that the electrical stimulation artifact is present on all recording
electrodes. The amount of distortion is highly subject-dependent, and is affected
by the stimulation parameters and the recording electrode positions. Stimulation
in monopolar mode results in larger CI artifacts than in bipolar mode [64, 85].

It was recently demonstrated that EASSRs in response to high-rate stimuli result
in electrophysiological thresholds that correlate well with behavioral thresholds
for stimulation in bipolar mode [65]. The next step is to evaluate threshold
estimation based on EASSRs for clinically used parameters, in particular for
stimulation in monopolar mode.

Stimulation artifacts contaminating the EEG are a problem in various domains
where electrical or magnetic stimulation is used, including deep brain stimulation,
transcranial magnetic and current stimulation, somatosensory and cochlear
implant stimulation.

Changes to the measurement set-up, such as maximum separation of stimulation
and recording electrode leads, proper grounding of amplifier and subject,
and careful skin preparation can help to reduce artifact amplitudes [64, 73].
However, none of these measures can completely prevent the presence of excessive
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Figure 2.1: Example of a CI artifact for S8, with a CI at the right side,
measured with 37 Hz AM 900 pps pulse trains at a subthreshold stimulation
amplitude. Left: time and frequency domain signals at recording electrodes
TP8 (ipsilateral) and TP7 (contralateral), referenced to Cz. Right: spatial
distribution of spectral power at the modulation frequency, referenced to Cz.
The units of the topography plot are dBnV = 20 log10 nV , where 1 µV
corresponds to 60 dBnV and 0.1 µV corresponds to 40 dBnV . No neural
response is expected to be present, as subthreshold stimulation levels were used.

stimulation artifacts in the EEG. Optimal reference electrode placement has
been investigated for transient responses to cochlear implant stimulation [47],
but optimal selection of reference electrode has not yet been assessed for
artifact removal in EASSR measurements. Stimulus design can also help to
avoid stimulation artifacts: responses to alternating polarity pulses have been
averaged in order to reduce the stimulation artifact [75, 93], or short stimuli have
been used such that the stimulation artifact has decayed before the response
occurs [93]. Adjustments to the stimuli are not desirable in our case, because
we want to measure EASSRs to clinically used stimuli. Therefore, stimulation is
restricted to cathodic-first, biphasic pulses, with fixed pulse width and interphase
gap, presented at high rates and in monopolar mode.

Artifact elimination methods remove EEG channels or epochs that are
contaminated with artifact. This is done for example with ocular artifacts
in the EEG. However, all epochs are affected by stimulation artifacts in EASSR
measurements because of the continuous stimulation. Furthermore, most
recording channels are affected by stimulation artifact. Therefore, artifact
elimination methods are not appropriate for artifact removal in EASSR
measurements, since almost all data would be rejected.
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Several methods have been proposed for stimulation artifact minimization.
Single channel techniques include frequency [2], time-frequency [130, 124, 151],
or adaptive filtering [111, 67, 13, 14, 92, 78]. Template subtraction [145, 95,
43, 146] has also been investigated. In the case of EASSR, frequency domain
filtering is inappropriate because the stimulation artifact has a component
at the response frequency. For adaptive filtering and template subtraction,
assumptions concerning the stimulation artifact shape or filtering process need
to be made.

Interpolation methods [58, 64, 65, 63] have also been used. For time-restricted
stimulation artifacts, an interpolation can be applied between a pre-artifact
and post-artifact sample, effectively removing the stimulation artifact. This
method is only successful if the interpulse interval is larger than the stimulation
artifact duration, and it has been validated for EASSR measurements in bipolar
stimulation mode.

Multichannel techniques such as beamforming [149], PCA [93] and ICA [47,
93, 143, 142, 1, 117, 147, 60, 80, 119] were investigated in various domains. CI
stimulation artifacts have successfully been removed from the EEG for transient
responses using multichannel methods, but these methods have not yet been
investigated for steady state responses. Clinically, multichannel EEG systems
are expensive and require more subject preparation time.

The aim of this study is to characterize the CI artifact for modulated high-rate
pulse trains stimulated in monopolar mode and investigate the feasibility of
stimulation artifact removal with linear interpolation. Modulated pulse trains
are a model for the electrical pulse sequences after processing of speech in the CI
processor. Linear interpolation was chosen as the CI artifact removal method,
because its efficiency has been demonstrated for bipolar stimulation, and because
it can be applied to single channel data. The CI artifact characterization will help
to explore the feasibility of other above mentioned CI artifact removal methods.
The influence of reference electrode position on the CI artifact characteristics
and the operating limits of the interpolation method will be investigated.

2.2 Materials and methods

The CI artifact consists of two main parts from the RF communication link
(the RF artifact) and from the electrical stimulation (the STIM artifact). The
CI artifact is time-locked to the electrical stimulation pulses and can contain
a frequency component at the modulation frequency [64, 65], as can be seen
in Figure 2.1 for recorded data and Figure 2.2 for simulated cases. This may
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result in distorted EASSR properties such as amplitude and phase and false
positive EASSR detections.

In Cochlear Nucleus® implants, the stimulation amplitude of the pulses is
nonlinearly encoded in the RF transmission and is therefore constant for
stimulation pulses with different amplitudes [95, 152], whereas the STIM artifact
amplitude is related to the stimulation pulses’ amplitude. For stimulation with
unmodulated pulse trains, both the RF and the STIM artifact are present at the
response frequency (namely the repetition frequency of the stimulation pulses).
For stimulation with high-rate modulated pulse trains, only the STIM artifact
is present at the response frequency (namely the modulation frequency of the
stimulation pulses). Furthermore if the STIM artifact is symmetric, no STIM
artifact will be present at the response frequency, as can be seen in Figure
2.2. In the following, we only consider stimulation with high-rate modulated
pulse trains. In this case, only the STIM artifact components are problematic
for EASSR measurements as they may have a contribution at the modulation
frequency.

The scaling of the CI artifacts with increasing stimulation amplitude is quantified
by means of the slope of the CI artifact amplitude growth function (AGF).
If the slope is zero, the CI artifacts do not scale with changing stimulation
amplitude, which indicates that they will not be present at the modulation
frequency. If CI artifacts are present at the modulation frequency, they can
possibly be removed with a linear interpolation. However, this only works if the
CI artifact is shorter than the interpulse interval. Therefore, the STIM artifact
duration is also quantified.

EASSRs were measured in 11 subjects with a Cochlear Nucleus® CI with
stimulation below the subject’s behavioral threshold level. Details about
subjects, stimulation and recording setup are described in Sec. 2.2.1, 2.2.2
and 2.2.3, respectively. CI artifact AGF intercepts and slopes and STIM artifact
durations were determined for all subjects as described below in Sec. 2.2.4. All
signal processing and statistical analyses were done in MATLAB R2013a.

2.2.1 Subjects

In total, 11 adult subjects participated in the experiments. They all had a
Cochlear Nucleus® CI. Details can be found in Table 2.1. All subjects took
part voluntarily and signed an informed consent form. The experiments were
approved by the medical ethics committee of the University Hospitals Leuven
(approval number B32220072126).
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Figure 2.2: Simulated CI artifact spectrum for unmodulated pulse trains
presented at a repetition frequency of 40 pps (left) and for high-rate (900 pps)
40 Hz AM pulse trains (right), in the case of symmetric (top) and asymmetric
CI artifacts (bottom).

2.2.2 Stimulation setup

An in-house developed stimulation software platform generated the electrical
stimulation pulse sequences with specified stimulation parameters, such as pulse
rate, modulation frequency, stimulation electrode, etc. [64]. The electrical
pulse sequences were sent to a programming device (POD) connected to a L34
research speech processor provided by Cochlear Ltd, thereby bypassing the
subject’s clinical speech processor.

Cochlear Nucleus® implants have two return electrodes outside the cochlea, i.e.,
the casing and the ball electrode. All subjects were stimulated in monopolar
mode MP1+2, i.e., between an intracochlear electrode and the two extracochlear
return electrodes which are electrically coupled [148]. An intracochlear electrode
in the middle of the array was used: electrode 11 was used for all subjects
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Table 2.1: List of subjects with Cochlear Nucleus® implant details. S: subject
identifier; Sex: M: male, F: female; Age: age in years; Exp: CI experience in
years; Side of implantation: R: right, L: left; PR: pulse rate tested.

S Sex Age Exp Implant type Side PR
500 pps 900 pps

S1 F 55 16 CI24R L x
S2 M 64 11 CI24R L x x
S3 M 19 17 CI24M L x
S4 F 85 5.7 CI24R L x x
S5 M 74 1.2 CI24RE R x
S6 M 52 1.7 CI24RE R x
S7 M 64 16 CI24R L x x
S8 M 52 1.9 CI24RE R x x
S9 F 44 0.5 CI422 R x x
S10 F 77 1.9 CI24Re L x
S11 F 63 2.5 CI24RE R x

except S1, for whom electrode 13 was used. The stimuli consisted of amplitude-
modulated (AM) pulse trains with modulation frequencies in the 40 Hz-range,
which is often used for testing adults because large responses are expected here.
Clinically used symmetric biphasic pulses with a pulse width of 25 µs and an
interphase gap of 8 µs were used for stimulation.

Threshold and comfort levels were determined for stimulation with unmodulated
(Tu and Cu) and AM pulse trains (Tm and Cm). The T level is the stimulation
amplitude (in Cochlear clinical current units (cu), a unit of electrical current)
that elicits a just perceivable auditory perception. The C level is the stimulation
amplitude at perceived maximum comfortable loudness. For AM pulse trains,
the determined Tm and Cm refer to the maximum amplitude of the AM pulse
trains that result in a just perceivable auditory sensation and a maximally
comfortable sound, respectively.

Two stimulation pulse rates were tested: 500 pps which is at the lower end of
clinically used stimulation, and 900 pps which is the default pulse rate used in
Cochlear Nucleus® implants. The stimuli were modulated with frequencies in
the 40 Hz range. Subjects were stimulated at subthreshold stimulation pulse
train intensities, with modulation depth equal to Cm−Tu

Cm+Tu
, during 5 minutes.
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2.2.3 Recording setup

To study the effect of reference electrode position, a 64-channel active-electrode
BioSemi ActiveTwo DC EEG recording system was used. The system has a 24
bit resolution over a dynamic range of 524 mVPP and a sampling rate of 8192 Hz
was used. The recording setup has a built-in analog 5th order sinc low-pass
filter with a cutoff frequency of 1638 Hz. Recording electrodes were placed on
the subject’s head according to the positions of the international 10-20 system
[74]. A trigger signal was sent to the recording system for synchronization at
the beginning of each recording epoch of 1.024 s. After EEG signal recording
during 5 minutes, the signals were re-referenced offline to three commonly used
reference schemes: average reference, vertex reference Cz, and forehead reference
Fpz.

The recordings were made in a soundproof and electrically shielded room.
Subjects were seated in a comfortable chair and were asked to move as little as
possible. A silent but subtitled movie of their choice was played, to guarantee
the same attentional state across subjects and measurements.

2.2.4 CI artifact characterization

CI artifact amplitude growth

The CI artifact AGF A(As) shows how the CI artifact amplitude A changes
with increasing stimulation pulse amplitude As.

The CI artifact amplitude Ap was determined for every stimulation pulse.
Let xp(t, c) be the EEG signal following pulse p (with stimulation amplitude
As(p) µA) at time t and channel c. In the following, we will make abstraction
of the channel c as the method can be applied to every channel separately. Ap
(in µV ) was defined as the sum of the pulse’s maximal and minimal amplitude.

Ap = |maxt xp(t) + mint xp(t)| (2.1)

For symmetrical artifacts, with equal negative and positive amplitudes, Ap will
be zero. For asymmetrical artifacts, Ap will differ from zero.

For each stimulation pulse p stimulated at amplitude As(p), the maximal
and minimal EEG amplitudes were determined and summed, resulting in
Ap. Next, these values were averaged for all pulses presented at the same
stimulation amplitude, such that one CI artifact amplitude A is determined for
each stimulation pulse amplitude As. In a first approximation, the CI artifact
AGF A(As) can be modeled as a linear function of As: A(As) = mAs + I with
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Figure 2.3: CI artifact AGFs for S1 and S8, measured with 37 Hz AM 900 pps
pulse trains at a subthreshold stimulation amplitude, between an ipsilateral
occipital electrode (O2) and forehead reference electrode (Fpz).

intercept I and slope m = atan(θ◦), as shown in Figure 2.3. The best linear fit
was determined for every channel with a least squares procedure, resulting in
values for the intercept I and slope θ.

The intercept I represents asymmetric CI artifact components that are constant
across stimulation pulse intensities; these artifact components are mainly caused
by the RF artifact. The slope θ represents asymmetric CI artifact components
that change with increasing stimulation pulse amplitude, namely the STIM
artifact. If the CI artifact is symmetric, both θ and I will be zero. If θ is zero
and I is non-zero, the CI artifact is mainly caused by RF transmission. If both
θ and I are non-zero, the CI artifact consists of RF and STIM artifact. Only the
STIM artifact components are problematic for EASSR measurements as these
are the only components that have a contribution at the modulation frequency.

A slope of 1◦ corresponds to an increase of 0.017 µV/µA. In this study, the
stimulation amplitude range averaged over subjects is about 100 µA. Therefore,
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the amplitude difference between the largest and smallest pulse amplitude for
θ = 1◦ is 1.7 µV for an average subject. This is a large value, compared to
the neural response which has amplitudes between 20 and 500 nV for average
subjects in the 40 Hz range [65].

CI artifact AGFs were constructed for all subjects. Examples of such AGFs
are shown in Figure 2.3. Pulse rates of 500 and 900 pps were used, although
not all subjects were tested with stimulation at both pulse rates, as shown in
Table 2.1. The DC bias was removed from the recorded EEG signals with a
second-order 2 Hz high-pass filter and the EEG signals were re-referenced to
either average reference, Cz, or Fpz. The values of the intercept I and slope
θ of the CI artifact AGF were determined for every recording channel and for
different recording electrode configurations.

STIM artifact duration

Artifacts were removed by linear interpolation between a pre-stimulus and post-
stimulus sample. The time between the pre- and post-stimulus samples is called
the interpolation duration d. The maximum possible interpolation duration is
defined as the interpulse interval, which is the inverse of the pulse rate, and
equals 2 ms and 1.1 ms for stimulation at 500 and 900 pps, respectively. In
this case, one sample per pulse period, the pre-stimulus sample, is retained. A
linear interpolation was applied between the pre-stimulus sample at −100 µs and
post-stimulus samples varying between +500 and +1900 µs, in steps of 100 µs for
500 pps. For 900 pps, post-stimulus samples varying between +500 and +900 µs,
were used, in steps of 100 µs. The sampling rate is not an exact multiple of the
pulse rate. Therefore, the start of a stimulation pulse is not exactly aligned to a
sample. The start and end samples of the interpolation are calculated for each
pulse separately, by rounding the start and end time of the interpolation to the
nearest sample. Looking over the whole recording, the average time between
the start of the interpolation interval and the start of a stimulation pulse is
equal to the pre-stimulus interpolation duration. Equivalently, the average time
between the start of a stimulation pulse and the end of the interpolation interval
is equal to the post-stimulus interpolation duration. Post-stimulus samples
before +500 µs were not used, as the CI artifact peak lasts for about 500 µs, as
can be seen in Figure 2.4.

After linear interpolation, the signals were filtered with a second-order 2 Hz
high-pass filter, re-referenced to either average reference, Cz or Fpz, and split
into 1.024 s epochs. The 300 resulting epochs, corresponding to a 5 min
recording length, were then averaged to reduce the noise level n. Then, the
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Figure 2.4: CI artifact pulse (top) and Am(d) AGF with increasing interpolation
duration d for subject S2 (bottom). Stimulation below T level at 500 pps, for
ipsi- and contralateral recording electrodes. The STIM artifact durations are
indicated in dash-dotted lines. Reference electrode Cz.

resulting spectral amplitudes Am at the modulation frequency in function of
the interpolation duration d were determined, as illustrated in Figure 2.4.

When the interpolation duration is shorter than the STIM artifact, Am(d) may
still contain some STIM artifact. However, Am(d) decreases with increasing
interpolation duration, as a larger part of the STIM artifact is then canceled.
When the interpolation duration is longer than the STIM artifact duration,
Am(d) stabilizes at the neural response amplitude, namely the real EASSR
amplitude. Am(d) stabilizes to the noise level, in our case, as no neural response
is expected to be present for subthreshold stimulation.

An Am(d) AGF example is shown in Figure 2.4. The differences in Am for
increasing interpolation duration d were compared to the noise level after
averaging n. The STIM artifact duration D was defined as the shortest
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interpolation duration for which this difference did not exceed the subject
dependent noise level n, which is approximately 50 nV.

D = d : [Am(d)−Am(d− 1)] < n (2.2)

If Am(d) did not saturate, meaning that the difference in Am(d) was not smaller
than the noise level for any interpolation duration d, the STIM artifact duration
D was set equal to the maximal interpolation duration.

Statistical analyses

The intercept I and slope θ of the CI artifact AGF and the STIM artifact
duration D were determined as described above for all recording electrodes
and for three reference electrode configurations in all subjects. Left and right
recording electrodes were switched for subjects with a CI at the right hand side,
to put the results in the same figure for subjects with a CI at the left and right
hand side. The resulting signals were averaged across all subjects to obtain the
average CI artifact profile shown in Figure 2.5. This may give a blurred view,
as CI artifacts may be localized slightly differently in all subjects.

In the following, only recording electrodes located in the posterior part of the
head (Tx,C(P)x,P(O)x,Ox,Ix) were considered. For each subject, the median
value of θ, I and D over the recording electrodes was determined. A statistical
analysis investigating the effect of reference electrode, hemisphere, and pulse
rate on θ, I and D was carried out. All effects are reported at a significance
level of 5 %. The data were not normally distributed according to a Jarque-Bera
test, and therefore only nonparametric tests were used. A Friedman analysis
was used to investigate the effect of reference electrode on the CI artifact AGF
slope and STIM artifact duration for each pulse rate and for each hemisphere.
The effect of hemisphere was investigated using Wilkinson signed rank tests
(averaging the results for reference electrodes Cz and Fpz). The influence of
pulse rate on CI artifact AGF slope and STIM artifact duration was checked
for each hemisphere (averaging the results for reference electrodes Cz and Fpz),
using Wilkinson rank sum tests.

2.3 Results

2.3.1 CI artifact AGF slope and intercept

CI artifact AGF slopes and intercepts are shown in Figure 2.6 and 2.7. The
CI artifact is symmetric if both θ and I are zero and this is only the case for
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Figure 2.5: Mean slope θ and intercept I of the CI artifact AGF and mean STIM
artifact duration, averaged over all subjects with recordings with stimulation
at 500 pps. Average reference (left column) and reference electrode Cz (right
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subject S1 (Figure 2.7).

Most subjects had a CI artifact AGF similar to that of subject S8 in Figure
2.3. The CI artifact slope is different from zero, which means that the STIM
artifact contributes to the CI artifact.

The variability of the CI artifact AGF intercepts is smaller in the contralateral
hemisphere than in the ipsilateral hemisphere. This is probably because these
channels are located further away from the RF coil, and are thus less influenced
by the RF artifact. However, in some subjects e.g., S9 and S11 for 500 pps and
S8 and S9 for 900 pps, significant RF artifact seems to be present, as large CI
artifact AGF intercepts are found in these subjects. However, the variability
is small. It is assumed that the cause of the RF artifact on these recording
channels is the re-referencing. If the reference contains significant RF artifact,
this artifact is present and similar for all recording channels after re-referencing.
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Figure 2.6: CI artifact AGF slope θ and intercept I for ipsi- and contralateral
posterior recording electrodes for each subject with recordings with stimulation
at 500 pps. Reference electrode Cz. The boxplot shows the median and 25th (q1)
and 75th percentiles (q3) over the selected recording electrodes for each subject.
Outliers (+) are all data points that fall outside the range [q1 ± 1.5(q3 − q1)] .

2.3.2 STIM artifact duration

Figure 2.8 shows STIM artifact durations D for each subject separately, on
all ipsilateral and contralateral posterior recording electrodes respectively. For
stimulation at 500 pps, the median STIM artifact duration at the ipsilateral
posterior electrodes is 1.4 ms, although the STIM artifact duration is close
to or longer than 2 ms at some electrodes in some subjects (Figure 2.8). For
stimulation at 900 pps, the determined STIM artifact duration is equal to 1.1
ms in almost all subjects at ipsilateral recording electrodes. D is thus larger
than the maximum possible interpolation duration.

At contralateral recording electrodes, the median STIM artifact duration is 0.9
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Figure 2.7: CI artifact AGF slope θ and intercept I for ipsi- and contralateral
posterior recording electrodes for each subject with recordings with stimulation
at 900 pps. Reference electrode Cz.

and 1 ms at 500 and 900 pps, respectively. For stimulation at 900 pps, D is
close or equal to 1.1 ms in some subjects (Figure 2.8).

2.3.3 Influence of reference electrode and hemisphere

The slope θ and intercept I of the CI artifact AGF and the STIM artifact
duration D are largest in the proximity of the implant (Figure 2.5). θ, I and
D are larger in the contralateral hemisphere for average reference than for
reference electrode Cz.

For stimulation at 500 pps, a significant influence of reference electrode on
CI artifact AGF slopes was found in the ipsilateral (χ2(2) = 7.8, p = 0.021)
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Figure 2.8: STIM artifact duration for ipsi- and contralateral posterior recording
electrodes for each subject with recordings with stimulation at 500 pps and
900 pps. Reference electrode Cz. Dotted lines indicate the minimum and
maximum possible interpolation duration at 500 and 900 pps.

and the contralateral hemisphere (χ2(2) = 6.8, p = 0.034), see Figure 2.9.
In the ipsilateral hemisphere, larger CI artifact AGF slopes were found for
the Fpz reference electrode montage. In the contralateral hemisphere, more
variation in CI artifact AGF slope is observed when reference electrode Cz
is used compared to when reference electrode Fpz is chosen. For stimulation
at 900 pps, a significant influence of reference electrode on CI artifact AGF
slopes was found in the ipsilateral hemisphere (χ2(2) = 9, p = 0.011) and in the
contralateral hemisphere (χ2(2) = 7, p = 0.030).

For stimulation at 500 pps, a significant influence of reference electrode on CI
artifact AGF intercept was found in the contralateral (χ2(2) = 7, p = 0.030),
but not in the ipsilateral hemisphere (χ2(2) = 1.0, p = 0.607), see Figure
2.10. In the contralateral hemisphere, smaller CI artifact AGF intercepts
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Figure 2.9: CI artifact AGF slope θ per pulse rate (500 and 900 pps), hemisphere
(ipsi- and contralateral) and reference electrode (average reference, Cz and Fpz).
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and 0.001, respectively.

were found for the Fpz reference. For stimulation at 900 pps, no significant
influence of reference electrode on CI artifact AGF intercepts was found in
the ipsilateral hemisphere (χ2(2) = 1.75, p = 0.417) or in the contralateral
hemisphere (χ2(2) = 0.75, p = 0.687).

