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Abstract

Cochlear implants (CIs) restore hearing in individuals suffering from severe sen-
sorineural hearing loss. In recent years, electrically evoked auditory steady-state
responses (EASSRs) have been studied to automate the calibration of the CI’s
stimulation settings to optimize its performance. EASSRs are evoked through an
amplitude-modulated high-rate pulse train and can be objectively detected in EEG
recordings at the modulation frequency using statistical tests. However, electrical
stimulation artifacts of the CI hinder the detection of EASSRs in CI recipients.

This thesis dissertation has two research objectives. First, it aims to characterize the
stimulation artifact and to determine the effects of nonidealities and nonlinearities
on this artifact. Second, it explores how the knowledge of the artifact characteristics
and the effects of nonidealities and nonlinearities can be leveraged to develop artifact
suppression methods.

In the context of the first research objective, an analytical expression for the spec-
trum of the stimulation signal is derived. A more accurate signal representation is
proposed which takes the practical constraints of the pulse generation into account.
It shows that the stimulation signal inherently contains an artifactual component
at the modulation frequency. The effects of nonidealities and nonlinearities are
found to further magnify this component. An experimental set-up including a head
phantom is used to characterize the stimulation artifact in practice. Its results are
in accordance with the theoretical analysis.

Regarding the second objective, three methods are developed in the context of
this thesis. These are evaluated on a test set containing EEG recordings of 10 CI
recipients, using MP mode stimulation and a pulse rate of 900 pulses per second.
A first method exploits the differences in temporal characteristics of the EASSR
and artifact, and can be interpreted as an alternative implementation of the existing
Kalman filter-based methods. It is effective in contralateral channels but fails to
detect EASSRs in ipsilateral channels. A second method is a novel approach and
exploits the different effects of the pulse averaging operation on the stimulation
artifact and the EASSR to attenuate the former. It is effective in contra- and most
ipsilateral channels. The last method extends the recently introduced linear system
identification by including nonlinearities in the artifact model. The absence of ground
truth EASSR characteristics complicates its evaluation. However, the performance
of this method appears slightly improved in comparison to the linear model.
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Chapter 1

Introduction

1.1 Context

According to the World Health Organization (WHO), more than 430 million indi-
viduals require intervention to address their disabling hearing loss. By 2050, this
number is projected to exceed 700 million. [48] Among these are deaf and severely
hearing-impaired individuals, for whom the acoustic amplification provided by tra-
ditional hearing aids is no longer sufficient to restore their sound perception. For
them, cochlear implants (CIs) may offer a solution through a direct and electrical
stimulation of the auditory nerve. In this manner, a CI is able to bypass the deficient
transducer structures in their auditory system. [50] The number of CI recipients is
growing exponentially, with over one million individuals having received a CI as of
July 2022. [18, 37]

Since Volta’s discovery that electricity can evoke auditory sensations more than 200
years ago, CIs have achieved significant technological advancements and are now
considered among the most successful medical prostheses. [44, 47, 51] However, in
order to obtain adequate speech understanding and enhance the listening experience,
the stimulation settings of the CI have to be calibrated depending on the particular
needs of the recipient. Such a calibration process, known as fitting, involves deter-
mining the hearing threshold (T-level) and comfortable (C-level) stimulation levels
for each stimulation electrode of the CI. Despite its importance, the fitting process
is currently facing several challenges. [14, 40]

The first and most stringent is its reliance on behavioral feedback, which is impractical
for infants, children, and populations unable to provide such feedback. Secondly, the
fitting process is time-consuming and requires the expertise of a trained audiologist,
which results in a high clinical burden and associated costs. Thirdly, the obtained
stimulation settings are not objective as they may depend on the experience or
preference of the audiologist, complicating the comparison of fitting outcomes across
recipients. [14, 40] Lastly, the fitting sessions only take place during occasional visits
to the audiologist and thus cannot continuously adapt to time-varying factors such
as different listening environments or progression in hearing loss. [44]
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1. Introduction

These challenges have been addressed in several ways. First, to cope with the lack
of behavioral feedback, methods such as visual reinforcement audiometry (VRA)
and conditioned play audiometry (CPA) aim to teach individuals to perform a task
when they perceive a sound to determine the T-levels. [14, 46] Second, to reduce
the fitting time and costs, the T- and C-levels of only a subset of the electrodes can
be determined. As these levels show limited variation across electrodes in certain
stimulation modes, the levels of the remaining electrodes can be approximated by
interpolating between the determined values. [14, 42, 51]