For stimulation at 500 pps, the reference electrode was found to have a significant
influence on STIM artifact duration on ipsilateral (χ2(2) = 6.1, p = 0.048)
and contralateral electrodes (χ2(2) = 14.6, p < 0.001). In the contralateral
hemisphere, shorter STIM artifact durations were found for the Fpz reference.
In the ipsilateral hemisphere, the STIM artifact duration is larger than the
maximum possible interpolation duration for stimulation at 900 pps. Therefore
the influence of reference electrode on the STIM artifact duration was only
checked in the contralateral hemisphere. The reference electrode was found
to have a significant influence on STIM artifact durations in the contralateral
hemisphere (χ2(2) = 13.0, p = 0.002). Shorter STIM artifact durations were
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Figure 2.10: CI artifact AGF intercept I per pulse rate (500 and 900 pps),
hemisphere (ipsi- and contralateral) and reference electrode (average reference,
Cz and Fpz).

again found for the Fpz reference.

For stimulation at 500 pps there was a significant effect of hemisphere on CI
artifact AGF slope, offset and STIM artifact duration (p = 0.008, p = 0.008,
and p = 0.008, respectively). Prior to the statistical analysis results for reference
electrodes Cz and Fpz were averaged. For these reference electrodes, the CI
artifact AGF slope is smaller and STIM artifact duration is shorter in the
contralateral hemisphere. For stimulation at 900 pps, a significant effect of
hemisphere was found on the CI artifact AGF slope and intercept (p = 0.016
and p = 0.016, respectively), with smaller CI artifact AGF slopes and intercepts
in the contralateral hemisphere. The effect of hemisphere on STIM artifact
duration could not be investigated, as the STIM artifact duration is longer than
the maximal interpolation duration in the ipsilateral hemisphere.
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Figure 2.11: STIM artifact duration per pulse rate (500 and 900 pps), hemisphere
(ipsi- and contralateral) and reference electrode (average reference, Cz and Fpz).
Dashed and dotted lines indicate the maximum possible interpolation duration
at 500 and 900 pps, respectively. The dash-dotted line indicates the minimum
interpolation duration used for the analysis.

2.3.4 Influence of pulse rate

No significant influence of pulse rate on CI artifact AGF slope was found, for
neither of the hemispheres (p = 0.798 and p = 0.721 for ipsi- and contralateral
hemisphere, respectively). No significant influence of pulse rate on CI artifact
AGF intercept was found, for neither of the hemispheres (p = 0.235 and
p = 0.328 for ipsi- and contralateral hemisphere, respectively). No significant
influence of pulse rate on STIM artifact duration was found in the contralateral
hemisphere (p = 0.343). STIM artifact durations for both pulse rates could
not be compared in the ipsilateral hemisphere, as the STIM artifact duration
exceeded the maximum possible interpolation duration at 900 pps.
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2.4 Discussion

In this study, the CI artifact was characterized based on three properties,
namely, the CI artifact AGF slope and intercept and the STIM artifact duration.
The CI artifact AGF slope and STIM artifact duration describe how the CI
artifact scales with stimulation amplitude and how long it takes the STIM
artifact to have decayed completely, respectively. Significantly larger CI artifact
AGF slopes and intercepts and STIM artifact durations are found at ipsilateral
recording electrodes than at contralateral ones. For electrodes positioned at
the contralateral side, the reference electrode location can have an influence on
the CI artifact AGF slope and intercept (for stimulation at 500 pps) and STIM
artifact duration. No significant influence of pulse rate on any property has been
found. Based on the STIM artifact durations (Figure 2.8), it should be possible
to remove STIM artifacts at contralateral electrodes with a linear interpolation
for stimulation at 500 pps. For stimulation at 900 pps, more advanced methods
are needed.

It is not recommended to use average reference subtraction with CI stimulation.
When the subtracted reference contains more artifact than the channel from
which it is subtracted, the resulting signal in that channel could contain more
CI artifact after reference subtraction than before. Large CI artifact signals
present at some electrodes will bias the mean signal over channels, resulting in
large CI artifacts at all channels after reference subtraction.

The reference electrode has not only an influence on the CI artifact
characteristics, but also on the detected EASSR. The source of the EASSRs
is oriented along a dipole. In order to record reliable EASSRs with maximal
amplitudes, the analysis and reference electrodes should be placed on opposite
sides along the axis of this dipole. The location of the EASSR source in the brain
varies with varying modulation frequencies. EASSRs to modulation frequencies
in the 40 Hz range (20−60 Hz) originate from sub-cortical sources [59]. Whether
it is possible to adequately record EASSRs with a specific combination of analysis
and reference electrodes thus depends on the selected modulation frequency.
EASSRs were also recorded at suprathreshold stimulation levels for the same
subjects, and for the modulation frequencies we tested in the 40 Hz range,
it was still possible to record reliable EASSRs when reference electrode Fpz
was selected (data not presented). Reference electrode Fpz is also often used
in clinical auditory brainstem response (ABR) and ASSR measurements in
infants [55]. It should be noted that referencing the data to Fpz can lead to
increased noise levels, resulting in reduced EASSR detections or requiring longer
measurement times.

Only one subject had symmetric CI artifacts, that did not scale with increasing
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stimulation amplitude. CI artifacts had a contribution at the modulation
frequency for all other subjects.

The amplitude Am at the modulation frequency, consisting of contributions
from the STIM artifact and the neural response, reduces with increasing
interpolation duration. The Am difference for subsequent interpolation durations
was compared to the noise level after averaging. The STIM artifact duration is
the interpolation duration for which this difference becomes smaller than the
noise level. Because we look at the saturation of Am, and not at its absolute level,
this method can also be applied to recordings with stimulation at suprathreshold
levels. Furthermore, the time T over which the EEG signals were averaged
plays an important role here, since the noise level is dependent on this. The
noise level is reduced with a factor

√
2 each time the averaging time is doubled.

The STIM artifact duration thus determines whether the STIM artifact can
be removed by linear interpolation for recording time T . For longer recording
times, the contribution of the STIM artifact may not be below the noise level
and the STIM artifact is possibly not completely removed by applying linear
interpolation.

For stimulation at 500 pps, the STIM artifact can be removed at contralateral
recording electrodes with a linear interpolation. In the contralateral hemisphere,
the variability of θ (for stimulation at 500 pps) and D was smaller for more
frontal reference electrodes, see Figure 2.9 and Figure 2.11. Therefore, for
recording electrodes in the contralateral hemisphere, the chance that the STIM
artifact duration is longer than the maximum possible interpolation duration is
reduced by choosing a more frontal reference electrode.

Linear interpolation is not sufficient to examine responses at ipsilateral recording
electrodes or for stimulation pulse rates higher than 500 pps. Other stimulation
artifact removal methods should therefore be examined. Further modeling of CI
artifacts could allow template subtraction or adaptive filter design for CI artifact
removal. Multichannel methods could possibly be used, with the disadvantage -
for CI fitting purposes - that these require a more expensive setup and more
subject preparation time.

Only subjects with Cochlear Nucleus® implants participated in this study.
However, the stimulation artifacts caused by implants from other manufacturers
should be examined, using the methods presented here. Differences can be
expected, as other manufacturers use different clinical parameters.

In this study, a 64-channel recording set-up was used, which allowed to
investigate the influence of reference electrode position on the CI artifact
characteristics. Setups with less channels can usually be operated at higher
sample rates and have low pass filters with higher cut-off frequencies, which
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could result in shorter STIM artifact durations. The method presented in this
study can still be used to determine the STIM artifact duration and the required
interpolation duration.

In this study, subjects were only tested at subthreshold stimulation amplitudes.
STIM artifact durations may be larger for suprathreshold stimulation amplitudes.
Larger stimulation amplitudes may result in larger CI artifact amplitudes.
Assuming that the decay constant does not change, it takes longer for larger CI
artifact amplitudes to decay below the noise level. However, 11 subjects were
tested, where the stimulation amplitudes used were just below the subject’s
behavioral T levels. The range of T levels observed in these subjects is quite
diverse, resulting in maximum stimulation pulse amplitudes used between 108
and 190 cu, and between 86 and 167 cu for stimulation at 500 and 900 pps,
respectively. We would argue that the results from this study are representative,
since a wide variety of stimulation levels was used.

Here only one stimulation electrode in the middle of the array was used. Future
research should focus on the influence of stimulation electrode position on CI
artifact characteristics, which can be evaluated with the tools presented in this
study.

2.5 Conclusion

In most subjects, the CI artifact was at least partly caused by the STIM
artifact. Based on the data presented in Figure 2.5, 2.9, 2.10 and 2.11, it
is not recommended to use average reference for EASSR measurements. CI
artifact AGF slopes and intercepts and STIM artifact durations are larger in
the contralateral hemisphere for the average reference configuration than Cz or
Fpz reference. In the contralateral hemisphere, the reference electrode has a
significant influence on the CI artifact AGF slope and intercept for stimulation
at 500 pps and on the STIM artifact duration. In the contralateral hemisphere,
smaller variabilities in CI artifact AGF slopes (at 500 pps) and STIM artifact
durations were observed when more frontal reference electrodes were used.
STIM artifact durations were between 0.7 and 1.7 ms and 0.7 and 2 ms, at
contralateral and ipsilateral recording electrodes, respectively. This should make
it possible to remove the CI artifact at the contralateral recording electrodes
with a linear interpolation in most subjects, for stimulation at 500 pps. For
stimulation at 900 pps or for stimulation at 500 pps at ipsilateral recording
electrodes, more advanced CI artifact attenuation methods are needed.





Chapter 3

Independent component
analysis for cochlear implant
artifacts attenuation from
electrically evoked auditory
steady-state response
measurements

Abstract

Objective: Electrically evoked auditory steady-state responses (EASSRs) are
potentially useful for objective cochlear implant (CI) fitting and follow-up of the
auditory maturation in infants and children with a CI. EASSRs are recorded
in the electro-encephalogram (EEG) in response to electrical stimulation with
continuous pulse trains, and are distorted by significant CI artifacts related to
this electrical stimulation. The aim of this study is to evaluate a CI artifacts

This chapter is an adapted version of the article Deprez, Hanne, et al. “Independent
component analysis for cochlear implant artifacts attenuation from electrically evoked auditory
steady-state response measurements.” Journal of Neural Engineering 15(1) (2018): 16006.
Changes are limited to layout and representation aspects, and minor editing.
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attenuation method based on independent component analysis (ICA) for three
EASSR datasets.

Approach: ICA has often been used to remove CI artifacts from the EEG to
record transient auditory responses, such as cortical evoked auditory potentials.
Independent components (ICs) corresponding to CI artifacts are then often
manually identified. In this study, an ICA-based CI artifacts attenuation method
was developed and evaluated for EASSR measurements with varying CI artifacts
and EASSR characteristics. Artifactual ICs were automatically identified based
on their spectrum.

Main results: For 40 Hz amplitude modulation (AM) stimulation at comfort
level, in high-SNR recordings, ICA succeeded in removing CI artifacts from all
recording channels, without distorting the EASSR. For lower SNR recordings,
with 40 Hz AM stimulation at lower levels, or 90 Hz AM stimulation, ICA either
distorted the EASSR or could not remove all CI artifacts in most subjects,
except for two of the seven subjects tested with low level 40 Hz AM stimulation.
Noise levels were reduced after ICA was applied, and up to 29 ICs were rejected,
suggesting poor ICA separation quality.

Significance: We hypothesize that ICA is capable of separating CI artifacts and
EASSR in case the contralateral hemisphere is EASSR dominated. For small
EASSRs or large CI artifact amplitudes, ICA separation quality is insufficient
to ensure complete CI artifacts attenuation without EASSR distortion.

3.1 Introduction

Cochlear implants (CIs) can partially restore hearing in severely to profoundly
hearing impaired subjects by electrically stimulating the auditory nerve with
electrical pulse trains. The internal part consists of an electrode array with 12–
22 electrodes inserted in the cochlea, and one or two extra-cochlear electrodes.
Stimulation channels are either between two intra-cochlear electrodes (i.e.,
bipolar mode (BP)), or between an intra-cochlear and an extra-cochlear electrode
(i.e., monopolar mode (MP)). Clinically, high-rate stimulation is used, i.e., ≥ 500
pulses per second (pps) [150]. Furthermore, MP stimulation is typically used
to save battery life, as it requires less current than BP stimulation to elicit an
equal loudness percept [155].

Prior to CI switch-on and during rehabilitation, minimum and maximum
electrical stimulation levels (T and C levels), which vary across stimulation
channels and CI subjects, must be determined during CI fitting. With MP
stimulation, T and C levels vary less across stimulation channels compared
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to BP stimulation, which is another reason that MP stimulation is clinically
preferred. T and C levels are typically determined based on behavioral feedback,
that is not easily obtained from children and subjects with additional disabilities.
Objective CI fitting based on electrophysiological measures is therefore under
investigation.

Electro-encephalogram (EEG) recordings, which have a high temporal and
reasonable spatial resolution, have often been used to study objective CI fitting
[17, 65, 64] and auditory plasticity in CI subjects [48, 52, 51, 127, 128, 129].
Transient responses, i.e., electrically evoked compound action potentials
(ECAPs), cortical auditory evoked potentials (CAEPs) and electrically evoked
auditory brainstem responses (EABRs), as well as electrically evoked auditory
steady-state responses (EASSRs) have successfully been measured in CI subjects
[47, 53, 64, 65, 103, 142, 143, 149].

EASSRs are potentially useful for objective CI fitting, and for studying temporal
processing, auditory maturation and brain plasticity in adults and infants with
a CI. (E)ASSRs are neural auditory steady-state responses, present in the
EEG, which result from neural phase-locking to a periodic stimulus [115].
EASSRs can be evoked with continuous electrical stimulation [64, 65], either
with unmodulated low-rate or modulated high-rate pulse trains. Most speech
coding strategies used in modern CIs use envelope coding to convey information
of the speech signal to the CI user. The envelopes of a series of band pass
filters are used to modulate high-rate pulse trains, and each of these modulated
high-rate pulse trains is applied to a CI stimulation channel corresponding
to the center frequency of the band pass filter. Modulated pulse trains are
therefore a model of the electrical pulse sequences after processing of speech by
the CI processor.

EASSRs offer a number of advantages compared to transient responses. First,
EASSRs are responses elicited by frequency-specific stimuli, activating one
stimulation channel. On the other hand transient responses are often evoked
with non-frequency specific stimuli, and with free field stimulation, activating
multiple stimulation channels. However, it should be noted that transient
responses may also be evoked using narrow-band stimuli and direct stimulation.
Second, EASSRs can objectively be detected at fm, e.g., using an F-test or a
Hotelling T2 test [41, 64, 65, 66], while transient responses are typically assessed
subjectively by examining the latency and amplitude of visually identified
peaks. Although statistical methods could be used for objective detection of
transient responses, this is not routinely used in research or in the clinic. Third,
EASSRs can be elicited using high-rate stimulation, while ECAPs and EABRs
are traditionally measured with low-rate stimulation. T and C levels vary with
stimulation rate [98, 99], and are therefore ideally determined with the clinically
used stimulation rate. Although this is not impossible, it is not straightforward
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to record ECAPs and EABRs with clinically used stimulation rates. T levels
determined with ECAPs and EABRs, using low-rate stimuli, are only moderately
correlated with behavioral T levels [17, 70]. T levels determined with EASSRs,
using high-rate stimulation, correlate well with behavioral T levels, at least for
stimulation in BP mode [65]. The next step is to evaluate T level determination
based on EASSRs for clinically used high-rate MP stimulation in MP mode.

However, the electrical stimulation produced by the CI results in electrical
artifacts in the EEG (see characterization in [37]) that should be removed before
further EEG signal processing. Asymmetric CI artifacts result in components
at fm, distorting the EASSR. The amount of distortion is highly subject,
and stimulation parameter dependent [37]. Factors that may influence CI
artifacts shape, amplitude and duration include, but are not limited to, (1)
the stimulation mode, (2) the stimulation level, (3) the relative placement of
stimulation electrode and ball and casing electrodes, (4) the CI electrode-tissue
interface impedance, (5) the skin-gel-EEG electrode interface impedance, and
(6) the recording reference electrode. A CI artifacts example is given in Figure
3.1.

CI artifacts are larger with stimulation in MP mode compared to BP mode
[69, 85]. A linear interpolation (LI) method, interpolating the signal part
contaminated with CI artifacts, has been used to remove CI artifacts from
EASSRs with stimulation in BP mode [58, 64, 65]. This is only possible
when the CI artifacts duration is shorter than the interpulse interval (IPI),
i.e., the inverse of the stimulation rate fc. It has recently been shown [37],
for Cochlear Nucleus® implants, that overlapping CI artifacts are present in
ipsilateral channels for 500 pps MP stimulation, and in ipsi- and contralateral
recording channels for 900 pps MP stimulation. Non-overlapping CI artifacts
can be removed from contralateral recording channels with LI for stimulation
in MP mode with rates up to 500 pps [37, 53]. In [91] a Kalman filter has
been developed that can remove non-overlapping CI artifacts from EASSRs
with stimulation in BP mode at 900 pps. Recently, a template subtraction
method has been proposed in [38] that has been evaluated for measurements
with overlapping CI artifacts and high-SNR EASSRs. In [40] an independent
component analysis (ICA) based method has been presented that attenuates CI
artifacts in EASSR recordings in one subject for 900 pps MP stimulation. To
our knowledge, no other CI artifacts attenuation methods have been developed
for EASSR recordings with overlapping CI artifacts.

For transient responses (EABRs and CAEPs), many CI artifacts attenuation
methods have been proposed, and a summary is included in [37]. ICA belongs to
the most investigated CI artifacts attenuation methods for transient responses,
and has successfully been applied in [23, 24, 25, 32, 47, 122, 123, 143, 142],
although one case has also been reported where the ICA method does not
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Figure 3.1: Example of CI artifacts for a subject, with a CI at the right side,
measured with 37 Hz AM 900 pps pulse trains at a subthreshold stimulation
amplitude. Left: time and frequency domain signals at recording electrodes
TP8 (ipsilateral) and TP7 (contralateral), referenced to Cz. Right: spatial
distribution of spectral power at the modulation frequency, referenced to Cz.
The units of the topography plot are dBnV = 20 log10 nV , where 1 µV
corresponds to 60 dBnV and 0.1 µV corresponds to 40 dBnV . No neural
response is expected to be present, as subthreshold stimulation levels were used.
Figure (incl. caption) taken from [37].

produce satisfactory results [93]. The goal of ICA is to split multichannel
signals in statistically independent components (ICs), that represent in this case
either the EASSR, CI artifacts, ocular or muscle artifacts, or neural background
noise. In most studies, ICs representing CI artifacts are manually identified
based on temporal and spatial characteristics, and are then rejected. Although
CI artifacts are sufficiently attenuated to study the transient response, it has
also been reported that residual CI artifacts are still observable [47, 143, 142].
Furthermore, CI artifacts are usually expressed on multiple ICs, ranging from
2 to 15 ICs [8, 32, 47, 105, 143]. Note, however, that the number of recording
channels used in the above mentioned studies also differs.

Motivated by the success of ICA-based CI artifacts attenuation methods for
transient responses, an ICA-based CI artifacts attenuation method for EASSRs
with automated IC selection has been developed in [40], and compared to the LI
method in one subject. This study aims to apply and evaluate this method in a
larger pool of subjects, and for different stimulation parameters. Three datasets
were selected, with overlapping and non-overlapping CI artifacts, and EASSRs
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of various SNRs. The first dataset contains high-SNR EASSRs, elicited by 40
Hz AM 500 pps pulse trains presented at C level, resulting in non-overlapping CI
artifacts in contralateral recording channels. The second dataset was acquired
in the same subjects, and contains no or low SNR EASSRs, elicited by 90
Hz AM 500 pps pulse trains presented at C level. Again, non-overlapping
CI artifacts are present in contralateral recording channels. The last dataset
consists of EASSRs with various SNRs, elicited by 40 Hz AM 900 pps pulse
trains presented at various stimulation levels. CI artifacts mostly overlap in
these measurements. For non-overlapping CI artifacts, the results obtained with
the ICA-based CI artifacts attenuation method are compared to the results
obtained with LI. Given the challenges of using ICA for CI artifacts attenuation
in EASSR measurements on the one hand, and the reported success of the
method for cortical responses on the other hand, we do not formulate any
hypothesis concerning the performance of the method. The aim of this study
was to apply the method on several datasets, with a wide variety of CI artifacts
and EASSR characteristics, in order to determine whether the method gives
acceptable results.

3.2 Materials and methods

3.2.1 Datasets

Three datasets, with overlapping and non-overlapping CI artifacts, and
containing EASSRs with various SNRs, were used to evaluate the ICA-based CI
artifacts attenuation method. For all three datasets, all subjects wore Cochlear
Nucleus® implants, see Table 3.1.

The first two datasets, with non-overlapping CI artifacts, are adopted from [53],
where modulation frequency transfer functions (MFTFs) have been acquired for
six adult post-lingually deafened CI subjects in two frequency ranges. In the
MFTF datasets, stimulation at fc = 500 pps was used, where LI successfully
removes CI artifacts in contralateral recording channels [53]. In the contralateral
recording channels, the EASSRs obtained with the ICA method can therefore
be compared to the baseline measures obtained with LI.

The third dataset, with overlapping CI artifacts, was collected specifically for
this study, where amplitude growth functions (AGFs) have been measured in
seven adult post-lingually deafened CI subjects. In the AGF dataset, the clinical
pulse rate of fc = 900 pps for Cochlear Nucleus® implants was used, resulting in
mostly overlapping CI artifacts. No baseline EASSR measures are thus available
for this dataset.
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Five minute recordings were made in a soundproof and electrically shielded
room. Subjects were seated in a comfortable chair and were asked to move as
little as possible. A subtitled movie of their choice was played, to guarantee the
same attentional state across measurements.

MFTF datasets

Two parts of the dataset described in [53] were used to evaluate the ICA-based
CI artifacts attenuation method. EASSRs were recorded for a fm wide range,
between 1 and 100 Hz, during multiple recording sessions. Amplitude modulated
(AM) high-rate fc = 500 pps pulse trains were presented in MP mode, between
intracochlear electrode 11 and the two extra-cochlear electrodes (MP1+2), at
maximum comfort level. T and C levels were determined for stimulation with
unmodulated pulse trains (Tu and Cu), as well as the C level for stimulation
with AM modulated pulse trains (Cm) with minimal level Tu. The stimuli were
AM pulse trains, modulated in amperes between Tu and Cm.

The EEG was recorded with a 64-channel ActiveTwo Biosemi system, with a
sampling rate of 8192 Hz and a built-in low pass filter with 1638 Hz cutoff.
At the start of each 1.024 s epoch, triggers were sent to the recording system.
Modulation frequencies were rounded such that each epoch contained an integer
number of modulation cycles, and such that the modulation phase was the same
at the start of each epoch. In the following, modulation frequencies are rounded
to the nearest integer for easier representation.

EASSRs were prominently present in all subjects, for fm between 30 and 50
Hz [53]. Significant 80–100 Hz fm EASSRs could only be detected in a limited
number of measurements: this could possibly be related to the limited recording
duration, the age of the subjects, or the long period of auditory deprivation in
these subjects [53]. More details can be found in [53].

Here, per subject, seven recordings with fm between 30 and 51 Hz with high-
SNR EASSRs (further called 40 Hz modulation frequency transfer function
(MFTF) dataset), and eight recordings with fm between 80 and 100 Hz with
absent or low SNR EASSRs (further called 90 Hz MFTF dataset), were used
for the evaluation of the ICA-based CI artifacts attenuation method. In subject
S06, only four recordings with fm between 80 and 100 Hz were acquired due to
time constraints during the first recording session.
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AGF dataset

With objective CI fitting in mind, EASSR amplitude growth functions (AGFs)
were measured with fc = 900 pps MP stimulation. If the CI artifacts can
be attenuated successfully, objective T levels can be determined from these
data. Again, T and C levels were determined behaviorally for stimulation with
unmodulated pulse trains (Tu and Cu). The C level for AM modulated pulse
trains with minimal level Tu was determined (Cm). The modulation depth
(MD) was then fixed to MD = Cm−Tu

Cm+Tu
, and the T level for AM modulated

pulse trains was determined (Tm). The stimuli were 37 Hz and 42 Hz AM
pulse trains with fixed modulation depth MD at different stimulation levels,
ranging from below Tm to Cm. Modulation frequencies were again adjusted
such that each epoch contains an integer number of modulation cycles, but in
the report integer values for fm will be used. Stimulation levels were selected
per subject, according to the testing time. In the following, stimulation levels
SL are expressed in %dynamic range (DR), defined as 100 SL−Tm

Cm−Tm
. Hence,

0%DR corresponds to stimulation at Tm. Recordings were obtained with the
same recording system as in [53], described in Section 3.2.1.

3.2.2 Signal processing

The raw signals x[t, c], with t the time index and c the recording channel index,
were stored in a matrix ∈ RNt×Nc , with Nt and Nc the number of time samples
and channels, respectively.

Two recording channel sets were defined for analysis: (1) cL = {CP5, P5, P7, P9,
PO4, PO7, TP7, and O1} in the left hemisphere, and (2) cR = {CP6, P6, P8,
P10, PO4, PO8, TP8, and O2} in the right hemisphere, as shown in Figure 3.2.
As in [53, 38], channels located on top of the CI, and channels with excessive
noise levels, were excluded from the analysis. The set of channels used is detailed
in Table 3.1. Subjects S02 and S04 were included in the MFTF datasets, as well
as the AGF dataset. The channel sets used for analysis of the datasets differ,
due to different placement of the electrode cap in recording sessions taking place
on different dates. Three different signal processing methods were assessed: (1)
no CI artifacts attenuation (NO); (2) linear interpolation (LI); (3) ICA-based CI
artifacts attenuation (ICA). Note that most recording channels were included
for the ICA decomposition, see also Section 3.2.2, and that the channels sets in
Table 3.1 are merely used for analysis. The first two processing methods are
very similar to the methods described in [38].
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Figure 3.2: Recording channel sets cL (left - blue) and cR (right - red) with
reference electrodes Cz or Fpz (green). For a subject with a CI on the right side,
the channel set cL is contralateral (cC) and the channel set cR is ipsilateral (cI).

No CI artifacts attenuation (NO)

To remove DC bias, raw signals x[t, c] were high pass filtered with a zero-phase
second order Butterworth filter with 2 Hz cutoff frequency. The filtered signals
were then split in 1.024 s epochs based on the trigger signal at the start of each
epoch, and 5% of the epochs were rejected based on their peak-to-peak amplitude
to eliminate excessive movement, ocular, and muscle artifacts. The epoch signals
were stored in a three-dimensional tensor XNO[t′, e, c] ∈ RNt′×Ne×Nc , with Nt′
the number of time samples in one epoch and Ne the number of epochs. The
Fourier transform XNO[f, e, c] of the epoch signals was then determined for each
epoch e = 1 . . . Ne and channel c = 1 . . . Nc. These signals were re-referenced to
either Cz or Fpz, as indicated in Table 3.1, by subtracting this reference signal,
resulting in the tensor X rNO[f, e, c].

The average signals X r,CNO[f, e] and X r,INO[f, e] were determined as the mean over
the selected channels cC and cI in the contralateral and ipsilateral hemisphere.
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X r,CNO[f, e] = mean(X rNO[f, e, c])cC
(3.1)

X r,INO[f, e] = mean(X rNO[f, e, c])cI
(3.2)

The synchronous activity mr,C/I
NO , consisting of EASSR and CI artifacts, was

calculated as the component at fm, averaged over epochs.

m
r,C/I
NO = mean(X r,C/INO [fm, e])e (3.3)

The synchronous amplitude and phase were determined as the absolute value
and angle of the synchronous activity.

A
r,C/I
NO = |mr,C/I

NO |

θ
r,C/I
NO = ∠mr,C/I

NO (3.4)

The non-synchronous activity is the standard deviation of the component at
fm over epochs, divided by the square root of the number of epochs Ne.

N
r,C/I
NO = std(X r,C/INO [fm, e])e√

Ne
(3.5)

The Hotelling T2 test [66] compares the real and imaginary components of the
synchronous activity to the non-synchronous activity to determine whether
significant synchronous activity, relative to the neural background noise, is
present. Ar,C/INO and θr,C/INO are used further on to compare the three methods.

Linear interpolation (LI)

A linear interpolation, with duration d = tpost − tpre, was applied for each
stimulation pulse between a pre-stimulus sample tpre and a post-stimulus
sample tpost that are both assumed to be free from CI artifacts.

The maximum value for d is the interpulse interval, i.e., the inverse of the pulse
rate, in this case 2 ms for fc = 500 pps, and 1.1 ms for fc = 900 pps. In
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that case, only one sample per stimulation pulse is retained, and the remaining
samples are interpolated. In accordance to previous studies [53, 38], the pre-
stimulus sample was always chosen at 0.1 ms before the start of the stimulation
pulse, the post-stimulus sample was chosen at either 1.9 ms for fc = 500 pps
or 1 ms for fc = 900 pps, after the start of the stimulation pulse. Further
processing followed the steps outlined above in Section 3.2.2, i.e., high pass
filtering, transformation to frequency domain, averaging over channels and
epochs with (3.1, 3.2, 3.3), synchronous (Ar,C/ILI and θr,C/ILI , with (3.4)) and non-
synchronous activity (Nr,C/I

LI , with (3.5)) calculation, and testing for significant
synchronous activity with the Hotelling T2 test. It has been shown in [53, 37]
that LI sufficiently attenuates CI artifacts in contralateral recording channels
for fc = 500 pps.

ICA-based CI artifacts attenuation (ICA)

Channels located on top of the CI coil were removed prior to ICA decomposition.
All remaining channels were included for the ICA decomposition, and the channel
sets described in Table 3.1 were used for analysis. The raw signals x[t, c] were
filtered with a second-order 2 Hz high-pass filter to remove any DC bias. Next,
the signals were split into epochs of 1.024 s, based on the trigger signal, and
5% of the epochs were rejected to eliminate excessive movement, ocular and
muscle artifacts. The resulting epochs were concatenated and transposed into
X = x[c, t̃], and then used as the input to the Infomax ICA algorithm as
implemented in EEGLAB (v 11.0.5.4b) [34] with default settings. The Infomax
ICA implementation was used, because it has widely and successfully been
applied to EEG data [36, 32, 33, 143, 142, 35]. The ICA algorithm determines
the unmixing matrix W such that the independent components (ICs) S are
obtained from X:

S = W X (3.6)

X = P S (3.7)

The mixing matrix P = W−1 describes how the ICs are mixed together to
reconstructX. ICA aims to separate the EEG signals into statistically maximally
independent ICs. Contrary to the methods used in the above mentioned studies,
here, no band pass filtering or down-sampling was applied to the data in order to
preserve the fc component, that is used for automated artifactual IC selection.
It is possible to use a concatenation of band pass filters, one around fm and one
around fc, that remove background noise signals but preserve the important
frequency components, which could result in a better ICA decomposition.
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ICs corresponding to CI artifacts are normally selected manually based on
temporal and topographic characteristics. Manual IC selection is a subjective
and time-consuming process. Hence, a heuristic approach to automatically select
ICs corresponding to CI artifacts was used. It is assumed that ICs contain either
EASSR, CI artifacts, ocular, or muscle artifacts, or neural background noise.
Only CI artifacts have high frequency components above 200 Hz. Artifactual
ICs can therefore be identified based on the spectral amplitude at fc [40]. It is
not possible to directly identify artifactual ICs based on the spectral amplitude
at fm, because ICs with a significant fm component may represent either CI
artifacts, or a genuine EASSR.

Each IC was reconstructed in channel space, by multiplying the time course
of the IC (i-th row of S for ICi) by its spatial distribution (i-th column of
P for ICi). All ICs with a CI artifacts contribution at fm in any recording
channel higher than the noise level were identified as CI artifacts ICs based
on the component at fc, as explained below. Two assumptions are made
for the CI artifacts IC spectra; (1) the spectral amplitude at the sidebands
fc± fm is related to the spectral amplitude at fc through the modulation depth
MD: Afc±fm

= MD
2 Afc

, which is valid for an ideal AM signal, and (2) the
spectral amplitude at fm is equal to the spectral amplitude at the sidebands:
Afm

= Afc±fm
. The second assumption is based on empirical analysis of the

ratio Afm

Afc±fm
, and not on theoretical relations one may expect based on Fourier

analysis. With these assumptions, we have Afc
= 2

MDAfm
. A threshold ti was

defined for each ICi such that if its spectral amplitude AICi,fc
at fc in source

space, was smaller than the threshold, then the spectral amplitude AICi,c,fm

at fm in channel c after reconstruction, was smaller than the noise level, Nfm .
Mathematically: if AICi,fc

≤ ti, then AICi,c,fm
≤ Nfm

. As the conversion from
source space to channel space for ICi is determined by the i-th column Pi of
the mixing matrix P , the largest contribution of ICi to any channel is thus
given by the largest element of Pi (maxPi

). The resulting threshold ti for ICi
is then equal to 2

MD maxPi
Nfm . All ICs with AICi,fc > ti were removed for

further analysis.

In reality, the CI artifacts are not ideal AM signals and the spectral amplitude
at fm depends on the non-linearity of the CI artifacts propagation. The noise
levels used were 25 nV for the responses in the 40 Hz range, and 5 nV for the
responses in the 90 Hz range, which are the expected Nfm

values, for 5 minute
recordings [65]. Alternatively, noise levels can be determined for each subject
separately.

Because the spectral amplitude at fc is compared to the threshold, and assuming
the ICA decomposition is successful such that each IC contains either EASSR
or CI artifacts, it is ensured that only the CI artifacts are attenuated and that
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the EASSR itself is unchanged. If the ICA decomposition is not successful, ICs
may contain both CI artifacts and EASSR, and rejection of these ICs may lead
to attenuation of the EASSR.

The CI artifacts ICs were identified as described above, and rejected, and the
remaining ICs were projected back to the original recording channels, using the
mixing matrix P . Further processing followed the steps outlined above in Section
3.2.2, i.e., transformation to frequency domain, reference channel subtraction,
averaging over channels and epochs (with (3.1, 3.2, 3.3)), synchronous (Ar,C/IICA

and θ
r,C/I
ICA , with (3.4)) and non-synchronous activity (Nr,C/I

ICA , with (3.5))
calculation, and testing for significant synchronous activity with the Hotelling T2

test.

3.2.3 Evaluation

Response properties after ICA-based CI artifacts attenuation

Evaluating the quality of the CI artifacts attenuation is difficult as there generally
is no golden standard available. However, it has recently been shown that it
is possible to obtain reliable EASSRs in contralateral recording channels with
stimulation at 500 pps and LI [37, 53]. Therefore, for the MFTF datasets, with
fc = 500 pps, EASSR amplitudes Ar,C and phases θr,C should be similar with
LI and ICA-based CI artifacts attenuation.

As in [38, 53], response latencies were determined. The slope of the θ(fm)
curve, which is related to the neural response latency, indicates whether the
measurement is EASSR or CI artifacts dominated. Response latencies increase
with decreasing fm, as neural generators are located higher up in the auditory
pathway for lower fm. For significant EASSRs, the EASSR phase θ(fm) should
thus decrease linearly with increasing modulation frequency fm in the 30–50 Hz
range and in the 80–100 Hz range [53, 115]. CI artifacts are measured in the
EEG almost immediately following stimulation, resulting in very small latencies.
Response phases are therefore stable at multiples of 180 degrees, independent
of the modulation frequency, when measurements are CI artifacts dominated
[53, 64, 65]. The response latency L was calculated as the additive inverse of the
slope of the θ(fm) curve, for the mean contra- and ipsilateral channel. For the
40 Hz MFTF dataset, response latencies were also determined for the individual
channels in the selected sets.

In [53], the response latency was determined for all contralateral recording
channels, and the median (44.2 ms) and interquartile range (6.8 ms) over the
selected channels are used as a reference value in this study. Note that the
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response latency calculation is different in this study: L is determined for the
EEG signal averaged over the channel selection, instead of taking the median
of L calculated for separate channels.

For the AGF dataset, with fc = 900 pps, no ground truth is available. However,
from EEG signals recorded in normal-hearing subjects and in CI subjects with
BP stimulation, there is some knowledge available about the properties of
the EASSR. EASSR amplitudes generally grow nonlinearly with increasing
stimulation levels, and range between 0 to 1000 nV [53, 65, 90, 115]. No EASSR
should be detected below the subjects’ behavioral threshold. The EASSR phase
difference, measured between two different modulation frequencies, should be
stable when an EASSR is present and depends on the modulation frequency
difference [65]. The response latency L can be computed from the two response
phases θ(fm1) and θ(fm2) for the two modulation frequencies fm1 = 37 and
fm2 = 42 Hz.

L = θ(fm2)− θ(fm1)
360°(fm1 − fm2) (3.8)

Noise level reduction and number of rejected ICs

The ICA decomposition aims to separate EASSR, CI artifacts, ocular and
muscle artifacts, and neural background noise. In case of perfect separation, the
neural background noise level and EASSR amplitude should not be attenuated
when the CI artifacts ICs are rejected. For the 40 Hz AGF dataset, there are
no baseline values available for the EASSR amplitude, but the change in neural
background noise level can be used. Neural background noise levels NICA that
deviate much from the initial values obtained without CI artifacts rejection
NNO indicate that the ICA does not completely separate CI artifacts and neural
background noise.

The reduction in neural background noise levels was therefore calculated from
the non-synchronous activity computed with (4.5) in Section 3.2.2, 3.2.2 and
3.2.2, as follows:

∆NLI−NO = N
r,C/I
LI [fm]−Nr,C/I

NO [fm]
N
r,C/I
NO [fm]

(3.9)

∆NICA−NO = N
r,C/I
ICA [fm]−Nr,C/I

NO [fm]
N
r,C/I
NO [fm]

(3.10)
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For each recording, the number of rejected ICs was determined. First, the
number of ICs explaining 99% of the raw signals’ variance (#IC99) was computed.
Second, within the set of ICs explaining 99% of the variance, the number
of rejected ICs (#ICrej ) and the variance explained by these ICs (varICrej )
was determined. For each subject, the mean value and range of #ICrej and
varICrej

were determined over all recordings in this subject. For a perfect ICA
decomposition, it is expected that the CI artifacts are expressed only on a small
number of ICs. Therefore, a large number of rejected ICs indicates that the
ICA decomposition is unsuccessful in completely separating CI artifacts and
EASSR.

3.3 Results

Figure 3.3 shows the first 20 ICs obtained after ICA decomposition for the
first recording in the AGF dataset of subject S07. The amplitude spectrum
up to 1000 Hz is plotted, and the scalp plot shows the spatial distribution of
the IC over the recording channels. The scalp projections were normalized, for
illustration purposes, but scalp projections are usually larger for the first ICs.
Rejected ICs have a clear peak at fc, and show a centroid at the side of the
CI (left for subject S07). In some rejected ICs, the sidebands, caused by the
modulation of the pulse train, are clearly visible. Neural background noise, with
the typical 1/f spectrum, is clearly present in some rejected ICs, e.g., IC9.

Two MFTF datasets and one AGF dataset were used: (1) 40 Hz MFTF, (2) 90
Hz MFTF, and (3) 40 Hz AGF. The results are discussed in detail below.

3.3.1 40 Hz MFTF dataset

Figure 3.4 contains Ar,C/INO , Ar,C/ILI , and A
r,C/I
ICA for the mean contra- and

ipsilateral recording channel. In the mean contralateral channel (left panel),
amplitudes are similar for all three methods and error bars overlap for LI
and ICA, indicating that LI and ICA lead to similar results, and ICA is not
distorting the EASSR. In the mean ipsilateral channel (right panel), LI cannot
remove all CI artifacts for all subjects [37, 53]: Ar,ILI can therefore not be seen
as the baseline truth. Ar,IICA is mostly smaller than Ar,ILI , especially in the
higher frequencies (> 40 Hz), suggesting that ICA is better capable than LI of
attenuating CI artifacts in the ipsilateral hemisphere.

The same observations can be made based on the synchronous phase θr,C/INO ,
θ
r,C/I
LI , and θr,C/IICA , given in Figure 3.5, and the response latencies Lr,C/INO , Lr,C/ILI ,
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and Lr,C/IICA , given in Figure 3.6. In the mean contralateral channel (left panels),
phases decrease linearly with increasing fm for all methods, indicating that
the measurements are EASSR dominated, even before CI artifacts attenuation,
and that all methods lead to similar results. Response latencies Lr,CNO, L

r,C
LI ,

and Lr,CICA, are also similar and within the expected range obtained in [53]. In
the ipsilateral hemisphere (right panels), θr,INO is constant for increasing fm,
resulting in small Lr,INO, for subjects S01, S02, S04 and S06. This confirms
that the measurements are indeed CI artifacts dominated in the ipsilateral
hemisphere. θr,ILI is still constant for increasing fm for subjects S02, and S04,
confirming that LI is indeed incapable of removing all CI artifacts in the
ipsilateral hemisphere for all subjects. With ICA, θr,IICA linearly decreases with
increasing fm for all subjects, and the obtained response latencies are close to
the expected values for all subjects. As noted before, L is calculated differently
in this study than in [53]; the obtained values are therefore slightly different
from the used reference values.

Good results are thus obtained for mean contra- and ipsilateral channels.
Response latencies in individual recording channels are given in Figure 3.7.
Overall, response latencies are mostly within the expected range for all three
methods. However, some clear improvements of ICA compared to either NO or
LI can be seen, i.e., channel CP6 for S01, channels CP5, O2 and PO4 for S02,
channel O2 and PO4 for S04, and channel PO3 for S06. In some cases, ICA
performs similarly bad as LI, i.e., channels CP6 in S02, and channel CP5 in S06.
ICA performs worse than LI, in channel P5 in S06.

3.3.2 90 Hz MFTF dataset

No consistent 90 Hz EASSRs have been found in the contralateral channels
in [53]. In Figure 3.8, it is shown that synchronous amplitudes are largely
attenuated by LI and ICA, compared to NO. However, in all subjects but S05,
significant synchronous activity was still detected in some data points after
ICA. Based on the synchronous phases, it cannot be concluded that these data
points are not CI artifacts dominated, and too few data points are available to
evaluate the EASSR/CI artifacts properties adequately. No conclusions on how
ICA preserves or distorts the EASSR can therefore be drawn based on these
low SNR recordings.
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Figure 3.4: 40 Hz MFTF dataset: Ar,C/I (◦) and Nr,C/I (�) for NO, LI and
ICA for the mean contra- and ipsilateral recording channel and for subjects
S01-S06. Error bars represent the noise level Nr,C/I . Only EASSR or CI
artifacts dominated data points are included.
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Figure 3.5: 40 Hz MFTF dataset: θr,C/I for NO, LI and ICA for the mean
contra- and ipsilateral recording channel and for subjects S01-S06. Only EASSR
or CI artifacts dominated data points are included.

3.3.3 40 Hz AGF dataset

Figure 3.9a shows Ar,C/ILI , for varying stimulation levels and fm = 37 and fm =
42 Hz. In general, after LI, Ar,C/I is large and increasing linearly with increasing
stimulation level. With LI, synchronous components are significantly different
from the neural background noise in most data points, including subthreshold
stimulation levels. This suggests that measurements are CI artifacts dominated
in the contralateral and ipsilateral hemisphere, for all subjects, except S07 and
S08. Figure 3.9b shows that Ar,CICA and Ar,IICA are similar in order of magnitude.
It is clear that Ar,C/IICA is smaller than Ar,C/ILI . For subjects S02, S04, S09, S10
and S11, Ar,C/IICA changes non-monotonously with increasing stimulation level.
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Figure 3.6: 40 Hz MFTF dataset: response latency for NO, LI and ICA for the
mean contra- and ipsilateral recording channel and for subjects S01-S06. The
expected range (median: 44.2 ms, interquartile range: 6.8 ms), obtained from
[53], is indicated with horizontal lines.

In many suprathreshold measurements, no significant synchronous activity is
detected, while it is detected in some subthreshold measurements. It seems that
ICA attenuates both the CI artifacts, and the EASSR below the noise level in
some cases, while in other cases, ICA is incapable of removing all CI artifacts.
For subjects S07 and S08, Ar,C/IICA does grow nonlinearly and monotonously with
increasing stimulation level. Furthermore, significant synchronous activity is
detected in most suprathreshold measurements. No synchronous activity is
detected at subthreshold stimulation levels for S08. These results suggest that,
for S07 and S08, ICA is capable of removing the CI artifacts from contra- and
ipsilateral recording channels without distorting the EASSR.
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Figure 3.7: 40 Hz MFTF dataset: response latencies in individual channels for
NO, LI and ICA and for subjects S01-S06.

Figure 3.10 shows θr,C/INO , θr,C/ILI and θr,C/IICA . It is clear that θr,C/INO and θr,C/ILI

are equal for fm = 37 Hz and fm = 42 Hz, and constant over stimulation
levels, in both hemispheres for all subjects, except S07 and S08. This confirms
that measurements are indeed CI artifacts dominated for NO and LI in the
contralateral and the ipsilateral hemisphere, for subjects S02, S04, S09, S10, and
S11. In the contralateral hemisphere, in subjects S07 and S08, θr,CNO and θr,CLI are
different for fm = 37 Hz and fm = 42 Hz, and constant over stimulation levels.
This indicates that measurements are EASSR dominated in the contralateral
hemisphere in S07 and S08, for NO and LI.

ICA results in phases θr,C/IICA that are different for fm = 37 Hz and fm = 42
Hz. However, for most subjects, except S07 and S08, θr,C/IICA is not stable over
stimulation levels. This indicates that ICA is indeed removing CI artifacts from
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the measurements, but the EASSR is possibly distorted. For S07 and S08, θr,C/IICA

is different for fm = 37 Hz and fm = 42 Hz, and stable over stimulation levels.
The phase difference results in a response latency (averaged over hemispheres
and stimulation levels resulting in significant EASSRs) of 44 and 49 ms in S07
and S08, respectively. These results confirm that ICA is indeed capable of
removing CI artifacts from contralateral and ipsilateral recording channels in
S07 and S08.