Since these proposals do not address all challenges, research in the field of CI fitting
has in recent years shown interest in neural responses as objective measures. These
neural responses can be objectively detected without any form of feedback through
electroencephalography (EEG), which records the neural activity of the brain. A
specific type of neural response, the auditory steady-state response (ASSR), shows
promising results to determine hearing thresholds in normal hearing subjects, and
may thus be used for objective fitting. In CI recipients, this neural response is
referred to as an electrically evoked auditory steady-state response (EASSR) due to
the CI’s electrical stimulation of the auditory nerve required to elicit them. [38, 40]

1.2 Problem Statement

In normal hearing subjects, ASSRs can be objectively determined in the frequency
domain representation of the EEG recordings using statistical tests. [14, 38] In
CI recipients on the contrary, these recordings are contaminated with artifacts
originating from the electrical stimulation of the CI itself. As these artifacts overlap
in both the time and frequency domain with the elicited EASSR, there is a significant
risk for a false positive EASSR detection when no artifact suppression algorithms
are applied to the EEG recordings prior to the analysis. [40]

Next to CI fitting, the stimulation artifacts also complicate the study of the electrode-
neuron interface, and research on the auditory plasticity and maturation in CI
recipients. [14] The problem of electrical stimulation artifacts of EEG recordings
also arises in other fields, such as somatosensory stimulation, transcranial magnetic
and current stimulation, and deep brain stimulation. [16]

1.3 Thesis Objectives

This thesis is concerned with the detection of EASSRs in EEG recordings of CI
recipients. Outside of the introduction and preliminaries, this thesis is divided into
two main parts.

Part 1: Characterization of the Stimulation Artifact
The first part aims to characterize the stimulation artifacts in the EEG recordings and
identify the potential nonidealities and nonlinearities causing and/or contributing to
these artifacts. Although literature often mentions that these artifacts likely originate

2



1.4. Outline of the Thesis

from nonidealities and nonlinearities [22, 27, 40], their nature and contribution to
the stimulation artifact is still not fully understood. Previous research on artifact
characterization has primarily focused on amplitude, duration, and morphology [16]
as well as the effect of different stimulation settings [32]. The first part of this thesis
focuses on a theoretical and experimental characterization of the nonlinearities and
nonidealities of the artifact in the context of EASSR detection. Such a characteriza-
tion is relevant as it can guide the development of more accurate artifact suppression
methods.

Part 2: Development of Artifact Suppression Methods
The second part aims to develop methods to suppress the stimulation artifacts,
enabling the detection of EASSRs in EEG recordings of CI recipients. It explores
whether the knowledge gained from the first part can be leveraged to develop more
accurate EASSR detection methods. Additionally, it studies whether incorporating
nonidealities and nonlinearities into existing EASSR detection methods is able to
enhance their performance. The performance of these methods is evaluated on
EEG recordings of CI recipients, obtained at a stimulation level below the hearing
threshold and at a comfortable stimulation level. In this manner, it can be evaluated
whether the methods can detect the presence of an EASSR and its characteristics.

Research Questions

The objectives which the first and second parts aim to achieve can be reformulated
into two main research questions:

1. Which nonidealities and nonlinearities cause and/or contribute to the stimula-
tion artifact, and what are their defining characteristics?

2. How can the knowledge of these nonidealities and nonlinearities be leveraged
in the development of and extensions to methods which aim to separate the
stimulation artifact and EASSR?

1.4 Outline of the Thesis
This section provides an outline of the thesis and briefly summarizes the contents of
each chapter.

Chapter 2: Preliminaries
This chapter provides the preliminaries and background information required for the
subsequent chapters of this thesis dissertation. An overview of a CI is provided, along
with the characteristics of electroencephalography (EEG), which is used to record
the neural responses. It further discusses the characteristics of these responses and
the electrical artifact. Finally, existing artifact suppression methods are reviewed.

Chapter 3: Theoretical Artifact Analysis
This chapter presents a theoretical analysis of the stimulation artifact by deriving the
time and frequency domain representations of the ideal stimulation signal analytically.
A signal representation which takes the practical limitations of the pulse generation

3



1. Introduction

process into account is proposed as a more accurate description of the stimulation
signal and artifact. Additionally, the effects of nonidealities and nonlinearities on the
stimulation artifact are studied in the context of the first research question. This
analysis results in three theoretical statements about the stimulation artifact.