3.3.4 Noise level reduction and number of rejected ICs

The noise level reduction, calculated with (3.10), is shown in Figure 3.11 for
the three datasets. Positive values indicate that the noise level is larger after
ICA than for NO; negative values indicate smaller noise levels. In the case of
perfect ICA separation, no neural background noise would be rejected with the
CI artifacts ICs and hence the noise level would be the same for both methods.
Even with LI, a change in the noise levels is observed (∆NLI−NO). The 10 and
90 % percentiles of ∆NLI−NO were −10 to 10 %, for the three datasets, and
are indicated in Figure 3.11 as dashed horizontal lines. With ICA, noise levels
change: differences compared to NO of up to 75 % are seen, indicating that the
ICA separation is definitely not perfect.

For the three datasets, the number of ICs explaining 99% of the raw signals’
variance, the number of rejected artifactual ICs and the variance explained by
the artifactual ICs are included for each subject in Table 3.2. The number of
rejected ICs varies between 3 and 35, with a large amount of explained variance
between 80 and 99%, when the outlier of 11% explained variance is discarded.
For the AGF dataset, the number of rejected ICs was not significantly different
for subthreshold recordings, compared to suprathreshold recordings.

3.4 Discussion

ICA is often used to remove biological (e.g., ocular, muscle) [36, 35, 34, 101]
and CI artifacts [8, 23, 32, 47, 93, 105, 122, 123, 143, 142, 24, 25] from EEG
recordings. This study aims to evaluate the performance of ICA-based CI
artifacts attenuation on an EEG dataset, containing EASSRs. Three datasets
have been used for evaluation, containing either non-overlapping or overlapping
CI artifacts in contralateral recording channels, and absent, low SNR, or high-
SNR EASSRs.
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Table 3.2: For three datasets: mean (range) of the number ICs explaining 99%
of the signals variance (#IC99), the number of rejected ICs (#ICrej ), and the
variance explained by the rejected ICs (varICrej

), for every subject separately
and on average (AVG).

S #IC99 #ICrej
varICrej

40 Hz MFTF
S01 39 (30-45) 9 (5-12) 87 (80-91)
S02 17 (12-22) 8 (6-10) 97 (97-98)
S03 22 (17-22) 12 (11-15) 97 (96-98)
S04 37 (35-39) 22 (17-29) 93 (91-96)
S05 19 (13-23) 7 (5-8) 95 (94-96)
S06 13 (9-16) 10 (8-11) 99 (98-99)
AVG 25 11 95

90 Hz MFTF
S01 28 (26-31) 17 (12-22) 97 (95-98)
S02 22 (16-30) 12 (11-14) 97 (96-98)
S03 19 (13-26) 17 (11-21) 99 (98-99)
S04 29 (8-38) 27 (7-35) 98 (97-99)
S05 24 (21-30) 15 (11-21) 97 (96-98)
S06 9 (8-11) 8 (7-10) 98 (98-98)
AVG 23 14 97

40 Hz AGF
S02 17 (11-29) 14 (10-22) 98 (97-99)
S04 10 (7-12) 8 (6-10) 99 (99-99)
S07 15 (5-35) 7 (3-15) 69 (11-99)
S08 14 (11-19) 12 (10-17) 99 (99-99)
S09 20 (14-24) 18 (12-23) 99 (98-99)
S10 17 (13-19) 14 (9-18) 98 (94-99)
S11 22 (12-28) 12 (9-15) 98 (97-99)
AVG 16 12 96
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In summary, ICA performs well for all subjects in the 40 Hz MFTF dataset, with
high-SNR EASSRs and non-overlapping CI artifacts in contralateral recording
channels. CI artifacts are greatly attenuated in the 90 Hz dataset, with non-
overlapping CI artifacts in contralateral recording channels, and absent or
low SNR EASSRs. However, it is unclear whether the remaining synchronous
activity is CI artifacts, or EASSR dominated. In the 40 Hz AGF dataset, with
overlapping CI artifacts, and EASSRs with various SNRs, good performance of
ICA is observed in two subjects, while the method fails to produce good results
in the remaining five subjects. Contradictory results are thus obtained with the
three datasets.

3.4.1 ICA separation quality

The assumption of the ICA algorithm is that the underlying sources (CI artifacts,
EASSR, other artifacts and brain background noise) are temporally independent.
Although the brain background noise and other artifacts are likely independent
from the CI artifacts and the EASSR, the latter two sources are both caused
by the electrical stimulation pulses. The assumption of temporal independence
may thus not be completely fulfilled, leading to poor ICA separation quality.
Note, however, that this is also the case for transient response recordings,
where the response and the CI artifact are also both caused by the electrical
stimulation pulses. Nevertheless, ICA is one of the most commonly used CI
artifact suppression methods for transient response recordings.

Attenuating CI artifacts seems more challenging for EASSR recordings than
for transient responses for three reasons. First, in EASSR recordings, the CI
artifacts and EASSR overlap continuously in time. On the contrary, the CI
artifacts typically precede the neural response for transient responses, with
only a limited overlap in time. Second, in EASSR recordings, due to the
modulated and asymmetric CI artifacts, the CI artifacts and EASSR also have
overlapping spectra. The EASSR is in fact not expected to have any frequency
components that are not also present in the CI artifacts spectrum. Both
signals have a component at fm with different amplitude and phase. Third,
EASSRs are typically obtained using direct stimulation with one stimulation
channel. In the studies that use ICA to measure transient responses [47, 24,
23, 32, 25, 143, 142, 122, 123], responses are often obtained using free field
stimulation. In that case, the stimulation pulses delivered to the electrode array
are not as exactly controlled as is the case for direct stimulation, and multiple
electrodes may be activated, even for narrow band stimuli, due to the maxima
selection implemented in many clinical processors. Furthermore, the clocks of
the stimulation and recording systems are not perfectly synchronized, such that
in the recording epochs stimulation epochs may be slightly jittered. This leads
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to CI artifact attenuation when the jittered epochs are averaged. In previous
studies, due to free field stimulation [47, 93, 142, 143], stimulation sequences are
not identical nor perfectly aligned over recording epochs, resulting in attenuated
CI artifacts when epochs are averaged to compute the event-related potential.

Figure 3.12 shows θr,CNO as a function of fm (for the MFTF datasets) or
stimulation level (for the AGF dataset). It suggests that the spatial separation
of CI artifacts and EASSR could influence the performance. For all subjects
in the 40 Hz MFTF dataset, and for subjects S07 and S08 in the 40 Hz AGF
dataset, recordings are EASSR dominated in the contralateral hemisphere,
evidenced by θr,C/INO that changes with changing fm. On the contrary, recordings
are CI artifacts dominated with constant phases for changing fm, for all subjects
(except S05) in the 90 Hz MFTF dataset and for all subjects (except S07 and
S08) in the 40 Hz AGF dataset. Recordings can be CI artifacts dominated due
to (1) small or absent EASSRs, or (2) large CI artifacts. EASSRs are small
in the 90 Hz range [53], and for subjects S02 and S04 in the 40 Hz range ([53]
and Figure 3.4 with synchronous amplitudes of 100–200 nV at comfort level).
CI artifacts are large in subjects S09 and S10, see median and range of Ar,CNO
in Figure 3.12. No reference data are available for subject S11, it is therefore
unknown whether EASSRs are small or CI artifacts are large in this subject.

It seems that ICA is capable of separating CI artifacts and EASSR in case
EEG signals in the contralateral hemisphere are EASSR dominated, since a
reference for the EASSR source is then available. In other cases, it seems not
possible to separate CI artifacts and EASSR. It was suggested in [142] that
non-overlapping stimuli and responses are beneficial for ICA-based CI artifacts
attenuation. Furthermore, lower response SNR may cause more difficulties in
separating EASSR and CI artifacts [142].

The change in neural background noise level and the number of rejected ICs
again indicate that the ICA separation is not perfect in many cases. In [142], the
authors mention that "experts may ignore noise related ICs contaminated with
residual CI artifact(s) since these normally explain a small amount of variance in
the AEPs". This suggests that improper separation of neural background noise
and CI artifacts is also a problem for transient evoked potentials, complementary
to our observations for EASSRs.

As an alternative to the ICA decomposition on all recorded channel signals, two
additional approaches were developed and evaluated for (a selection of subjects
in) the MFTF40 dataset. In the first approach, fewer recording channels, i.e.,
32 (ICA32) or 48 (ICA48) channels, are used for the ICA decomposition. ICs
containing the same activity may be collapsed into one when fewer recording
channels are used. The same results were obtained with ICA32 and ICA48,
compared to ICA, for most subjects. The average number of rejected ICs is
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10 (31%), 11 (26%) and 12 (21%), for ICA32, ICA48 and ICA, respectively.
The minimum (maximum) number of rejected ICs is 4 (20), 5 (27), and 5
(28) for ICA32, ICA48 and ICA, respectively. Furthermore, the percentage of
rejected ICs increased when fewer recording channels were used for the ICA
decomposition. In the second approach, a LI was applied to the recorded
channel signals prior to ICA decomposition (LI+ICA). LI may reduce the CI
artifacts amplitude, which could result in a better ICA decomposition. On
the other hand, the LI introduces artificial dependencies between the channel
signals. ICs representing CI artifacts were then manually identified, because
LI distorts the relation between the spectral CI artifacts amplitude at fm
and fc. While synchronous response phases were mostly similar for ICA and
LI+ICA, significant differences in synchronous response amplitude between ICA
and LI+ICA were observed for almost all frequencies, in all subjects and in
both hemispheres. LI+ICA does not seem to improve the quality of the ICA
decomposition, not even for the dataset where ICA seemed successful. It cannot
be ruled out that different IC selection criteria would provide better results.
However, even if the LI+ICA method would work well, the need for manual IC
identification is a serious disadvantage.

3.4.2 Limitations

In this study, only one ICA algorithm, Infomax ICA, has been used. Many
reports indicate that Infomax ICA is the most successful ICA algorithm to
separate EEG and artifactual sources [36, 32, 33, 143, 142, 35]. This study only
aimed to assess the baseline performance of ICA in attenuating CI artifacts,
not to find the best ICA algorithm. Furthermore, the algorithm was evaluated
using the default settings. Again, since this study aims to evaluate baseline
ICA performance for CI artifacts attenuation, optimizing the parameter set was
outside the scope of the study.

The selection of ICs associated with CI artifacts was automated using a heuristic
measure, by comparing the spectral amplitude at fc to a predetermined threshold.
The value of this threshold was determined by trial and error, and is merely used
to create an objective IC selection method. Most probably, better alternatives
exist. This study showed that ICA is not capable of completely separating
EASSR, CI artifacts, ocular, or muscle artifacts, and neural background noise.
Therefore, the optimal setting of the IC selection threshold is not critical for
the performance of the method, that is already compromised by the sometimes
poor separation quality.
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Figure 3.12: θr,CNO as a function of fm (40 and 90 Hz MFTF dataset) or
stimulation level (40 Hz AGF dataset) without CI artifacts attenuation, in the
mean contralateral channel. For the 40 Hz AGF dataset, the red color refers to
37 Hz stimulation, while the blue color corresponds to 42 Hz stimulation, as
in Figure 3.10. The dataset is indicated on top. The range and median value
of Ar,CNO (vector summation of CI artifacts and EASSR) are included as text.
No data points are shown for S05 for the 90 Hz MFTF dataset, as only data
points with significant synchronous activity are included. Together, amplitude
and phase suggest whether the recording is CI artifacts or EASSR dominated.
When signals are EASSR dominated in contralateral recording channels, ICA
seems to separate the sources good enough to result in adequate CI artifacts
attenuation.
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3.4.3 Significance

We have shown that the ICA method is only able to sufficiently attenuate
CI artifacts for the 40 Hz MFTF dataset. We hypothesize that the ICA
separation quality depends on whether the contralateral hemisphere is CI
artifacts dominated prior to CI artifacts attenuation. This hypothesis could
possibly be verified using simulations, by artificially adding a modeled CI
artifacts signal and EASSR. Simulations lack the authenticity of real EEG
measurements, and assumptions, e.g., about CI artifacts propagation, and
EASSR source location, have to be imposed. Within a subject, for fixed
stimulation parameters, it is not possible to manipulate the location or
the distribution of the EASSR or the CI artifacts. Therefore, we cannot
systematically investigate the influence of EASSR and CI artifacts distribution
on the ICA separation quality intra-subject.

Although the ICA does not attenuate CI artifacts below the neural noise level for
all tested conditions, we showed that EASSR dominated signals can be obtained
in ipsilateral recording channels for the 40 Hz MFTF dataset. Attenuating
CI artifacts in ipsilateral channels is crucial for source localization and testing
subjects with bilateral CI stimulation.

3.5 Conclusion

This study aimed to evaluate the performance of an ICA-based CI artifacts
attenuation method on three datasets containing EASSRs. Results indicate
that the separation quality of the ICA depends on the CI artifacts present
in the contralateral hemisphere. For the 40 Hz MFTF dataset containing
large EASSRs, ICA was capable of removing CI artifacts from all ipsilateral
recording channels, without distorting the EASSR in the mean contralateral
channel. In the 90 Hz MFTF dataset, EASSR were smaller or absent, and
results obtained with ICA were inconsistent. In the 40 Hz AGF dataset, the
stimulation level was varied from a subthreshold level to comfort level, covering
a whole range of EASSR amplitudes. Good results were obtained for two
subjects with large 40 Hz EASSRs and minor CI artifacts in the contralateral
hemisphere. For the remaining five subjects, recordings were CI artifacts
dominated in the contralateral hemisphere, due to small EASSRs or large
CI artifacts. Neural background noise levels were greatly reduced after ICA
compared to NO, indicating that ICA did not succeed in perfectly separating
neural background noise and CI artifacts (and possibly EASSR). Furthermore,
a large number of ICs was rejected in most recordings, whereas it was expected
that the CI artifacts would be expressed in a limited number of ICs in case
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of perfect separation. In conclusion, the relative contribution of CI artifacts
and EASSR in the contralateral recording channels seems to be important
for the ICA separation quality. Despite the success of ICA-based CI artifacts
attenuation for transient responses, it was found to be only successful in a
limited number of cases for steady-state responses.



Chapter 4

Template subtraction to
remove CI stimulation
artifacts in auditory
steady-state responses in CI
subjects

Abstract

Objectives: Cochlear implant (CI) stimulation artifacts are currently removed
from electrically evoked steady-state response (EASSR) measurements based on
a linear interpolation (LI) over the artifact-contaminated signal parts. LI is only
successful if CI stimulation artifacts are shorter than the interpulse interval,
i.e. for contralateral channels and stimulation pulse rates up to 500 pulses per
second (pps). The objective of this paper is to develop and evaluate a template
subtraction (TS) method to remove continuous CI stimulation artifacts in order
to accurately measure EASSRs.

This chapter is an adapted version of the article Deprez, H. et al. “Template Subtraction
to Remove CI Stimulation Artifacts in Auditory Steady-State Responses in CI Subjects.” IEEE
Transactions on Neural Systems and Rehabilitation Engineering 25(8) (2017): 1322-1331.
Changes are limited to layout and representation aspects, and minor editing.
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86 TEMPLATE SUBTRACTION TO REMOVE CI STIMULATION ARTIFACTS IN AUDITORY
STEADY-STATE RESPONSES IN CI SUBJECTS

Methods: The template construction (TC) is based on an EEG recording
containing CI stimulation artifacts but no synchronous neural response. The
constructed templates are subtracted from the recording of interest. Response
amplitudes and latencies are compared for the TS and LI method, and for
different TC durations.

Results: The response amplitudes and latencies in contralateral channels are the
same after TS and LI, as expected. In ipsilateral channels, response amplitudes
and latencies are within the expected range only after TS. The TC duration can
be reduced from 5 minutes to 1 minute without a significant change in response
latency.

Conclusion: TS with a TC duration of only 1 minute allows to remove all
CI stimulation artifacts in individual contra- and ipsilateral EEG recording
channels.

4.1 Introduction

Cochlear implants (CIs) restore hearing in subjects with severe to profound
sensorineural hearing loss. A CI bypasses the impaired cochlea by electrically
stimulating the auditory nerve. The CI consists of three main parts: a sound
processor which encodes incoming sound to electrical pulse stimulation patterns,
a radiofrequency link which communicates between the CI’s external and internal
parts, and an electrode array consisting of 12–22 electrode contacts which is
implanted into the cochlea. A CI also has one or two extra-cochlear electrodes,
which are used as a reference in monopolar stimulation mode. This mode
consumes less battery power than the bipolar stimulation mode, i.e., between
two intra-cochlear stimulation electrodes, and it is therefore the standard mode
used in the clinic [155]. Furthermore, in clinical settings, all CIs use high-rate
stimulation, with pulse rates that are higher than 500 pulses per second (pps)
[150].

Recently, there has been increasing interest in measuring the electroencephalo-
gram (EEG) in CI subjects, both for automating CI fitting [64, 65, 53] and for
investigating neural plasticity after cochlear implantation [127, 128, 129, 48, 52].
At CI activation and during audiological rehabilitation, several parameters have
to be adjusted in the CI’s sound processor, a process called CI fitting. The
threshold (T) and maximum comfortable (C) stimulation levels are the main
parameters that have to be set for each stimulation electrode. These are typically
determined based on behavioral feedback from the CI subject, but could possibly
be determined objectively and automatically with electrophysiological measures.
For stimulation in monopolar mode, T levels vary less over stimulation electrodes
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than in bipolar mode, which is another reason that monopolar mode is generally
used in clinical settings.

Objective threshold estimation based on responses at the auditory nerve and
brainstem level has been investigated, but the obtained threshold levels are
only moderately correlated with behavioral thresholds [17, 70]. These methods
use low-rate stimulation, i.e., below 100 Hz, with larger T levels than high-rate
stimulation [97]. Electrically evoked auditory steady-state responses (EASSRs)
are neural responses elicited with periodic or modulated high-rate pulse trains.
These narrow-band responses are obtained at the repetition or modulation
frequency and can objectively be detected in the EEG based on frequency domain
statistical tests [41]. It has been shown that electrophysiological thresholds
obtained with modulated high-rate pulse trains correlate well with behavioral
thresholds for stimulation in bipolar mode [65]. The current objective here is to
investigate whether EASSRs to clinically used stimulation, e.g., high-rate pulse
train stimulation in monopolar mode, could be used for objective threshold
estimation.

Electrical stimulation also results in CI stimulation artifacts, which obscure the
neural responses. These CI stimulation artifacts may be present at the response
frequency [64, 65] and can therefore not easily be removed with frequency
domain filtering. The nature of the CI stimulation artifacts varies over subjects
and depends on stimulation and recording parameters. CI stimulation artifacts
are typically larger and longer in duration for monopolar mode stimulation
than for bipolar mode stimulation [69, 85], and are therefore more difficult to
remove. CI stimulation artifacts, shown in Figure 4.1 have been characterized
in [37], for stimulation and recording parameters that are often used. A CI
stimulation artifact typically consists of one or two large initial peak(s) and a
slowly decaying tail.

A number of multichannel processing methods, based on principal component
analysis (PCA), independent component analysis (ICA) or beamforming, have
been investigated for CI stimulation artifact removal in transient EEG responses
[47, 93, 149, 25, 142, 1]. An ICA-based method has been developed in [40] for
CI stimulation artifact removal in EASSRs. To our knowledge this is the only
work evaluating multichannel methods for steady-state responses. Multichannel
methods can employ spatial information about the neural response and the CI
stimulation artifacts. However, they have the disadvantage that multichannel
set-ups are more expensive to purchase than single channel set-ups, and more
subject preparation time is required.

Several single channel methods for CI stimulation artifact removal have been
investigated for transient [42, 43, 95] and steady-state responses [64, 65]. For
EASSRs, the most successful method currently available is a linear interpolation
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Figure 4.1: Example of an EASSR, measured in subject S4, in contralateral
channel PO3 and ipsilateral channel PO4, for stimulation with a 45 Hz amplitude
modulated 500 pps pulse train (see Section 4.2.1). An average epoch is shown
in time and frequency domain (panel C and D), without CI stimulation artifact
removal and with LI based CI stimulation artifact removal, denoted as m and
mLI1900 , respectively (panel A and B). CI stimulation artifact peak-to-peak
amplitudes are about 50 µV and 300 µV in the contralateral and ipsilateral
channel, respectively. The expected EASSR amplitudes are about 20− 800 nV
[64, 53], which is 1000 times smaller than the CI stimulation artifact peak-to-
peak amplitude. In the contralateral channel PO3, CI stimulation artifacts
are approximately symmetric and therefore have only a small component at
the modulation frequency. This component is removed with LI1900 (panel C).
The remaining EASSR has an amplitude of 94 nV . In the ipsilateral channel
PO4, CI stimulation artifacts are larger and less symmetric, and have a larger
component at the modulation frequency (panel D). Even with LI1900, the CI
stimulation artifacts cannot completely be removed, because the CI stimulation
artifacts are longer in duration than the interpulse interval of 2 ms. After LI,
the component at the modulation frequency therefore has a four times larger
amplitude in the ipsilateral than the contralateral channel, and consists both
of EASSR and residual artifact. More information about the CI stimulation
artifact characterization can be found in [37].
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(LI) method over each signal part that is contaminated with CI stimulation
artifact. This method only works well if the CI stimulation artifacts are shorter
than the interpulse interval. It has been shown recently that LI can remove
CI stimulation artifacts from contralateral channels electrodes for stimulation
in monopolar mode at pulse rates lower than or equal to 500 pps [53, 37].
For higher rates or for channels closer to the CI, the artifact tail has not
completely decayed to the baseline level by the time the next pulse is started.
Figure 4.1 illustrates that LI cannot completely remove the CI stimulation
artifacts at ipsilateral recording channels. The figure shows the component at
the modulation frequency for one contralateral and one ipsilateral channel. This
component is larger for the ipsilateral channel than for the contralateral channel.
Since a suprathreshold measurement is used, this component may consist of both
CI artifacts and an EASSR. In this case, the component likely consists at least
partly of CI artifacts since the EASSR found in the contralateral channel is a
factor four smaller. Although not many studies have investigated lateralization
in CI subjects, some studies indicate that responses may be lateralized to the
contralateral side in CI subjects [89]. In case the component at the modulation
frequency only consists of an EASSR, it would therefore be expected that this
component is smaller in the ipsilateral channel. Since the component is larger
ipsilateral than contralateral, we conclude that residual CI artifacts are present
at the modulation frequency in the ipsilateral channel, similar to the findings
in [37, 53].

Template subtraction (TS) methods have been developed in the context of
transient EEG responses [95], but have not been considered for steady-state
responses. The aim of this work is to develop a TS method for steady-state
responses. The TS method can be applied to single channel data, which is an
advantage for clinical applications such as objective CI fitting. Furthermore, the
method is tailored to individual subjects and therefore copes well with intra- and
intersubject variability, as a template is constructed for each channel and each
subject separately. Finally, it is not assumed that CI stimulation artifacts are
shorter than the interpulse interval (as for LI) or that they are similar in different
recording channels (as for multichannel methods). We hypothesize that the TS
method, contrary to the LI method, is able to remove CI stimulation artifacts
from ipsilateral recording channels for high-rate stimulation in monopolar mode
at suprathreshold stimulation levels.

However, it is not straightforward to apply the methods developed for transient
responses to steady-state responses. For transient responses, typically the same
stimuli are used for all presentations, while modulated pulse trains with varying
stimulation pulse amplitudes are used for EASSRs. Therefore, a template
should be constructed for each stimulation pulse amplitude, instead of a single
template for one recurring stimulus. Furthermore, the steady-state nature
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of the stimulation and response imply that both continuously overlap. For
transient responses, there is typically some delay between the occurrence of
the CI stimulation artifacts and the event-related neural response. Therefore,
even if the CI stimulation artifacts are not completely removed from the EEG
signals, some information about the neural responses can still be obtained.
For steady-state responses, even small residual CI stimulation artifacts can
have a component at the modulation frequency, obscuring the event-related
neural response. Consequently, the TS method should reduce the CI stimulation
artifacts to a level below the brain noise level to reliably measure EASSRs.

The aim of this work is to develop and evaluate a TS method for EASSRs.
The template construction (TC) is based on an EEG recording containing CI
stimulation artifacts but no synchronous neural response. The constructed
templates are subtracted from the recording of interest. Response amplitudes
and latencies are compared for the TS and LI method, and for different TC
durations.

4.2 Materials and methods

A CI stimulation artifact removal method based on TS was developed, which
is described in Section 4.2.2. The TS method was compared to three other
methods (no artifact removal and LI with two interpolation durations, see
Sections 4.2.2 and 4.2.2) for part of the dataset collected by Gransier et al [53]
(see Section 4.2.1).

4.2.1 EASSR dataset

A part of the EASSR dataset described in [53] was used to evaluate the TS
method. A brief description of the dataset follows.

The EASSRs were recorded for a wide range of modulation frequencies fm,
between 0 and 100 Hz, during either 2 or 3 recording sessions, to determine
the most efficient modulation frequency for objective CI fitting. Amplitude
modulated (AM) high-rate 500 pps pulse trains were presented at maximum
comfort level to 6 post-lingually deafened subjects with a Cochlear Nucleus®

implant. Monopolar mode stimulation was used for all measurements, between
intracochlear electrode 11 and the two extra-cochlear electrodes (MP1+2). The
pulse rate was not an exact multiple of the modulation frequency. The pulse
trains were modulated in amperes between the subject’s unmodulated threshold
level (Tu) and the modulated maximum comfortable level (Cm). Cochlear
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Nucleus® implants are programmed in discrete current level units (CU) which
are logarithmically related to current (in µA). All current levels between
Tu and Cm were used for stimulation. The number of different stimulation
pulse amplitudes (i.e., current levels) used was constant within subjects and
varied between 20 and 89 over subjects. Within one recording, the stimulation
pattern used was the same for each epoch. The distribution of stimulation
pulse amplitudes used in the stimulation epoch of the fm = 42 Hz recording of
subject S1 is shown in panel A of Figure 4.2.

EEG signals were recorded during 5 minutes per condition with a 64-channel
ActiveTwo Biosemi system, with a 8192 Hz sampling rate and 1638 Hz built-in
low pass filter. Triggers were sent to the recording system at the start of each
1.024 s epoch. In the 30 – 50 Hz range for fm, EASSRs were prominently
present in all subjects. In the 80–100 Hz range for fm, EASSRs could not
effectively be measured in this pool of subjects, contrary to ASSRs in normal
hearing subjects. More details can be found in [53].

Here, all recordings with modulation frequency between 30 and 50 Hz, recorded
in session 1, were used for the evaluation of the TS method. Prominent responses
were present in these recordings. Furthermore, per subject, one recording with
a modulation frequency in the 70-100 Hz range (88 Hz for all subjects but S3,
and 70 Hz for S3), also recorded in session 1, was selected for the template
construction, see Section 4.2.2. This recording did not contain a significant
response.

4.2.2 Data processing

The raw data signals x[t, c], with t the time index and c the channel index, were
stored in a matrix ∈ RNt×Nc , with Nt and Nc the number of time samples and
channels, respectively. The signals were re-referenced offline to either the Cz or
Fpz recording channel (see Table 4.1), depending on the spatial distribution of
the subject’s CI stimulation artifact [53], i.e.,

xr[t, c] = x[t, c]− x[t, cref ] (4.1)

where cref refers to either Cz or Fpz.

A set of specifically interesting recording channels in the parietal-temporal
and occipital regions (CP5/6, TP7/8, P5/6, P7/8, P9/10, PO3/4, and PO7/8)
was selected for analysis. The same set as in [53] was used. For each subject,
channels corresponding to locations on top of the RF coil and channels with
excessive noise levels were excluded. The set of selected channels for each
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Table 4.1: Recording channel selection per subject. As in [53], channels in the
parietal-temporal and occipital region were selected. For each subject, channels
corresponding to locations on top of the RF coil and channels with excessive
noise levels were excluded.

Ref Contralateral Ipsilateral
S1 Cz CP5, O1, P5, P7, PO3, PO7, TP7 CP6, O2, PO4
S2 Cz CP5, O1, P5, P7, P9, PO3, PO7, TP7 CP6, O2, PO4
S3 Cz CP6, O2, P6, P8, PO4, PO8, TP8 CP5, O1, P5
S4 Fpz CP5, O1, P5, P7, P9, PO3, PO7, TP7 PO4, O2
S5 Fpz CP5, O1, P5, P7, P9, PO3, PO7, TP7 PO4, O2
S6 Cz CP6, O2, P6, P8, P10, PO4, PO8, TP8 CP5, O1, P5, PO3

subject is included in Table 4.1. Raw data signals were also averaged for the set
of selected contra- and ipsilateral channels, resulting in two additional fictitious
channel signals ĉcontra (x[t, ccontra]) and ĉipsi (x[t, cipsi]), and hence Nc became
equal to Nc + 2.

Four CI stimulation artifact removal methods were used as described below: no
artifact removal (NO), LI with interpolation duration d = 1.1 ms (LI1000), LI
with d = 2.0 ms (LI1900) and template subtraction (TS).

No artifact removal (NO)

First, the first-order trend xtrend[t, c] of each channel xr[t, c], c = 1 . . . Nc, was
calculated with a non-overlapping 0.5 s sliding window and then subtracted.
De-trending was used instead of high pass filtering, in order not to smear the
CI artifacts out in time, as in [91].

xd[t, c] = xr[t, c]− xtrend[t, c] (4.2)

The resulting de-trended data signals xd[t, c] were then split in 1.024 s epochs
based on the trigger signal at the start of each epoch, and 5% of the epochs
were rejected based on their peak-to-peak amplitude to eliminate excessive
movement, ocular, and muscle artifacts. The epoch signals were stored in a
three-dimensional tensor X [t′, e, c] ∈ RNt′×Ne×Nc , with Nt′ the number of time
samples in one epoch and Ne the number of epochs. Next, the Fourier transform
X [f, e, c] of the epoch signals was calculated for each epoch e = 1 . . . Ne and
channel c = 1 . . . Nc.
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X [f, e, c] was then used to determine the amount of synchronous and non-
synchronous activity at the modulation frequency as follows. The synchronous
activity (i.e., the neural response and CI stimulation artifacts) and non-
synchronous activity (i.e., the brain background noise) were compared to decide
whether significant synchronous activity is present. The synchronous activity
was calculated for each channel as the average component at the modulation
frequency m[fm, c], averaged over epochs.

m[fm, c] = mean(X [fm, e, c])e (4.3)

The response amplitude and phase were determined as the absolute value and
angle of this average component.

A[fm, c] = |m[fm, c]|

θ[fm, c] = ∠m[fm, c] (4.4)

This component can consist of both neural response and CI stimulation artifacts,
with some residual brain background noise superimposed depending on the
number of epochs averaged. For each channel, the brain background noise level
was determined as the standard deviation of the component at the modulation
frequency over epochs, divided by the square root of the number of epochs Ne.

N [fm, c] = std(X [fm, e, c])e√
Ne

(4.5)

The Hotelling T2 test [66] was used to compare the average real and imaginary
components at the modulation frequency to the brain background noise level
to determine whether significant synchronous activity is present. Response
amplitude and phase were used further on to compare the four methods.

Linear interpolation (LI1000 and LI1900)

After re-referencing (4.1), a linear interpolation was applied between each pre-
stimulus sample tpre and post-stimulus sample tpost that are both assumed to
be free from CI stimulation artifact.
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xl[t, c] = xr[tpre, c] + xr[tpost, c]− xr[tpre, c]
tpost − tpre

(t− tpre)

tpre < t < tpost

c = 1 . . . Nc (4.6)

The time between the pre- and post-stimulus samples is referred to as the
interpolation duration d = tpost − tpre. The maximum possible interpolation
duration is the interpulse interval, which is the inverse of the pulse rate, in this
case 2 ms. The pre-stimulus samples were always chosen at 0.1 ms before the
start of a stimulation pulse, the post-stimulus samples were chosen at either 1
ms (LI1000) or 1.9 ms (LI1900) after the start of a stimulation pulse. Further
processing followed the steps outlined above in Section 4.2.2, i.e., de-trending
(4.2), averaging (4.3), EASSR (4.4) and brain background noise (4.5) calculation,
and testing for significant synchronous activity with the Hotelling T2 test. It has
been shown that this method is indeed capable of removing the CI stimulation
artifacts from contralateral recording channels for stimulation rates up to 500
pps [53, 37].

Template subtraction (TS)

The TS method used two recordings: (1) a template construction (TC) recording
xTC [t, c] which contained no neural response and was used to construct a
template of the CI stimulation artifact for every stimulation pulse amplitude
(i.e., current level in CU); and (2) the recording of interest x[t, c] from which
the templates were subtracted. A recording without any synchronous neural
response was used for the TC, to ensure that the templates only model the
CI stimulation artifacts. It is of major importance that the tail of each
CI stimulation artifact is modeled accurately; since any inaccuracies due to
inadequate modeling of the initial artifact peaks can still be removed by LI. One
or multiple artifact-free sample(s) are created, if the CI artifact tail is subtracted
from each CI artifact pulse. A LI between two CI artifact-free samples, one
before and one after each stimulation pulse, may then be used to remove the
remaining CI artifact peak.

After re-referencing (4.1), a 0.5 s sliding window first-order de-trending (4.2)
was applied to xTC [t, c] and x[t, c]. The resulting signals were split in epochs
based on the trigger signal, 5% of the epochs were rejected based on their peak-
to-peak amplitude. The remaining epoch signals were stored as XTC [t′, e, c] and
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X [t′, e, c]. Next, all signals were averaged over epochs, resulting in the mean
epochs mTC [t′, c] and m[t′, c].

mTC [t′, c] = mean(XTC [t′, e, c])e (4.7)

m[t′, c] = mean(X [t′, e, c])e (4.8)

For the TC recording, a template for each stimulation pulse amplitude was
determined based on the mean epoch. First, the mean epoch matrix mTC [t′, c]
was rearranged into the tensorMTC [p, t̂, c] ∈ RNp×N

t̂
×Nc , with Np the number

of pulses in one epoch andN
t̂
the number of samples per stimulation pulse (in this

case b 8192 samples/s
500 pps c = 16 samples/pulse). The rows ofMTC [p, t̂, c] contained

the CI stimulation artifact following stimulation pulse p. The set of unique
stimulation pulse amplitudes was called Pu. Then, all CI stimulation artifacts
corresponding to pulses with the same amplitude were averaged, resulting in a
template T [pu, t̂, c] for each stimulation pulse amplitude pu and for each channel
c. More EEG segments are averaged for the highest and the lowest stimulation
levels because these levels occur most according to the histogram in Figure 4.2.
This results in lower noise levels for the templates corresponding to the highest
and the lowest stimulation levels. Alternatively, to ensure that the noise level is
the same for all CI artifact templates, the number of averaged EEG segments
for each stimulation level could be limited to the minimum of the histogram.

∀pu ∈ Pu : T [pu, t̂, c] = mean(MTC [p = pu, t̂, c])p (4.9)

Next, the pulse templates were rearranged based on the stimulation pulse
amplitude pattern used in the recording of interest, resulting in an epoch
template Tepoch[t′, c].

Finally, this epoch template was subtracted from the mean epoch of the recording
of interest (4.8), resulting in mTS [t′, c].

mTS [t′, c] = m[t′, c]− Tepoch[t′, c] (4.10)

A LI was then applied to each channel of mTS [t′, c], because the initial peaks
of the CI stimulation artifacts are not always adequately sampled with the
relatively low sampling rate, which is also shown in panel B and C of Figure
4.2.
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Figure 4.2: Illustration TS method for subject S1 in ipsilateral channel CP6
for stimulation with an 42 Hz AM 500 pps pulse train. (A) Histogram of
stimulation pulse amplitudes used within one stimulation epoch. All stimulation
pulse amplitudes pu between Tu and Cm are used for stimulation. A template
T [pu, t̂, c] is constructed for each of these stimulation pulse amplitudes pu. (B)
Part of a mean epoch without CI stimulation artifact removal m[t′, c] (red) and
constructed template Tepoch[t′, c] (blue), in the time domain. The templates are
similar to the original signal, although the artifact peaks are not adequately
modeled. (C) Mean epoch after TS mTS [t′, c] (green), and after TS and LI1000
mTS,LI1000 [t′, c] (purple), in the time domain. After TS, the mean epoch still
contains some residual CI stimulation artifacts, due to inadequate modeling of
the artifact initial peak. These are removed with LI1000. (D) Mean epoch in
frequency domain, without artifact removal m[f, c] (red), CI stimulation artifact
template T epoch[f, c] (blue), mean epoch after TS mTS [f, c] (green), after TS
and LI1000 mTS,LI1000 [f, c] (purple), after LI1000 mLI1000 [f, c] (orange) and after
LI1900 mLI1900 [f, c] (black). The component at fm is different for mLI1000 than
for mTS,LI1000 , indicating that the template subtraction does have a beneficial
effect.
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We chose tpre = 0.1 and tpost = 1 ms or equivalently d = 1.1 ms, as this is a
conservative value for the interpolation duration that definitely removes all the
initial peaks of the CI stimulation artifacts for the sample rate used in these
measurements.

The resulting mean epochmTS,LI1000 [t′, c] and its Fourier transformmTS,LI1000 [f, c]
were used to evaluate the response properties. For each channel c, the amplitude
and phase of the synchronous activity were calculated as the absolute value
and angle of mTS,LI1000 [fm, c], as in (4.4). The non-synchronous activity is
determined from the original epoch signals X [t′, e, c] as in (4.5). The original
epoch signals, without CI stimulation artifact removal, were used to calculate
the brain background noise level, as the presence of CI stimulation artifacts
should not have any impact on the non-synchronous activity.

An example is shown in Figure 4.2, for the fm = 42 Hz recording of S1 at the
ipsilateral channel CP6.

4.2.3 Evaluation of CI stimulation artifact removal methods

EASSR amplitudes and latencies were determined and used to confirm that
the TS method effectively attenuates the CI stimulation artifacts below the
noise level of the recordings. The LI1000 results were included because the same
interpolation duration was used in the TS method, and were presented in order
to rule out that any effects seen may be due to the LI only.

EASSR amplitude

EASSR amplitudes A[fm, c] were determined after LI and TS and compared
for the individual contralateral channels and the channel ĉcontra.

The EASSR amplitude difference between any of the first three methods (NO,
LI1000 and LI1900) on the one hand and the TS method on the other hand,
relative to the noise amplitude N [fm, c], was determined as follows:

∆A[fm, c] =
A[fm, c]No/LI1000/LI1900 −A[fm, c]TS

N [fm, c]
(4.11)

Negative values indicate that the response amplitude after TS was larger than
for the other method. Amplitude differences were considered small when these
were within the noise level, i.e., ∆A between −1 and 1.
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For each subject, the median value (and interquartile range (IQR)) of ∆A over
modulation frequencies and channels, was determined. Furthermore, the median
value (and IQR) over subjects, modulation frequencies and channels was also
calculated.

Response latency

If the neural response is significantly larger than the brain background noise,
the response phases θ[fm, c] should decrease linearly with increasing modulation
frequency fm in the 30–50 Hz range [79, 53]. The non-zero slope of this linear
decrease is related to the response latency. For CI stimulation artifact dominated
measurements, response phases are stable at multiples of 180 degrees, regardless
of the modulation frequency [64, 65, 53]. The slope of the θ(fm) curve thus
indicates whether the measurement is either neural response or CI stimulation
artifact dominated, as it is related to the response latency.

A straight line was fit to the θ(fm) curve, based on a least squares procedure.
The response latency was calculated as the additive inverse of the slope, for
all individual channel signals and for the channels ĉcontra and ĉipsi. In a
causal system, the response latency should be positive. However, the fit is
not constrained to negative slopes, i.e., positive response latencies. Therefore,
in case of CI stimulation artifact dominated measurements, the response phase
does not necessarily decrease with increasing modulation frequency, resulting in
positive slopes and a negative response latency. For the channels ĉcontra and ĉipsi,
a Wilcoxon signed-rank test was used to determine whether response latencies
differed significantly between LI1900 and TS. For contralateral channels, response
latencies were compared after LI1900 and TS as these should be very similar.
For ipsilateral channels, response latencies of individual channels were compared
to the expected median values of 44.2(IQR = 6.8) ms. These expected values
were taken from [53].

The response latency differences between different methods were calculated as:

∆RL = RLNo/LI1000/LI1900 −RLTS (4.12)

where RL represents the response latency. Negative values mean that the
response latency for TS is larger than for the other method, indicating that the
CI stimulation artifacts are better removed with the TS method.
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4.2.4 Influence of TC duration

The described method used a full recording xTC [t, c] with 0.95 ∗ 300 = 285
epochs to construct the CI stimulation artifact templates, which could result
in excessive EEG recording times. Therefore, the TC recording duration was
varied from 60 to 270 epochs, in steps of 30 epochs, to investigate its influence
on the response amplitude and latency values. A Friedman ANOVA was used
to test whether the TC duration has a significant influence on the obtained
response latency.

4.2.5 Software and statistical analysis

All data processing was done in MATLAB R2013a. R (v3.0.2) was used for
statistical analysis, with significance level α = 0.05.

4.3 Results

4.3.1 Response properties

EASSR amplitude

EASSR amplitudes observed in the channels ĉcontra and ĉipsi are shown in Figure
4.3 for each individual subject. For the channel ĉcontra, EASSR amplitude
differences after LI1900 and TS are within the noise level. Therefore amplitudes
after LI1900 are not significantly different from amplitudes after TS. For the
channel ĉipsi, EASSR amplitudes are generally smaller for TS than for LI1900,
except for the lower modulation frequencies (30 − 33 Hz). The amplitude
differences ∆A between the first three methods and TS, as defined in Equation
(4.11), are included in Table 4.2.

Response latency

Response latencies for individual channels are included in Figure 4.4. For
contralateral recording channels, median response latencies (and IQRs) are
40.4(16.8) ms, 48.2(18.8) ms, 45.3(11.1) ms, and 39.3(12.9) ms without artifact
removal, after LI1000, after LI1900 and after TS, respectively. For ipsilateral
recording channels, median response latencies (and interquartile ranges) are
−3.6(47.9) ms, 5.6(14.6) ms, 32.5(26.7) ms, and 39.4(10.8) ms without artifact



100 TEMPLATE SUBTRACTION TO REMOVE CI STIMULATION ARTIFACTS IN AUDITORY
STEADY-STATE RESPONSES IN CI SUBJECTS

CONTRA IPSI

0.0

0.1

0.2

0.3

0.4

0.5

0.04

0.08

0.12

0.16

0.1

0.2

0.3

0.0

0.1

0.2

0.3

0.4

0.2

0.4

0.6

0.00

0.25

0.50

0.75

S
1

S
2

S
3

S
4

S
5

S
6

30 35 40 45 30 35 40 45

Frequency (Hz)

A
m

p
lit

u
d
e
 (

u
V

)

Method

TS

LI1900

Type

Response

Noise

Figure 4.3: EASSR amplitudes are similar after LI and TS for the channel ĉcontra
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removal, after LI1000, after LI1900 and after TS, respectively. The Wilcoxon
signed-rank test did not show a significant difference in response latency between
LI1900 and TS (p > 0.05) for the channel ĉcontra. However, for channel ĉipsi, a
significant difference in response latency is found after LI1900 and TS (p = 0.03).
For most subjects, response latencies are within the expected range [53, 65] for
all channels after TS, whereas latencies are smaller than expected for ipsilateral
channels after LI1900. For subject S4, response latencies after TS are rather
small, although latencies are larger than after LI1900 in ipsilateral channels. TS
is thus able to remove more CI stimulation artifact from ipsilateral channels
than LI.
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Response latency differences, as defined in Equation (4.12), comparing all
available methods to the proposed TS method, are included in Table 4.2.

4.3.2 Influence of TC duration

The influence of the TC duration on the response latency in the channels ĉcontra
and ĉipsi is shown in Figure 4.5. Already for short TC durations of 60 (TS60)
or 90 (TS90) epochs, the obtained latencies are very close to the ones obtained
with 270 (TS270) epochs TC duration, indicating that short TC durations are
sufficient for adequate CI stimulation artifact removal. Response latencies are
compared for TS60, TS90, and TS270 using a Friedman ANOVA. No significant
difference in response latency is found in the ĉcontra (χ2(2) = 1.33, p = 0.51) or
ĉipsi channel (χ2(2) = 0.33, p = 0.85).

4.4 Discussion

EEG signals measured during continuous CI stimulation are distorted by CI
stimulation artifacts, which may also be present at the neural response frequency.
CI stimulation artifacts have very large amplitudes and their contribution at the
response frequency may be several orders of magnitude larger than the neural
response itself. Hofmann et al showed that CI stimulation artifacts can effectively
be attenuated using LI, for low- and high-rate stimulation in bipolar mode
[64, 65]. In [53], EASSRs to 500 pps modulation pulse trains were measured
for a large range of modulation frequencies with stimulation in monopolar
mode, and responses free of CI stimulation artifacts were found and analyzed
in contralateral recording channels. In previous work [37], we have shown that
CI stimulation artifacts can be characterized based on their duration, which is
shorter than the interpulse interval at contralateral channels, for stimulation
with 500 pps pulse trains stimulated in monopolar mode. Furthermore, it
was shown that the reference channel may have an influence on the artifact
characteristics.

It has thus been shown that CI stimulation artifacts can be removed from
contralateral recording channels using LI, for stimulation pulse rates up to 500
pps [53, 37]. The our knowledge, none of the available methods are capable
of attenuating the CI stimulation artifact below the noise level at ipsilateral
recording channels.

In this work, we developed and evaluated an alternative TS based artifact
removal method, by constructing artifact templates for each stimulation pulse
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amplitude and subtracting these from a recording of interest. We hypothesized
that such a (single channel) method would be capable of modeling subject- and
channel-specific CI stimulation artifacts without imposing an assumption on the
artifact duration. The artifact templates are constructed based on a recording
that does not contain a significant EASSR, to ensure that the artifact template
only models the artifact and does not contain EASSR components. The method
was applied to EEG recordings containing significant EASSRs in response to
suprathreshold stimulation levels.

4.4.1 Results and interpretation

Contralateral

In the contralateral recording channels, the EASSR is dominant compared to
the relatively small contribution of the CI stimulation artifact, as observed in
Table 4.2. Median normalized response amplitude errors were between −1 and
1 for all methods. However, the IQR of the error between LI1900 and TS seems
to be smaller than for the other methods. The obtained amplitudes for LI1900
and TS are more similar than for any of the remaining methods (no and LI1000
vs TS).