Chapter 4: Experimental Artifact Analysis
To validate these theoretical statements in practice, a dataset of EEG recordings
containing only stimulation artifacts is collected. These recordings are obtained
using an experimental set-up with a head phantom to mimic the artifact propagation
through the human head. These analyses result in an experimental characterization
of the stimulation artifact, and a quantification of the studied nonidealities and
nonlinearities.

Chapter 5: Artifact Suppression Methods
Based on the theoretical and experimental analyses, three EASSR detection methods
are presented. The first method can be interpreted as an alternative implementation
of the Kalman filter method introduced in [34] and further extended in [14]. The
second method exploits the different effects of a pulse averaging operation on the
stimulation artifact and the EASSR to attenuate the former. The last method
extends the linear system identification introduced in [40] by including nonlinearities
in the artifact model. The first method is related to the existing Kalman filter-based
methods, while the last method is a direct extension to an existing method. The
second method is a novel approach.

Chapter 6: Results
This chapter presents the EASSR detection accuracy of the developed methods and
compares it to a baseline which does not apply any form of artifact suppression.
The performance of each method is evaluated on its false positive rate, its detection
accuracy, and the estimated EASSR characteristics.

Chapter 7: Discussion
This chapter discusses the results shown in the previous chapter, with a focus on the
artifact suppression quality and the estimated EASSR characteristics. The differences
and similarities between the methods and their performance are highlighted and
interpreted.

Chapter 8: Conclusion and Future Work
This chapter concludes this thesis dissertation by reflecting upon the two research
questions and offers suggestions for future work.
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Chapter 2

Preliminaries

2.1 Introduction

This chapter provides the preliminaries and background information required for
the work presented in this thesis dissertation. Section 2.2 introduces the working
principles and components of a cochlear implant (CI). Then, Section 2.3 discusses the
characteristics of, and acquisition and preprocessing steps applied to the EEG-signals
which record both the EASSR and the stimulation artifact. Next, Section 2.4 and
Section 2.5 discuss the characteristics of the (E)ASSRs and stimulation artifacts
respectively. Subsequently, Section 2.6 provides an overview on existing artifact
suppression methods. Finally, Section 2.7 concludes the chapter.

2.2 Cochlear Implants

Individuals with sensorineural hearing loss may experience severe to profound hearing
impairment, for which the frequency-specific acoustic amplification provided by
traditional hearing aids is no longer sufficient. For these individuals, cochlear
implants (CIs) are used to restore hearing through a direct electrical stimulation of
the auditory nerve, thereby circumventing the malfunctioning transducer structures
in their auditory system. [40, 50]

A CI comprises both external and internal components. The external part includes a
microphone, a sound processor, and a radio frequency (RF) coil. The internal part
consists of an internal RF coil, and the implant itself. The latter contains a casing
electrode, a ball electrode, and an electrode array which is inserted into the cochlea.
[14, 40] Depending on the device and manufacturer, the electrode array contains
12 to 22 intracochlear and one or two extracochlear electrodes. [15, 50] Figure 2.1
illustrates the components of a CI.

The working principle of a CI can be summarized as follows. The external microphone
captures an audio signal, which is further preprocessed and converted into an
electrical stimulation sequence by the external sound processor. The conversion from
the preprocessed audio signal to the stimulation sequence depends on the applied
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Figure 2.1: A cochlear implant device consists of a microphone and sound processor
(1), an internal and external RF coil (2), the implant itself and the casing electrode
(3), the ball electrode (4), and the electrode array (5). (6) shows the auditory nerve,
which is electrically stimulated by the implant. This figure from [12] has been adapted
with added numbering. The labeling of the components is based on [14, 26].

stimulation strategy, and typically involves band-pass filtering and envelope extraction.
A detailed discussion on and an extensive overview of stimulation strategies are
available in [50]. The electrical stimulation sequences are then transmitted to the
internal piece of the implant through communication between the external and
internal RF coil. Next, the internal piece of the implant decodes the received
stimulation sequences and generates the stimulation pulses. These are applied to
the intracochlear stimulation electrode(s) of the electrode array, which is inserted
into the cochlea and allows for a direct, electrical stimulation of the auditory nerve.
In this manner, the defective structures in the middle and inner ear are bypassed.
[14, 50, 40] Besides facilitating communication between the external and internal
components, the RF coils are also used to power the internal components of the
implant through electromagnetic induction. [44] Figure 2.2 provides a high-level
overview of the working principle of the CI system.