As shown in Section 4.3.1, median response latencies were very similar for all
four methods, but IQRs were smaller after LI1900 and TS than after NO and
LI1000, indicating that LI1900 and TS still remove more CI stimulation artifacts.

The same observation can be made based on the response latency differences:
median differences were rather small between NO, LI1000, LI1900 on the one
side and TS on the other side. For most subjects, IQRs of the response latency
differences were smaller when LI1900 and TS were compared, than for NO and
LI1000 vs TS.

Ipsilateral

In the ipsilateral channels, EEG signals were clearly dominated by CI stimulation
artifacts when no artifact removal or LI1000 is applied. In the ĉipsi channel,
EASSR amplitudes are generally smaller for TS than for LI1900, see Figure 4.3,
except for the lowest modulation frequencies. We observed that CI stimulation
artifact and EASSR are in phase at these modulation frequencies. We modeled
the observed amplitude and phase error, for varying artifact-response amplitude
ratios and artifact-response phase differences, see Figure 4.6. Amplitude errors
are largest when artifact and response are in phase, and increase with higher
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smaller for these phase differences, and are largest when response and artifact
are 100− 150° or 200− 250° out of phase.

residual artifact levels. It is thus likely that this result reflects some residual
artifact in the 30 and 33 Hz recordings in some subjects.

Response amplitude differences between TS and NO or LI1000 ranged from
-0.1 to 17.5 times the noise level (median value). This indicates that response
amplitudes were up to 17.5 times the noise level larger for LI1000 and NO than
for TS. Furthermore, very large IQRs were observed. The median response
amplitude difference between LI1900 and TS was within the noise level for most
subjects, but the IQR of this error was variable over subjects, up to 6.4 times the
noise level. This indicates that amplitude differences for all methods compared
to TS can be quite large for ipsilateral recording channels.

The median response latencies of −3.6 and 5.6 ms obtained with NO and LI1000
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methods were rather small, compared to the expected value of 44.2 ms. This
indicates that the EEG signals were dominated by the CI stimulation artifacts.
Note that a negative apparent latency is not physiologically possible, but is a
result of the first-order fit on artifact dominated measurements. The median
response latency of 32.5 ms for LI1900 was within the expected range, but the
IQR of 26.7 ms was rather large compared to the expected value of 6.8 ms. This
indicates that conditions (e.g., subjects, recordings, and recording channels)
exist for which the LI1900 does not remove all CI stimulation artifacts. The
values obtained after TS (median = 39.4 ms, IQR = 10.8 ms) were in line with
the expectations.

The median response latency differences of NO and LI1000 compared to TS
were more than 20 ms, for most subjects. After LI1900, appropriate latencies
were obtained for some subjects, but not all, while the latencies were within
the expected range for all subjects after TS, see Figure 4.4.

The LI1000 method was unable to remove all CI stimulation artifacts from
the EEG signals, while reliable response latencies were obtained with the TS
method. Importantly, the main contribution of the method is thus in the
adequate modeling of the CI stimulation artifact tail, and not in the LI after
the template subtraction.

4.4.2 Significance

Good results were obtained in the two fictitious averaged channels ĉcontra and
ĉipsi, as shown in Figures 4.3 and 4.5. Furthermore, response properties for
individual recording channels are included in Figures 4.4 and Table 4.2. It is
interesting to see that reliable response properties were obtained in all individual
recording channels as well.

In clinical environments, multichannel systems are often not available or
impractical. Because good results were obtained in individual contralateral
and ipsilateral recording channels, objective CI fitting methods based on single
channel recordings could be developed.

A possible disadvantage of the method is the need of a response-free recording
for template construction. We showed that the duration of the recording used for
template construction can be reduced to 1 minute, without significant changes
in obtained response latencies. The additional recording time could thus be
reduced to 1 minute, provided that stimulation is between the same minimum
and maximum level in both recordings. In case several stimulation levels are
tested, 1 minute extra recording time is needed per tested stimulation level.



108 TEMPLATE SUBTRACTION TO REMOVE CI STIMULATION ARTIFACTS IN AUDITORY
STEADY-STATE RESPONSES IN CI SUBJECTS

Artifact-free EEG signals at ipsilateral channels are of major importance for
lateralization studies, that e.g., look into the reorganization or development
of the auditory pathway in long-term hearing deprived subjects or infants and
children with CIs. In case of bilateral CI stimulation, the LI method is incapable
of providing useful information, as ipsilateral channels contain large and long
CI stimulation artifacts that cannot be removed. The results presented in the
present study indicate the feasibility of removing CI stimulation artifacts at all
(including ipsilateral) channels using the TS method. Furthermore, for source
localization purposes, it is important that artifact-free EEG signals are obtained
over the entire scalp with small spatial resolution. Using the LI method with
unilateral CI stimulation, at least a quarter of the channels is excluded, because
these are too close to the CI. In case of bilateral CI stimulation, even more
channels are unavailable.

4.4.3 Future work

First, future work should focus on improvements of the proposed method. It
should be investigated whether additional template construction recordings could
be omitted: CI stimulation artifact templates could possibly be constructed
based on recordings that have to be acquired during the protocol or based on
alternative short template construction recordings. Models describing the scaling
behaviour of pulse templates for increasing pulse amplitudes could be used to
make generalizations of CI stimulation artifact properties and behaviour. It is
expected that CI artifacts would scale linearly with increasing stimulation level.
A single subthreshold measurement could therefore be sufficient to construct
CI artifact templates that can be applied for all stimulation levels. In this
study, templates were constructed based on an existing dataset, and additional
assumptions on the CI artifact scaling behavior was avoided by constructing the
templates for the same stimulation pulse levels as were used for the recording
of interest. The EEG signals may still contain some residual artifact after
template subtraction, and methods could be developed to remove this residual
CI stimulation artifact.

Furthermore, the performance of the TS method should be investigated for
EEG signals with smaller or no neural responses than the ones present in
the 40 Hz range dataset used in this study. In this study, only recordings to
suprathreshold stimulation at C level were considered. However, the EASSRs
amplitudes vary between 40 and 1048 nV in the pool of subjects tested in
this study. Therefore, we would argue that a representative range of 40 Hz
EASSR amplitudes has already been tested. In infants and children, it may
be necessary to use modulation frequencies in the 80 Hz range to measure
EASSRs. During neonatal hearing screening, infants are usually tested with
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80 Hz range modulated stimuli, as attention effects and sleep do not play a
role at these modulation frequencies [5, 84]. To our knowledge, up to date, no
study has examined the effect of modulation frequency on EASSRs in infants
and children with a CI yet. In NH subjects, it has been shown that EASSR
amplitudes are generally smaller in the 80 Hz range, compared to the 40 Hz
range, with reduced brain noise levels as well [79]. During CI fitting procedures,
EASSRs near and below threshold have to be measured reliably. It is crucial
that all CI stimulation artifacts are removed from these recordings to prevent
false detections and incorrect threshold estimations. When the CI stimulation
artifacts are not attenuated below the noise level, the stimulation artifact is
dominant for low EASSR amplitudes, causing large amplitude and phase errors
on the observed synchronous component, as shown in Figure 4.6.

4.5 Conclusion

A template subtraction method for CI stimulation artifact removal from EEG
signals recorded during continuous CI stimulation has been developed. A
template is constructed for every stimulation pulse amplitude based on a
template construction recording (TC), containing CI stimulation artifacts but
no neural response. This template is then subtracted from the recording of
interest.

Response properties are similar for LI1900 and TS, at individual contralateral
recording channels and for the channel ĉcontra. For LI1900, response amplitudes
are too large and latencies are too small at individual ipsilateral recording
channels and for the channel ĉipsi. Only the TS method is able to remove the CI
stimulation artifacts and results in reliable response amplitudes and latencies.
A TC duration of only 1 minute is sufficient to construct adequate templates
that result in reliable response properties after subtraction.

Future work will evaluate how well the TS method works on EEG signals with
smaller neural responses that are more easily dominated by CI stimulation
artifacts. Alternative methods that eliminate any residual CI stimulation
artifacts after TS will also be developed and evaluated.





Chapter 5

A Kalman filter based
method for electrically evoked
auditory steady state
response parameter
estimation

Abstract

Electrically evoked auditory steady-state responses (EASSRs) can be detected
in electroencephalogram (EEG) measurements and used for objective cochlear
implant (CI) fitting. Recently, several methods have been developed to estimate
EASSR parameters in the presence of CI electrical artifacts. In a previous
Kalman filter (KF) based method, the signal model is based on the assumption
that CI artifacts are monophasic and of short duration. We propose an extension
to the signal model, used by the KF for EASSR amplitude and phase estimation,
that accommodates more general CI artifact shapes, including biphasic CI
artifacts with an exponentially decaying tail. The KF based method is then
compared to a linear interpolation (LI) and a template subtraction (TS) based

This chapter is an adapted version of Deprez, Hanne, et al. “A Kalman filter based
method for electrically evoked auditory steady state response parameter estimation.” Submitted.
Changes are limited to layout and representation aspects, and minor editing.
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EASSR parameter estimation method. For a dataset with biphasic, modulated,
exponentially decaying CI artifacts, the proposed KF based method results in
the same EASSR amplitude and phase estimates as the LI based method. KF
based EASSR parameter estimation is a promising tool that can be applied to
single-channel measurements without additional data collection to construct the
CI artifact template, and could possibly be used for reliable EASSR parameter
estimation in the presence of severe CI electrical artifacts in cases where the LI
based method fails.

5.1 Introduction

Cochlear implants (CIs) are used to treat severe to profound hearing loss in
adults, children and infants. Incoming sounds, picked up by a microphone,
are converted to electrical pulse sequences that are delivered to intracochlear
electrodes, thereby stimulating the auditory nerve and eliciting an auditory
percept. Stimulation parameters, such as minimal and maximal stimulation
levels (further called T and C levels, respectively), stimulation mode, pulse rate
and pulse width etc., are set at CI activation, and adjusted in subsequent CI
fitting sessions. Regularly used stimulation modes are monopolar and bipolar
mode stimulation. Monopolar (MP) mode stimulation refers to stimulation
between an intracochlear and an extracochlear electrode, while bipolar (BP)
mode stimulation refers to stimulation between two intracochlear electrodes.
MP mode stimulation is most often used in clinical practice, because stimulation
levels vary less over stimulation electrodes compared to BP mode stimulation,
and because of the lower battery power consumption [20, 81, 114, 155]. However,
determining appropriate stimulation levels is challenging in infants and in
subjects with additional disabilities that cannot provide (accurate) feedback on
the sounds they perceive.

Objective measures are currently under investigation for objective CI fitting
[17, 70], i.e., to determine appropriate stimulation levels, without the need for
behavioral feedback from the subject. Electrically-evoked auditory steady-state
responses (EASSRs), in particular, are neural responses to periodic low-rate or
modulated high-rate pulse trains, that can objectively be detected in the EEG
at the repetition or modulation frequency [41]. Similar to acoustic auditory
steady-state responses (ASSRs) [79], it has been shown that electrophysiological
thresholds based on EASSRs correlate well with behavioral T levels, for high-rate
stimulation in BP mode [64, 65]. The possible advantages of EASSRs over other
objective measures have been discussed in [37, 38, 39, 53, 65]. Beside CI fitting,
EASSRs could possibly be used to study the electron-neuron interface [90] and
auditory plasticity and maturation after cochlear implantation. Recently, the
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neural processing of modulated signals has been investigated in acoustic and CI
listeners, using (E)ASSRs [89]. In this study, a source localization method was
developed to study differences in neural generators and hemispheric laterality
between both groups of listeners. BP mode stimulation was used for the EASSR
recordings in CI subjects.

ASSR parameters, such as ASSR amplitude and phase, can be estimated by
means of a discrete Fourier transform (DFT) [115]. The measured EEG signals
are then split in epochs, and each epoch is analysed with a DFT. The ASSR
amplitude and phase are estimated as the absolute value and angle of the
component at the modulation frequency averaged over epochs. Alternatively, a
Kalman filter (KF), based on a signal model, may be used for ASSR parameter
estimation [91]. The KF based method may have several advantages compared
to the DFT based method. First, signal stationarity is not assumed. Second,
because EASSR parameter estimations are updated at every sample, changes
in response parameters, e.g., due to attention and adaptation effects can be
studied.

EASSR measurements, however, suffer from contamination by CI electrical
artifacts. Therefore, an additional CI artifact suppression is required in order to
obtain a reliable EASSR parameter estimation. Three DFT based methods with
CI artifact suppression have been developed and evaluated in [38, 39, 40, 64, 65],
and are shortly reviewed here. The first and most commonly adopted method
(LI-DFT) uses a linear interpolation (LI) to remove EEG segments affected
by a CI artifact. The LI is then applied between two samples that are not
affected by a CI artifact [64, 65]. When the CI artifacts are longer than the
interpulse interval (IPI), LI is not capable of completely suppressing the CI
artifacts, i.e., below the noise level. The second method (TS-DFT) uses a
template subtraction (TS) [38]. Based on an EEG recording that contains
CI artifacts but no significant EASSR, a CI artifact template is constructed
for each stimulation pulse amplitude. CI artifacts typically consist of a peak,
followed by a decaying tail. It is mainly the tail that is modeled by the CI
artifact template, while the CI artifact peak is attenuated with LI, as this is not
accurately represented in the CI artifact template due to the low sampling rate.
The third method (ICA-DFT) is based on independent component analysis
(ICA) [40, 39]. Multichannel EEG signals are split in statistically independent
components, and the components corresponding to the CI artifacts are manually
or automatically identified and rejected.

As an alternative to the DFT based method, a Kalman filter (KF) (E)ASSR
parameter estimation method has been developed in [91], also including CI
artifact suppression. The KF uses a signal model that combines an EASSR
model and a CI artifact template. The CI artifact template presented in [91]
consists of a train of triangular pulses with a fixed pulse width. While the
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template used in TS-DFT is data-driven, i.e., subject- and channel-specific
based on an EEG measurement, the template used here is constructed by the
researcher and no additional data collection is required.

The CI artifact duration, in combination with the IPI, determines whether LI
can reliably be used for CI artifact suppression. Four main factors influence
either the CI artifact duration, or the IPI. First, the pulse rate is inversely
proportional to the IPI: LI is less likely to completely suppress CI artifacts
at higher pulse rates. Second, the stimulation mode influences CI artifact
characteristics: MP mode stimulation results in larger and longer CI artifacts
than BP mode stimulation [69, 85]. Third, CI artifacts are usually shorter in
recording channels that are placed further away from the CI electrode array
and CI coil [37]. For our recording set-up, it has been shown in [37, 39, 53]
that CI artifacts for MP stimulation are not always completely suppressed in
ipsilateral recording channels for stimulation at 500 pulses per second (pps),
and in contralateral and ipsilateral recording channels for stimulation at 900
pps. Fourth, CI artifacts may be more significant in children than in adults. In
children, due to the smaller head size, EEG signals may be CI artifact dominated
even in the contralateral hemisphere. As children are the main target audience
for objective CI fitting based on EASSR measurements, this is an important
issue to consider.

With LI, reliable EASSR parameter estimation is currently possible in
contralateral recording channels in adults for MP mode stimulation at C level
at 500 pps, with our recording set-up [37, 53]. In some ipsilateral recording
channels, EEG signals are often CI artifact dominated for stimulation at 500 pps,
even in adults. This precludes source localization, and studying hemispheric
specialization or lateralization in CI subjects.

Although it has been shown in [38, 39] that CI artifacts are reliably suppressed in
selected ipsilateral recording channels using TS for 500 pps MP mode stimulation,
this method also has its disadvantages. With TS, it is assumed that CI artifacts
are stationary over the course of a recording session. Furthermore, there is
the extra need for data collection to construct the template. Finally, it is
not guaranteed that the template, that is constructed through averaging EEG
segments, does not contain any auditory neural response. On the other hand, the
method can cope with a variety of CI artifact shapes as no a priori assumptions
are made.

ICA-based CI artifact suppression has been applied successfully in some cases,
but the separation quality is not always sufficient to ensure a complete and
reliable CI artifact suppression, and so the method lacks robustness [39].
Furthermore, an expensive multichannel set-up is needed for ICA-based CI
artifact suppression. On the other hand, the method can also cope with a
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variety of CI artifact shapes.

The KF based method presented in [91] has successfully been evaluated in a
contralateral channel for BP mode stimulation. However, the template is not
very flexible and cannot cope with the different CI artifact shapes that are
typically observed for MP mode stimulation. On the other hand, depending
on the chosen model signal parameters, the KF is able to compensate for slow
changes in the CI artifacts amplitude so that stationarity of the CI artifacts
amplitude does not have to be assumed.

More advanced methods offering improved performance are thus needed for
reliable EASSR parameter estimation in challenging scenarios, e.g., for high-rate
MP mode stimulation in children, or for more brain neuroscience related EASSR
analyses, such as hemispheric lateralization or source localization. The aim of
this paper is to design a more general CI artifact template to be used in the KF
based method for reliable EASSR parameter estimation in the presence of CI
artifacts of general shapes that are not completely stationary over time. The
KF based method may then provide advantages compared to the DFT based
method. Unlike LI-DFT, it can be applied in cases where the CI artifact duration
is longer than the IPI. Unlike in TS-DFT, stationarity of the CI artifacts is
not assumed and no extra data collection is needed for template construction.
Unlike for ICA-DFT, no multichannel recordings are needed, and the EASSR
parameter estimation is possibly more robust as statistical independence of
the EASSR and the CI artifact is not assumed. As a proof of concept, the
KF based method is evaluated on an existing EASSR dataset gathered in six
post-lingually deafened adults, with 500 pps MP mode stimulation at C level.

The organization of the paper is as follows: the materials and methods are
described in Section 5.2, results are presented in Section 5.3, followed by a
discussion in Section 5.4.

5.2 Materials and methods

The dataset used for evaluation is described in Section 5.2.1. The signal model
used in the KF based method is presented in Section 5.2.2. The EASSR
parameter estimation methods are discussed in Section 5.2.3, followed by a
description of the evaluation criteria in Section 5.2.4.
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5.2.1 Dataset

A modulation frequency transfer function (MFTF) dataset was collected in six
adult post-lingually deafened CI subjects in [53]. All subjects had actively used
Cochlear Nucleus® implants for at least six months at the time of testing. T
and C levels were determined for stimulation with unmodulated pulse trains
(Tu and Cu), as well as C levels for stimulation with amplitude modulated (AM)
pulse trains (Cm) with modulation depth such that the minimal level equals Tu.
EASSRs were collected for a large range of modulation frequencies fm between
1 and 100 Hz for 500 pps pulse trains. All subjects were stimulated in MP mode
MP1+2, i.e., between an electrode in the middle of the electrode array and
the two reference electrodes outside the cochlea which are electrically coupled
[148]. AM pulse trains, modulated between Tu and Cm, were presented to the
subjects, and are defined as

s(t) = A (1 +M sin(2πfmt+ φm)) p(t) (5.1)

A = Cm + Tu
2 (5.2)

M = Cm − Tu
Cm + Tu

(5.3)

φm = 90o (5.4)

where p(t) denotes a 500 pps pulse train, and Cm and Tu are expressed in
amperes. The AM modulation results in (a) constant CI artifacts, which do
not scale with changing stimulation pulse amplitudes, as well as (b) modulated
CI artifacts, which do scale with changing stimulation pulse amplitudes. More
details can be found in [53].

For each subject, seven measurements with fm between 30 and 48 Hz resulting
in high signal-to-noise ratio (SNR) EASSRs were used for evaluation of the
proposed KF based method. In the contralateral recording channels, the
EASSR parameter estimates obtained with the KF based method can therefore
be compared to the baseline estimates obtained with LI-DFT.

Five minute recordings were made per condition, totaling 210 minutes of data
gathered over all subjects and conditions. All recordings were made in a
soundproof and electrically shielded room.
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5.2.2 Signal model

In the following, bold uppercase symbols represent matrices, bold lowercase
symbols represent vectors, and regular lowercase symbols represent scalars.

The state-space signal model used in the KF consists of a state transition model
(eq. 5.5) and an observation model (eq. 5.6):

xk+1 = Fkxk + wk (5.5)

zk = Hkxk + vk (5.6)

with xk the state vector, Fk the state transition matrix, zk the observation, and
Hk the observation matrix at discrete time k. wk and vk are random vectors,
representing the process noise and the observation noise, respectively, and are
assumed to be zero-mean Gaussian and white with covariance matrix Qk and
Rk, respectively.

3-component state-space model

The state-space model as proposed in [91] is briefly presented here for
completeness, and is further referred to as the 3-component state-space model.

In [91], a three component state vector xk = [xk,1 xk,2 xk,3]T is used to model
a single-channel EASSR recording. The EASSR is modeled as a sinusoid with
unknown amplitude and phase, while the CI artifacts are modeled by means of
a scaled CI artifact template, which is chosen to be a train of triangular pulses,
presented at the pulse rate. It is assumed that the states vary slowly, according
to a random walk model. The state-space model is then given as follows:



118 A KALMAN FILTER BASED METHOD FOR ELECTRICALLY EVOKED AUDITORY STEADY STATE
RESPONSE PARAMETER ESTIMATION

xk+1,1
xk+1,2
xk+1,3

 = I3

xk,1xk,2
xk,3

+ wk (5.7)

zk =

 cos(2πfm k Ts)
−sin(2πfm k Ts)
a(k Ts, fc, w)

T xk,1xk,2
xk,3

+ vk (5.8)

a(k Ts, fc, w) =
{

1− d(k Ts,fc)
w for− w ≤ d(k Ts, fc) ≤ w

0 elsewhere (5.9)

with d(k Ts, fc) = min(mod(−k Ts,
1
fc

),mod(k Ts,
1
fc

)) (5.10)

Here I3 denotes a 3-by-3 identity matrix, andmod denotes the modulo operation.
xk,1 and xk,2 represent the real and imaginary part of the EASSR, respectively,
while xk,3 models the instantaneous CI artifact amplitude. fm and fc denote
the modulation frequency and pulse rate, respectively. Ts = 1

fs
is the sampling

interval. a(k Ts, fc, w) is the CI artifact template, i.e., a train of triangular
pulses of width w, presented at the pulse rate fc. The process covariance matrix
Qk is a diagonal matrix with diagonal elements equal to 1E − 7. Finally, zk
is the observed signal with the EASSR, CI artifacts and observation noise vk.
The observation noise covariance Rk is a scalar, equal to the variance of the
recorded signal [91]. A realization of the CI artifact template a(k Ts, fc, w) is
provided in [91], Figure 1.

6-component state-space model

In [91], EASSRs have only been considered in response to BP stimulation, and
only for contralateral recording channels. Here, the aim is to consider a more
general set of stimulation and recording parameters. In the more general case,
CI artifacts are not monophasic, but rather biphasic, as shown in Figure 5.1.
Furthermore, a CI artifact peak is usually followed by a decaying tail, as can
also be seen in Figure 5.1. The CI artifact model proposed in [91] is indeed
unable to model and remove biphasic CI artifact peaks and CI artifact tails.

We therefore propose a more general CI artifact template. For a single-channel
EASSR recording, the proposed state-space model has a six component state
vector xk = [xk,1 xk,2 . . . xk,6]T . The first two components are again used to
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Figure 5.1: Comparison of CI artifact shapes, in an averaged epoch, for BP and
MP stimulation. Subject S02, reference channel Cz. Left: BP stimulation at C
level with fm = 40 Hz, 900 pps. Right: MP stimulation at C level with fm = 39
Hz, 500 pps. Top: contralateral recording channel P6. Bottom: ipsilateral
recording channel O2.

model the EASSR, as a sinusoid with unknown amplitude and phase. The other
four components are used to model the CI artifacts. It is again assumed that
the state vector follows a random walk model (eq. (5.11)).

The state-space model is then given as follows:
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xk+1,1
xk+1,2
xk+1,3
xk+1,4
xk+1,5
xk+1,6

 = I6


xk,1
xk,2
xk,3
xk,4
xk,5
xk,6

+ wk (5.11)

zk =


cos(2πfm k Ts),
−sin(2πfm k Ts),

p(k),
c(k),
m(k),

1



T 
xk,1
xk,2
xk,3
xk,4
xk,5
xk,6

+ vk (5.12)

p(k) =
{

1 for Tp,n < k Ts < Tp,n + w, n = 1 . . . Nt
0 elsewhere (5.13)

c(k) = emod(−α k Ts,
1

fc
) ∗

Nt∑
n=1

δ(Tp,n + w − k Ts) (5.14)

m(k) =sin(2πfm k Ts + φ̂m) (5.15)

emod(−α k Ts,
1

fc
) ∗

Nt∑
n=1

δ(Tp,n + w − k Ts)

Qk =


10−12 0 0 0 0 0

0 10−12 0 0 0 0
0 0 1012 0 0 0
0 0 0 qtail 0 0
0 0 0 0 qtail 0
0 0 0 0 0 10−12

 (5.16)

Here, Tp,n corresponds to the start sample of the n-th pulse (n = 1 . . . Nt, with
Nt the total number of CI stimulation pulses in the observed EEG signal).
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Tp,n can be determined based on the stimulation sequence and the trigger
pulses. w is the CI artifact peak width (in samples), and is set to 600 µs. α
is the decay constant associated with the CI artifact exponential tail, which is
determined as explained below. fm and φ̂m are the modulation frequency and
angle, respectively, which are determined from the stimulation parameters.

The CI artifact model thus uses four templates. The first three templates are
shown, together with the observed signal zk, in Figure 5.2. The first template
p(k) models the CI artifact peaks. By allowing its amplitude xk,3 to vary
quickly, cf 1012 for the third diagonal element in Qk, all samples in intervals
Tp,n < k Ts < Tp,n +w are “blanked” for each pulse n, i.e., other state variable
estimates are almost not adjusted during this interval. This is similar to the LI
operation. However, while the LI interval is usually set approximately equal to
the IPI (2000 µs for 500 pps), the CI artifact peak width w is chosen here to be
only 600 µs to blank the interval that cannot be properly modeled by the other
templates c(k) and m(k). Because of the AM stimulation, we expect to find (a)
constant CI artifacts, as well as (b) modulated CI artifacts (cf. supra), the tails
of which are modeled by the second and third template respectively. The second
template c(k) is an unmodulated exponential decay. The third template m(k)
is a modulated (at fm) exponential decay. The decay constant α was estimated
from the recordings as follows: All EEG signal segments corresponding to the
stimulation pulses were averaged. From the resulting signal, the first 600 µs, or
5 samples out of the 16 – 17 samples per pulse, containing the CI artifact peaks,
were discarded. A decaying exponential Be−αi Ts was fitted to the remaining
11 samples of an averaged pulse i = 1 : 11. Finally, the fourth template is a
slowly varying DC bias component.

The speed at which the state vector components, i.e., the template amplitudes,
are allowed to change is determined by the process noise covariance matrix
Qk. The influence of the process covariance associated with the CI artifact tail
components (qtail for the fourth and the fifth diagonal elements in Qk) will be
investigated, in Section 5.3, where five parameter values (0.01, 0.1, 1, 10, 100)
will be considered. The observation noise covariance Rk is chosen corresponding
to the measurement noise level of 0.05 µV .

The proposed model provides two advantages compared to TS, to ensure reliable
EASSR parameter estimation in the presence of CI artifacts. With TS, it
is not guaranteed that the template, that is constructed through averaging
EEG segments, does not contain any auditory neural response. Here, the CI
artifacts are modeled with decaying exponentials. The EASSR itself consists of
steady-state components at fm and its harmonics, and hence never contains
such decaying exponentials. Furthermore, the 6-component state vector includes
(a) two components uniquely modeling the EASSR, and (b) four components
uniquely modeling the CI artifacts, where the specific assumptions provide extra



122 A KALMAN FILTER BASED METHOD FOR ELECTRICALLY EVOKED AUDITORY STEADY STATE
RESPONSE PARAMETER ESTIMATION

0 20 40 60 80 100
−20

0

20

40
O

b
s
e

rv
e

d
 (

u
V

)

0 20 40 60 80 100

0

0.5

1

P
e

a
k
 (

a
.u

.)

0 20 40 60 80 100
0

0.5

1

1.5

C
t 

ta
il 

(a
.u

.)

0 20 40 60 80 100
−2

0

2

M
o

d
 t

a
il 

(a
.u

.)

0 2 4 6 8 10
−50

0

50

0 2 4 6 8 10

0

0.5

1

0 2 4 6 8 10
0

1

2

0 2 4 6 8 10
−2

0

2

Time (ms)

A
m

p
lit

u
d

e

Figure 5.2: Illustration of CI artifact template components. First row: observed
signal zk. Second row: CI artifact peak model p(k). Third row: unmodulated
CI artifact tail c(k). Fourth row: modulated CI artifacts tail m(k). The second
column is a zoomed version of the signals in the first column. The start of each
stimulation pulse and the start of each stimulation pulse decay are indicated
with a dash-dotted (-.) and a dashed line (:) line, respectively.

protection against confusing the EASSR on the one hand and the CI artifacts
on the other hand.

In the following, the KF based EASSR parameter estimation method using the
6-component state-space model will be compared to two DFT based methods.
The influence of the parameter qtail will be investigated.

5.2.3 EASSR parameter estimation methods

Three methods for EASSR parameter estimation are considered. The first
method is based on the KF. The second method (LI-DFT) and third method
(TS-DFT) are DFT based.
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KF based EASSR parameter estimation

The analysed channel at the contralateral side was either P5 or P6 (depending
on the side of implantation), in accordance to [91]. At the ipsilateral side,
channel P6 or P5 was on top of the CI coil for most subjects. Therefore, the
analysed channel at the ipsilateral side was either O1 or O2, as these channels
were never on top of the CI coil for the six tested subjects.

The raw EEG data signals are denoted by yo[k, c], with k the time index,
and c the channel index. As in [38, 39, 53], the raw data signals were first
re-referenced to either Cz or Fpz, by subtracting the reference signal. The
reference electrode was chosen depending on the spatial distribution of the CI
artifacts. To remove slow drifts and DC bias, the signals were then de-trended
using a second order polynomial over a 0.5 s window, as in [91]. A notch
filter (Q = 35, fcutoff = 50 Hz) was applied to remove line interference. The
resulting signal y[k, c] was then split in 1.024 s epochs based on the trigger
signal, resulting in Z[k, e, c], with e the epoch index. 5% of epochs were rejected
based on their peak-to-peak amplitude, in order to remove excessive movement,
muscle, or ocular artifacts. Finally, the signals were averaged over epochs,
resulting in the mean epoch z[k, c].

The mean epoch z[k, c] was then passed to the standard KF and Rauch-Tung-
Striebel (RTS) smoother [91]. It is noted that, similar to [38], the mean epoch
was used for EASSR parameter estimation. Contrary to [91], the focus of the
present study is not on fast response detection, but rather on adequate CI
artifacts suppression. CI artifacts can be more accurately modeled based on a
mean epoch, because the brain noise is reduced by the averaging over epochs.

In this evaluation, two different signal state-space models were used. First, as in
[91], a 2-component state-space model was used, that includes only the EASSR,
i.e., the first two components of the state-space model given in eq. (5.11)–(5.16).
The resulting method is referred to as KF based EASSR parameter estimation
without CI artifact model (KF_R), because it includes only the response (R)
model. Second, the 6-component state-space model given in eq. (5.11)–(5.16)
was used with different values for qtail. The resulting method is referred to as KF
based EASSR parameter estimation with CI artifact model (KF_RA), because
it includes both a response (R) model and a template for the CI electrical
artifacts (A).
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The EASSR amplitude Ak and phase θk were calculated from the Kalman
smoother output for each sample k as

Ak =
√
x2
k,1 + x2

k,2 (5.17)

θk = arctan
(
xk,2
xk,1

)
180o
π

(5.18)

The mean amplitude averaged over all samples was used for comparison with
LI-DFT and TS-DFT, as in [91].

Similar to [91], the initial estimates were set to:


x0,1
x0,2
x0,3
x0,4
x0,5
x0,6

 =



0
0

maxk(z[k, c])
maxk(z[k,c])

4
maxk(z[k,c])

4
0

 (5.19)

DFT based EASSR parameter estimation

The details of LI-DFT and TS-DFT are summarized here, and are described in
more detail in [38].

• LI-DFT
The same analysis and reference channels as detailed above were used here.
After re-referencing, a LI was applied between a sample 100 µs before and
a sample 1900 µs after each stimulation pulse. The resulting signals were
then filtered with a second-order 2 Hz high-pass filter to remove DC bias.
The signals were then split in epochs, and 5% of epochs were rejected.
The EASSR amplitude and phase were then calculated based on the fm
component of the mean epoch.

• TS-DFT
The same analysis and reference channels as detailed above were used here.
The resulting signals were then de-trended with a second-order polynomial
over 0.5 s non-overlapping windows to remove DC bias. The signals were
then split in epochs, and 5% of epochs were rejected. The mean of the
resulting epochs was calculated. As described in [38], stimulation pulse
templates were calculated based on a recording containing no significant
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EASSR. The templates were then arranged in the correct order and
subtracted from the mean epoch. The EASSR amplitude and phase were
then calculated based on the fm component of the resulting mean epoch.

5.2.4 Evaluation

Eight methods were compared for EASSR data obtained in six subjects (as
explained in Section 5.2.1): LI-DFT, TS-DFT, KF_R, KF_RA_qtail with five
values for qtail (0.01, 0.1, 1, 10 and 100).

The EASSR amplitude, phase and response latency estimated with the KF
based methods were compared to the estimates obtained with LI-DFT and
TS-DFT.

The LI-DFT EASSR parameter estimates were used as a baseline for the
contralateral channel, as CI artifacts can indeed reliably be suppressed by
LI-DFT in the contralateral channel. The correlation between LI-DFT and
KF based EASSR amplitude estimates and between LI-DFT and KF based
EASSR phase estimates was determined. A Blant Altman analysis was used to
compare the LI-DFT and the KF based EASSR parameter estimates [94]. The
repeatability coefficient (RC) was determined for the contralateral recording
channel. The absolute difference between the LI-DFT and the KF based EASSR
parameter estimates is expected to lie below the RC with a probability of 95%.
The RC was compared to the noise level to determine whether the difference
between the LI-DFT and the KF based EASSR parameter estimates could be
related to the noise level.

Phases θ are stable at a multiple of 180o for all fm, for CI artifact dominated
measurements. On the other hand, phases decrease linearly for increasing fm,
for EASSR dominated measurements. The response latency L was calculated
as the additive inverse of the slope of the θ(fm) curve, for the contra- and
ipsilateral channel. Response latency values close to 0 ms indicate that the
measurements are CI artifact dominated, while values around 40 ms (for fm
around 40 Hz [54]) indicate that the measurements are EASSR dominated.
Response latencies can therefore be used to determine whether CI artifacts have
sufficiently been suppressed.
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5.3 Results

5.3.1 EASSR phase

The EASSR phase estimates for the eight methods are shown in Figure 5.3. In
the contralateral channel, EASSR phases seem to decrease with increasing fm
for most subjects and methods. With KF_R, EASSR phase estimates seem CI
artifact dominated for subject S02, suggesting that the acoustic model does not
result in correct EASSR parameter estimates. In the ipsilateral channel, EASSR
phases seem to decrease with increasing fm, even with LI-DFT. This suggests
that CI artifacts are shorter than the IPI for the chosen recording channel,
although we know that this is not the case for all ipsilateral recording channels.
For subjects S02 and S04, KF_R and KF_RA_0.01 result in inaccurate EASSR
phase estimates. EASSR phase estimates are significantly correlated between
LI-DFT and all KF_RA methods, while no significant correlation was found
between LI-DFT and KF_R, see Table 5.1. Correlations seem to be the largest
for the intermediate qtail value of 1, although the differences are probably not
very relevant.

A Blant Altman plot comparing the KF based EASSR phase estimates to the
LI-DFT estimates is included in Figure 5.4. The difference between the phase
estimates obtained with LI-DFT and each KF based method is plotted against
the phase estimates averaged for LI-DFT and each KF based method. It is
clear that KF_R results in large EASSR phase differences for subjects S02 and
S04. Furthermore, the EASSR phase difference seem the smallest for larger
values of qtail. The phase difference between LI and KF_RA_100 is larger than
for lower qtail values between 0.1 and 10.

5.3.2 EASSR amplitude

A Blant Altman plot comparing the KF based EASSR amplitude estimates to
the LI-DFT estimates is shown in Figure 5.5. Again, the EASSR amplitudes
estimates averaged for LI-DFT and each KF based method are plotted on the
x-axis, while the EASSR amplitude estimate difference between LI-DFT and
each KF based method is shown on the y-axis. For the contralateral channel,
the largest amplitude differences are seen for KF_R. Most KF_RA methods
result in EASSR amplitude estimates similar to the LI-DFT estimates, in the
contralateral channel. EASSR amplitude estimates are significantly correlated
between LI-DFT and KF based methods, see Table 5.1.
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Figure 5.3: EASSR phase estimates for the eight methods, per subject. Left:
contralateral recording channel. Right: ipsilateral recording channel.

For the ipsilateral channel, it is unclear whether the LI-DFT amplitude estimates
are a good reference value. Based on the EASSR phase result, it would seem
safe to conclude that the measurements are EASSR dominated in the ipsilateral
channel after LI-DFT. In case the LI-DFT estimates are trustworthy, it seems
that larger values for qtail again result in more accurate EASSR amplitude
estimates. Again, large and significant correlations are found between estimates
for LI-DFT and KF_RA methods. Correlations seem to be the largest for
intermediate qtail values between 0.1 and 10, although the differences are
probably not very relevant.



RESULTS 129

contra ipsi

0

100

200

300

0

100

200

300

−75

−50

−25

0

25

−75

−50

−25

0

25

−75

−50

−25

0

25

0

100

K
F

_
R

K
F

_
R

A
_

0
.0

1
K

F
_

R
A

_
0

.1
K

F
_

R
A

_
1

K
F

_
R

A
_

1
0

K
F

_
R

A
_

1
0

0

−400 −300 −200 −100 0 −400 −300 −200 −100 0

Mean phase (degrees)

P
h
a
s
e
 d

if
fe

re
n
c
e
 (

d
e
g
re

e
s
)

Id
S01

S02

S03

S04

S05

S06

Figure 5.4: Blant Altman plot for EASSR phase estimates for the KF based
method. Horizontal dashed lines are the mean expected phase errors, based
on EASSR and noise amplitudes. Left: contralateral recording channel. Right:
ipsilateral recording channel.
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5.3.3 Response latency

A comparison of the response latencies obtained with the eight methods is
shown in Figure 5.6. For the contralateral channel, the response latency seems
too small for some subjects (S01, S04 and mainly S02) with KF_R. All other
methods seem to result in good latency estimates. Response latencies obtained
with TS-DFT seem somewhat smaller than those obtained with KF_RA and
LI-DFT, indicating that TS-DFT may not sufficiently suppress CI artifacts for
the chosen recording channel.

For the ipsilateral channel, response latencies obtained with LI-DFT seem
acceptable. While KF_R and KF_RA_0.01 result in small latency values (of
less than 10 ms) in some subjects, latencies obtained with the other methods
are in the expected range.

5.3.4 Repeatability coefficient

For the contralateral recording channel, the RC of EASSR phase and amplitude
estimates for the TS-DFT and the KF based methods compared to LI-DFT
are included in Figure 5.7. The mean phase error and noise amplitude are
included for comparison with the EASSR phase and amplitude estimate RCs,
respectively. Obtained EASSR phase and amplitude estimates look reliable
when the RC is below or close to the expected phase or amplitude error. qtail
values above 0.01 (qtail = 0.1/1/10) again seem to result in the most accurate
EASSR amplitude and phase estimates. The minimum EASSR phase estimate
RC is obtained for qtail =1, while the best qtail is 10 for EASSR amplitude
estimation.

5.4 Discussion and conclusion

CI artifacts may result in false EASSR detections and inaccurate estimates
for the EASSR amplitude and phase. Several methods have been developed
for reliable EASSR parameter estimation in the presence of CI artifacts. In
this study, a KF based method has been proposed that results in accurate
EASSR amplitude and phase estimates. The CI artifact peaks are effectively
blanked by including a fast changing state vector component scaling a CI
artifact peak template, while CI artifact tails are modeled with an unmodulated
and modulated decaying exponential template. EASSR phase and amplitude
estimates obtained with KF_RA are similar to LI-DFT, while the KF_R fails to
produce accurate estimates. Note that no LI was used in the KF_RA methods,
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Figure 5.6: Response latency for the KF, LI and TS based method.

so that improvements obtained with KF_RA compared to KF_R can entirely
be attributed to the CI artifact template. Although LI-DFT resulted in reliable
EASSR parameter estimates for this dataset, KF_RA could possibly be used
in more general cases where LI-DFT based EASSR parameter estimation is
unreliable.

5.4.1 Advantages

The KF based method using a 6-component state-space model provides several
advantages compared to existing EASSR parameter estimation methods, i.e.,
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Figure 5.7: Repeatability coefficients (filled dots) for the contralateral channel
for the KF and TS based method, compared to the expected variation in
amplitude and phase due to the neural background noise (open triangles).

LI-DFT, ICA-DFT, TS-DFT and the KF based method using a 3-component
state-space model.

CI artifacts cannot be suppressed with LI-DFT when the CI artifact duration
is longer than the IPI. We have shown that measurements in adults contain
overlapping CI artifacts for 500 pps stimulation (ipsilateral recording channels)
and 900 pps stimulation (contralateral and ipsilateral recording channels) [37, 53].
The KF based method using a 6-component state-space model could thus be
used for reliable EASSR parameter estimation in future challenging scenarios,
e.g., for EASSR measurements in children and during bilateral CI stimulation.

Contrary to ICA-DFT based CI artifact suppression, there is no need for an
(expensive) multichannel set-up. Furthermore, with ICA-DFT based CI artifact
suppression, independent components associated with CI artifacts should be -
manually or automatically - identified. Manual identification is usually done
by experts and is subjective and time consuming. Automatic identification
relies on specific assumptions, which can possibly lead to inaccuracies [39, 40].
Furthermore, it has been shown in [39] that ICA-based EASSR parameter
estimation is not very robust as mixed results were obtained.

With TS-DFT, an additional measurement without significant EASSR is
required, containing CI artifacts elicited by the same stimulation pulse
amplitudes (but a different fm) as the measurement of interest. In [38], it
was shown that TS-DFT resulted in the same EASSR amplitude and phase
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estimates as LI-DFT for a set of averaged channels, and that response latencies
were acceptable in single channels. We have observed that - for the chosen
recording channels - amplitudes obtained with TS-DFT sometimes deviate from
those obtained with LI-DFT. The assumptions underlying the TS-DFT method,
may thus not always be completely fulfilled.

In this paper, this method presented in [91] is extended to more general CI
artifacts shapes. The inclusion of the CI artifacts model (KF_RA) provides
improvements compared to the EASSR model alone (KF_R). Additionally, we
showed results for EASSR amplitude and phase estimates, while only EASSR
amplitudes were included in [91].

5.4.2 Limitations and future work

In this evaluation, only high-SNR measurements with 500 pps stimulation have
been used. Stimulation with higher pulse rates results in a shorter IPI, which
provides fewer samples to determine the CI artifact template parameter α,
based on an exponential fit. Future studies should investigate the reliability of
the method for lower SNR EASSRs and how increasing the pulse rate affects
the accuracy of the exponential fit and the reliability of the EASSR estimates.

As in [91], the method could possibly be extended to multi-channel measure-
ments, assuming that adjacent electrodes are measuring the same underlying
sources with independent noise. This may be a valid assumption for the
EASSR, but reliable EASSR parameter estimates will only be obtained if the
CI artifacts are similar enough across the selected electrodes. This remains to
be investigated.

Although we have investigated the influence of qtail, the influence of other
parameter values has not been systematically investigated. Furthermore, in the
state-space model φ̂m is equal to 90o, under the assumption that the CI artifact
propagation is instantaneous. It may be better to increase the value for φ̂m to
incorporate possible extra delay between recording of the trigger pulse and the
CI artifact stimulation pulse.

Finally, as indicated in [91], the noise should be white and Gaussian for the
KF to provide an optimal estimate of the state variables. In this study, the
brain background noise was greatly reduced by averaging epochs prior to the
KF operation. Still, the brain background noise follows a 1

f distribution, rather
than being white. Furthermore, the state-space model does not contain any
component that can model the brain background noise. We have observed that
after our KF the four state components scaling the CI artifact templates may
model not only the CI artifacts but also the brain background noise. Future
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extensions of the KF could include an autoregressive model to model the brain
background noise, as was used in other studies with the KF applied to EEG
measurements [106, 110, 125].





Chapter 6

Discussion

In this thesis, CI artifacts in EASSR recordings were characterized, and three
methods for CI artifact suppression were developed and evaluated. In this last
chapter, the work will shortly be summarized (Section 6.1), followed by how
interactions between EASSR and CI artifact should be taken into account when
dealing with CI artifacts (Section 6.2). Some properties of the recording system
that may influence the CI artifact morphology are discussed in Section 6.3.
Finally, in Section 6.4, some suggestions for future work are given.

6.1 Summary of the work

This thesis consists of four studies, about reliably measuring EASSRs in CI
subjects in the presence of CI artifacts. In the first study, the CI artifact
was characterized based on the CI artifact amplitude growth function and on
the CI artifact duration. The CI artifact has two likely causes: (1) the RF
transmission between the CI’s external and internal parts, i.e., RF artifact, and
(2) the electrical stimulation pulse sequences delivered through the electrode
array, i.e., STIM artifact. It was assumed that STIM artifacts change with
increasing stimulation level, while RF artifacts stay approximately constant.
The slope θ of the CI artifact AGF is thus related to the STIM artifact, while
the intercept I of the CI artifact is mostly determined by the RF artifact and
the constant part of the STIM artifact. The CI artifact can be suppressed
with a linear interpolation (LI), in case the CI artifact duration D is shorter
than the IPI. It was shown in the first study that θ, I and D are influenced
by the reference recording electrode configuration. In general, CI artifacts are
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most severe in the ipsilateral hemisphere. In all adult CI subjects, the CI
artifact duration was shorter than the IPI, such that the CI artifact was reliably
suppressed in contralateral channels for 500 pps MP mode stimulation. For
EASSR measurements in children, and for source localization and lateralization
studies, more advanced CI artifact suppression methods need to be developed
in order to deal with CI artifacts that are longer than the IPI. For most studies,
a high-SNR 40 Hz dataset was used for evaluation. Here, CI artifacts could
reliably be suppressed by LI in contralateral channels, providing a baseline
measure to compare the EASSR parameter estimations for new methods to.

The second study focused on ICA-based CI artifact suppression. ICA has
widely and rather successfully been used to suppress CI artifacts in transient
response recordings in CI subjects. However, the application of ICA for EASSR
measurements seems less straightforward, because the EASSR and the CI
artifact overlap both temporally and spectrally and are both caused by the
same source, namely the electrical stimulation. A heuristic approach for the
automatic selection of ICs associated with the CI artifact was developed. The
ICA-based CI artifact suppression method was evaluated on three datasets of
recordings containing overlapping and non-overlapping CI artifacts, and low
and high-SNR EASSRs. Results showed that CI artifacts could be reliably
suppressed for high-SNR 40 Hz EASSR recordings, while mixed results were
obtained with lower SNR 80 and 40 Hz recordings. Caution is thus warranted
when ICA is used for CI artifact suppression in EASSR recordings, as the
method was not robust. Furthermore, the need for a multichannel system limits
the clinical applicability of the method, as these systems are expensive and
require more subject preparation time compared to single-channel systems.

The third study investigated the feasibility of template subtraction (TS) for
CI artifact suppression. This method may have some advantages compared
to the ICA-based CI artifact suppression, as no multichannel recordings are
needed and TS may possibly provide more robust EASSR parameter estimations.
CI artifact templates were constructed for each stimulation pulse amplitude,
based on a recording without significant EASSR, but with the same stimulation
pulse amplitudes as the recording of interest. For the high-SNR 40 Hz dataset,
reliable EASSR amplitudes and phases were obtained. The method should
further be evaluated on lower SNR measurements. To limit additional recording
time for template construction, one subthreshold measurement could be used
together with a model describing how CI artifact amplitudes scale with changing
stimulation pulse amplitudes.

In the fourth study, a Kalman filter (KF) based EASSR parameter estimation,
described in [91], was extended to accommodate for more general CI artifact
shapes. In [91], CI artifacts in contralateral channels were modeled as triangular
pulses for BP mode stimulation. For MP mode stimulation, CI artifacts in
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ipsi- and contralateral channels are often biphasic with a decaying tail. The
CI artifact model consisting of triangular pulses from [91] cannot accurately
model these CI artifact shapes seen for MP stimulation. The CI artifact model
was therefore extended, including components for (1) the CI artifact peak,
(2) the constant CI artifact tail, (3) the modulated CI artifact tail, and (4) a
slowly drifting DC component. The influence of the process noise covariance
qtail, associated with components (2) and (3), was also investigated. For the
high-SNR 40 Hz dataset, reliable EASSR amplitudes and phases were again
obtained. qtail values between 0.1 and 10 resulted in the best EASSR parameter
estimations. Compared to TS, a template for each stimulation pulse amplitude
is not needed; with the KF, additional data collection is therefore not required.
Future studies could focus on optimization of the parameters, and inclusion of
an EEG background noise model.

6.2 Interaction between CI artifacts and EASSRs

The amount of EASSR distortion caused by the CI artifact depends on both
the relative phases and the amplitude ratio of the EASSR and the CI artifact,
as demonstrated in Figure 6.1a. The observed synchronous response amplitude
(full black lines) is a summation of the EASSR (dashed red lines) and the CI
artifact (dash-dotted blue lines). For the simulation of Figure 6.1a, the CI
artifact has a zero degree phase and an amplitude of 100 nV , while the EASSR
has an amplitude of 250 nV with varying phase. This is a good model for
the EASSR, but note that CI artifact amplitudes vary over subjects, and may
be orders of magnitude larger in reality. The EASSR amplitude is maximally
enlarged or attenuated by the CI artifact if the EASSR and the CI artifact
are completely in or out of phase, respectively. On the other hand, for the
simulated EASSR and CI artifact amplitudes in Figure 6.1a, the phase error is
largest when the EASSR and CI artifact are 90o out of phase. In Chapter 4,
the observed amplitude and phase error were modeled for varying CI artifact-
EASSR amplitude ratios and artifact-response phase differences, see also Figure
6.1b. Amplitude errors are largest when artifact and response are in phase,
and increase with higher residual artifact levels. When the EASSR is dominant
compared to the CI artifact, i.e., for a small CI artifact-EASSR amplitude ratio,
CI artifacts result in smaller relative amplitude errors. The influence of the
CI artifact on the phase error is less straightforward, and depends on the CI
artifact-EASSR amplitude ratio. For smaller CI artifact-EASSR amplitude
ratios, as in Figure 6.1a, the largest phase errors are observed when CI artifact
and EASSR are 90o out of phase. For larger CI artifact-EASSR amplitude
ratios, the largest phase errors are observed when CI artifact and EASSR are
180o out of phase.
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Figure 6.1: Left: polar plot illustrating the interaction between EASSR and
CI artifact components. Right: Relative amplitude and phase errors (in %)
depending on the EASSR-to-CI-artifact amplitude ratio and the relative phase
difference between EASSR and CI artifact.

The above-mentioned has some consequences for the evaluation of CI artifact
suppression methods in EASSR recordings. First, amplitude and phase errors
should both be evaluated for novel CI artifact suppression methods. In Chapters
3, 4 and 5, both amplitude and phase estimates were always considered. Second,
a wide range of EASSR-CI artifact phase differences should be considered, to
take the full influence of CI artifacts on the EASSR into account. Amplitude
errors are most apparent when CI artifact and EASSR are in phase, while
phase errors are most apparent when the EASSR-CI artifact phase difference
is around 90o to 180o, depending on the CI artifact-EASSR amplitude ratio.
The 40 Hz MFTF dataset that was used in Chapters 3, 4 and 5 is an ideal
dataset for CI artifact suppression evaluation. EASSR phases span a range of
almost 360o, resulting in a wide range of EASSR-CI artifact phase differences,
as desired. Third, ideally a wide range of CI artifact-EASSR amplitude ratios
is investigated, as this ratio determines whether recordings are EASSR or CI
artifact dominated. The 40 Hz MFTF dataset was acquired with stimulation
at C level, which resulted in high-SNR recordings in most subjects. Therefore,
EASSRs may be dominant compared to the CI artifact. CI artifact suppression
may be more challenging for other datasets containing lower SNR recordings.
However, the EASSRs amplitudes vary between 40 and 1048 nV over subjects
in the 40 Hz MFTF dataset. Therefore, we would argue that a representative
range of 40 Hz EASSR amplitudes has been tested.
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6.3 Recording system specifications

Some specifications of the recording system may have an influence on the CI
artifact characteristics. In this work and other recent studies in our research
group [53, 90, 88] (Chapter 3), the Biosemi ActiveTwo recording system which is
based on a DC amplifier was used with BP or MP mode stimulation. In previous
studies, BP mode stimulation was used with a 8-channel Jaeger-Toennies AC
amplifier [65, 64].

First, the input dynamic range of the amplifier should be large enough, such
that the large electrical artifacts do not cause amplifier saturation. Second,
high-pass filters built into AC amplifiers may distort CI artifacts, resulting in
CI artifacts with significantly longer duration. Third and finally, anti-aliasing
low-pass filters, with cut-off low-pass frequency related to the sample rate, may
influence the CI artifact morphology.

6.3.1 Input dynamic range and saturation

For some amplifier types, the amplifier input can be temporarily grounded,
using a hardware circuit, to prevent amplifier saturation or damage [107]. This
process, called blanking, may lead to unwanted data losses and missed events,
e.g., in studies based on spike train counting [107]. The linear interpolation (LI)
method that has been used in previous studies and in this work is a software
equivalent of the hardware blanking. LI can only be used if the amplifier input
dynamic range is large enough such that no saturation occurs.

6.3.2 AC vs DC amplifiers

Two types of amplifiers are commonly used: alternating current (AC) and
DC amplifiers. AC amplifiers block the DC component of the input signal,
with a built-in high-pass filter with adjustable cut-off. For CI artifacts with a
DC component, this high-pass filter may influence the CI artifact morphology
[65]. Both RF artifacts and asymmetric CI stimulation artifacts contain a DC
component that is removed by the high-pass filter. This results in a longer CI
artifact tail [65], thus extending the CI artifact duration, and further limiting
the applicability of LI. DC amplifiers may thus be a better option to record
EASSRs for MP mode stimulation, as CI artifact durations are shorter with
this type of amplifier.
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6.3.3 Sample rate and anti-aliasing filter

To prevent aliasing, recording systems contain a low-pass anti-aliasing filter.
In the Biosemi ActiveTwo recording system, a fifth order sinc low-pass filter
with cut-off frequency at 1/5th of the sample rate is used. This low-pass filter
also influences the CI artifact morphology. The lower the low-pass filter cut-off
frequency, the longer the CI artifacts exponential decay. Using recording systems
with higher sample rates or with higher low-pass filter cut-off frequencies may
thus result in CI artifacts that are easier to suppress.

In Chapter 4, a template subtraction method for CI artifact suppression has
been presented and evaluated. The CI artifact peaks were not adequately
modeled by the templates, due to averaging of several EEG segments and due
to the limited sample rate. A LI with short interpolation duration was therefore
applied after template subtraction. EASSR recordings with higher sample rates
may result in more accurate CI artifact templates, and the extra LI may not be
required anymore.

In Chapter 5, EEG samples corresponding to the CI artifact peak were ignored
in the state-space model, because these were associated with a large process
covariance value. When higher sample rates are employed, better CI artifact
models could possibly be derived, which may then be included in the state-space
model. This in turn may result in more accurate EASSR parameter estimations.

6.4 Future work

Five suggestions for future work are given in the following section. First, a
CI artifact propagation model, describing how the CI stimulation pulses are
propagated from the electrode array to the scalp electrodes, could be constructed.
This model could then be used for improved CI artifact suppression and as a
CI artifact template in the KF based EASSR parameter estimation. Second,
as discussed in Section 6.4.2, the choice of stimulation reference electrode
may have an influence on the CI artifact characteristics. Third, improved
stimulus design may help in attenuating the CI artifact contribution at the
modulation frequency (Section 6.4.3). Fourth, adjustments to the KF based
EASSR parameter estimation could improve the reliability of the obtained
parameter estimates, which is explained in Section 6.4.4. Fifth and finally,
extra research is needed to demonstrate the clinical applicability of EASSR
based objective CI fitting (Section 6.4.5). In particular, the performance of the
proposed CI artifact suppression methods in low SNR recordings and in CI
children and infants should further be investigated.
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6.4.1 Improvements of the CI artifact generation model

It would be interesting to construct a model of how the CI stimulation pulses
propagate from the electrode array to the scalp electrodes. Figure 1.7 lists
some factors that may influence the CI artifact pulse shape. However, the exact
influence of each factor is unknown. Such a model, that predicts the measured
CI artifact pulses from the stimulation sequences, may then be used in better
CI artifact suppression methods, or to improve the CI artifact template in the
state-space model used by the KF for EASSR parameter estimation.

6.4.2 Influence of stimulation reference electrode

It has been shown that CI artifacts are larger and longer for MP mode stimulation
than for BP mode stimulation [69, 85]. The physical separation between active
and reference stimulation electrodes may thus have an influence on the CI
artifact characteristics. MP mode stimulation refers to stimulation between an
intracochlear and an extracochlear electrode. Cochlear Nucleus implants have
two extracochlear reference electrodes. The MP1 reference electrode is separate
from the receiver stimulator, and is referred to as the ball or bullet electrode.
The exact electrode placement is determined by the surgeon during implantation,
but the ball electrode is typically buried underneath the temporalis muscle
[6, 113, 155]. The MP2 electrode is the reference electrode located on the
casing of the receiver stimulator. Three MP modes of stimulation exist: MP1,
MP2 and MP1+2 mode, where respectively the ball electrode, the electrode
on the casing and both electrodes, shorted together, are used as the reference
electrode. The chosen MP stimulation mode may have an influence on CI artifact
characteristics. The physical separation between the intracochlear electrodes
and the MP2 electrode is smaller than the physical separation between the
intracochlear electrodes and the MP1 electrode. We therefore hypothesized
that, compared to MP1 stimulation, MP2 mode stimulation would result in
shorter CI artifact durations.

To test this hypothesis, EEG measurements were obtained in one subject with
MP1, MP2 and MP1+2 stimulation during a pilot experiment. 37 Hz AM
modulated 500 pps pulse trains were presented at subthreshold stimulation
levels. No neural response is expected to be present, as the stimuli were not
audible to the subject. Significant synchronous responses are thus caused by CI
artifacts.

EEG signals were rereferenced to either Cz or Fpz. LI was or was not applied,
and the resulting signals were then filtered with a 2 Hz high pass filter. In each
channel, a Hotelling T2 test was applied to detect whether synchronous activity
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(in this case caused by the CI artifacts) was present. The percentage of false
detections was determined as the ratio of recording channels with significant
detections divided by the total number of recording channels. Three recording
channel selections were used: (1) all recording channels, (2) all contralateral
recording channels, and (3) all ipsilateral recording channels (excluding those
on top of the RF coil). Furthermore, for each recording channel, the CI artifact
duration was determined, as described in Chapter 2. The influence of four factors
could thus be examined: (1) most importantly, the influence of stimulation
mode (MP1 vs MP2 vs MP1+2), (2) the influence of reference electrode (Cz
vs Fpz), (3) the influence of recording channel selection (all vs ipsilateral vs
contralateral) and (4) postprocessing (no LI vs LI).

The percentage of false detections is shown in Figure 6.2. This percentage
is generally higher in the ipsilateral hemisphere than in the contralateral
hemisphere. Applying LI reduces the number of false detections, especially in
the contralateral hemisphere. The percentage of false detections is lower for
reference electrode Fpz, compared to reference electrode Cz. It seems that the
signal at Fpz resembles the CI artifact better than the signal at Cz, or that the
percentage of detections is reduced due to an increased noise level. All these
effects were expected. The most important factor we wanted to investigate
is whether the stimulation mode has an influence on the percentage of false
detections. In line with the hypothesis, it seems that MP2 mode stimulation
results in the lowest percentage of false detections, especially when LI is applied.
The percentage of false detections is slightly lower for MP1+2 mode stimulation,
compared to MP1 mode stimulation. It is not possible to do a statistical analysis
to confirm these effects, as only one subject was tested.

The CI artifact duration is shown in Figure 6.3. The CI artifact duration is
longer in the ipsilateral hemisphere than in the contralateral hemisphere. The
CI artifact duration is also influenced by the selected reference electrode, and is
in general shortest for Fpz reference. Importantly, especially at the contralateral
side, MP2 stimulation results in shorter CI artifact durations than MP1+2
and MP1 stimulation, as expected. The stimulation mode not only has an
influence on the overall CI artifact duration, but also on the topography. For
MP2 stimulation, CI artifacts are concentrated more posterior than for MP1
stimulation. This is an expected finding, since the MP2 electrode is placed more
posteriorly than the MP1 electrode. The main areas affected by CI artifacts
for MP1+2 mode stimulation are a combination of those areas found for MP1
and MP2 mode stimulation separately. The best settings to record EASSRs (in
this subject) at the posterior contralateral recording channels electrodes is with
stimulation in MP2 mode, with reference electrode Fpz.

In the future, these results should be confirmed in more subjects, and the
influence of changing stimulation reference electrode on CI artifact suppression



FUTURE WORK 145

LI no LI

0

25

50

75

100

0

25

50

75

100

0

25

50

75

100

A
ll c

h
a

n
s

C
o

n
tra

la
te

ra
l c

h
a

n
s

Ip
s
ila

te
ra

l c
h

a
n

s

Cz Fpz Cz Fpz

Reference channel

P
e

rc
e

n
ta

g
e

 o
f 

fa
ls

e
 d

e
te

c
ti
o

n
s
 (

%
)

Mode MP1 MP1+2 MP2

Figure 6.2: Percentage of false detections. Left column: with LI, right column:
without LI. Top row: all recording channels, middle row: only contralateral
recording channels, bottom row: only ipsilateral recording channels.

results should further be investigated.

6.4.3 Reducing CI artifacts by improved stimulus design

Improved stimulus design may result in CI artifacts that are easier to suppress.
Two possible approaches are presented next.

First, in Chapter 6 of [88], the stimulation pulse sequence was adjusted to create
EEG samples free of CI artifact, even when the CI artifact duration is longer
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Figure 6.3: CI artifact duration in µs. Top row: reference channel Fpz, bottom
row: reference channel Cz. Left to right: influence of stimulation mode.

than the IPI. As illustrated in Figure 6.4, selected CI stimulation pulses were
shifted closer to the preceding stimulation pulses, to create a larger gap between
two subsequent pulses. The longer IPI then allows the CI artifact to decay
to baseline before the next pulse is stimulated, resulting in one or more EEG
samples free of CI artifacts. A LI can then be applied between multiple such CI
artifact-free EEG samples. The sample rate is thus effectively reduced to the
rate of the shifted pulses. A pilot study with 900 pps MP mode stimulation in
one CI subject indicated that the EEG signals were indeed EASSR dominated
after LI between the shifted pulses.

Second, CI artifacts may be attenuated after averaging if the stimulation
sequences are not completely aligned or not perfectly identical [95]. For
transient response recordings, free field stimulation was often used, where
exact synchronization or perfectly identical stimulation epochs cannot be
guaranteed. This may have resulted in attenuated CI artifacts. For EASSR
recordings, deliberate jittering of the stimulation sequences, or introducing small
differences between stimulation epochs may result in attenuated CI artifacts,
while perception is unchanged.



FUTURE WORK 147

0 1 2 3 4 5 6

−1

−0.5

0

0.5

1

Regular pulse train

0 1 2 3 4 5 6

−1

−0.5

0

0.5

1

Shifted pulse train

Time (ms)

A
m

p
lit

u
d

e
 (

a
.u

.)

Figure 6.4: The stimulation pulse sequence was adjusted to create EEG samples
free of CI artifact. The third CI stimulation pulse was shifted closer to the
preceding stimulation pulse, to create a larger gap between the third and fourth
pulse.

Note that the above-mentioned changes to the stimulation pulse sequences may
result in attenuated CI artifacts, but that CI artifacts may not completely be
suppressed.

6.4.4 Improvements to the Kalman filter (KF) based EASSR
parameter estimation

In Chapter 5, a state-space model, including an EASSR and a CI artifact model,
was used by a Kalman filter for EASSR parameter estimation. The CI artifact
model consists of four components: (1) the CI artifact peak, (2) the constant CI
artifact tail, (3) the modulated CI artifact tail, and (4) a slow-drifting DC bias
component. While the influence of the process noise covariance associated with
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the CI artifact tail (components (2) and (3)) was investigated, the influence
of other parameters was not systematically researched. Future studies should
focus on the improvement of the KF EASSR parameter estimation through
optimization of the parameter set, including the other values of the process
noise covariance matrix, the optimal phase of the modulated CI artifact tail
φm, and the optimal value of observation noise covariance.

It could be useful to include a template obtained with TS in the KF state-space
model. Especially in cases where the CI artifact does not follow the proposed
model of a rapidly changing peak, and an exponentially decaying tail, important
improvements may be found. However, additional data collection may be needed
for construction of the template.

The KF equations are determined under the assumption that the process and
observation noise are Gaussian and white. It is known that EEG background
noise follows a 1/f distribution. Therefore, it can be argued that the KF is not
functioning optimally for EASSR parameter estimation. The state-space model
could possibly be extended such that it also includes a model for the 1/f EEG
background noise. Previous studies, investigating epilepsy spikes, incorporated
an autoregressive component in the state-space model that should account for
the EEG background noise [106, 110, 125]. Similar extensions could possibly
be made to the state-space model proposed in this work. Note however that
ASSR amplitude estimates obtained for normal hearing subjects in [91] were
already fairly accurate, even without inclusion of an EEG background noise
model. Furthermore, it is not expected that EEG background noise levels would
differ between normal hearing and CI subjects.

6.4.5 Clinical applicability of EASSR-based CI fitting

To further test the clinical applicability of EASSRs for objective CI fitting,
several topics should still be investigated. First, the feasibility of CI artifact
suppression for lower SNR responses should be investigated. As described in
Section 6.2, the vector summation of EASSR and CI artifact determines the
magnitude of the EASSR amplitude and phase estimation error. For lower SNR
responses, the CI artifact is dominant compared to the EASSR, and estimation
errors are larger. Furthermore, EASSRs may be more difficult to accurately
detect for lower stimulation levels. More extended signal processing and EASSR
detection methods may be needed for fast enough EASSR detection. Such
methods may combine channel information [10, 135, 136], or combine EEG
responses at the fundamental EASSR frequency and its harmonics [26].

Second, the feasibility of obtaining CI artifact-free responses in infants and
children should be investigated. As discussed earlier in Chapter 5, CI artifacts
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may be more difficult to suppress in contralateral recording channels in children
due to their smaller head sizes. In Belgium, bilateral CIs are fully reimbursed
for children under the age of twelve, since 2010 [31]. Accurate CI artifact
suppression in ipsilateral channels may be necessary for this growing population
of bilaterally implanted subjects. To determine T levels during objective
CI fitting, there is no reason to test CI subjects with bilateral stimulation.
However, it could be interesting to investigate differences in auditory temporal
processing during unilateral and bilateral CI stimulation. Furthermore, the
optimal modulation frequency for EASSR testing in CI children is not known
yet. It has been shown in [53] that no consistent 80–100 Hz EASSR could
be detected in post-lingually deafened adult CI subjects. In normal hearing
children, modulation frequencies in the 80–100 Hz range are preferred for ASSR-
based hearing threshold estimation, because these responses are not influenced
by arousal, sleep and sedation [115]. However, if 80-100 Hz are not present in
CI children, as in adult CI subjects, the use of other modulation frequencies
should be further investigated.

6.5 Conclusion

Due to the resemblance to clinically used stimulation sequences, EASSRs hold
great promise for research and clinical purposes. Depending on the chosen
stimulation parameters to elicit the EASSR, targeted areas of the brain can
be studied. EASSRs are the perfect tool to study some fundamental research
questions related to cortical reorganization in adult CI users and auditory
maturation in CI children. EASSRs could also be used to probe the ENI, and
adjust stimulation strategies and parameters based on the obtained responses.
Furthermore, in the clinic, EASSRs could be used for (more) objective CI
fitting. EASSR recordings are distorted by CI artifacts however, that should
be suppressed to allow reliable EASSR detection and parameter estimation.
In this thesis, a characterization of CI artifacts in EASSR measurements was
given, and three novel methods for CI artifact suppression were developed and
evaluated. The most promising method for EASSR parameter estimation in the
presence of CI artifacts is the Kalman filter, presented in Chapter 5, that can
be applied to single-channel measurements without additional data collection.
The developed methods can be used by researchers and clinicians to further
improve the quality of life and performance of children and adults with a CI.
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