Figure 2.2: A high-level overview of the working principles of the CI system. This
figure is recreated based on [50].

In order to apply the electrical stimulation signal, both an active and reference
stimulation electrode are selected. The active electrode is part of the electrode
array and defined by the stimulation strategy. The reference electrode can be
either an intra- or extracochlear electrode. Stimulation between two intracochlear
electrode is referred to as bipolar (BP) mode stimulation, whereas monopolar (MP)
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Figure 2.3: An illustration of monopolar and bipolar mode stimulation. This figure
has been adapted from [44].

mode stimulation refers to stimulation between one or more extracochlear and an
intracochlear electrode. The increased physical separation between the reference
and active stimulation electrodes in the MP mode stimulation results in a wider
stimulation. This is associated with lower threshold stimulation levels (T-levels) and
less variation between these T-levels. The lower stimulation levels in this mode result
in a prolonged battery life. These properties make MP mode stimulation preferred
in clinical practice. [14, 42] Figure 2.3 illustrates both stimulation modes.

In this thesis dissertation, devices of Cochlear Ltd. are used. Other manufacturers
in the market include Med-El, Advanced Bionics, Nurotron, and Oticon Medical.
Although the fundamental operational concepts are similar across all manufacturers,
stimulation strategies and hardware may be different among them. [44]

As previously mentioned, the performance of CIs heavily depends on the stimulation
parameters determined during a fitting process. [40] Such a fitting process results
in an ensemble of patient-specific stimulation parameters - often referred to as a
map - which yields the optimal performance for the CI recipient. [50] Despite its
importance, the fitting process is hindered by the need for behavioural feedback, the
time requirements and associated costs, the lack of objectivity in the determination
of the map and the infrequent adaptation of these stimulation parameters. Especially
the first factor is problematic in hearing-impaired infants and children, which form
an important target demographic of CIs as their early implantation leads to better
speech and language development. [5, 14]

2.3 Electroencephalography
In order to address these issues, objective neural measures are being studied to
automate the fitting process. These neural measures are often recorded in an
electroencephalogram. Although both magnetoencephalography (MEG) and elec-
troencephalography (EEG) have a sufficiently high temporal resolution to detect
these neural measures, MEG is not recommended for CI recipients due to the mag-
netic fields. Consequently, EEG is favored and used to record these neural measures.
[14] This section will consider the characteristics, drawbacks, and benefits of EEG.
Next, the acquisition of EEG recordings is discussed, after which the preprocessing
procedures are considered.
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2.3.1 Characteristics

EEG is a non-invasive method to record the electrical activity in the brain. This
activity is generated by the synchronous firing of large populations of neurons in the
brain, resulting in measurable voltage differences. These signals can be recorded by
electrodes which are placed non-invasively on the scalp of the subject. A minimization
of the impedance of the electrode-scalp interface is required to optimize the signal
quality. Therefore, a gel is typically applied to reduce this impedance. Dry EEG
systems do however exist as well, with comparable performance for brain-computer
interface and auditory applications. [23, 44]

EEG has a number of benefits. First of all, it is a non-invasive method. Additionally,
it requires less expensive and less complex equipment as compared to MEG. [44]
Finally, the high temporal resolution of EEG allows to record the neural measures
required to automate the CI fitting process. [14]

However, EEG also has a number of drawbacks. First, the application of the EEG
electrodes and the gel is time-consuming. A second disadvantage is the low spatial
resolution of EEG which directly leads to a low signal-to-noise ratio (SNR) of the raw
EEG recordings, since the signal of interest is only measurable alongside the total
brain activity. The last drawback is its susceptibility to artifacts, which are either
biological or technological in nature. Eye-blink and muscle artifacts are examples in
the former class and will be removed in the preprocessing procedure as explained in
the next subsection. The latter class contains the stimulation artifacts, of which the
suppression is the topic of this thesis. [10, 44]

2.3.2 Acquisition and Preprocessing of EEG recordings

In order to cope with the low SNR of EEG and its susceptibility to artifacts, the
EEG recordings are preprocessed prior to the analysis. [44] This subsection discusses
both the acquisition and preprocessing procedures of the EEG recordings in detail.

The EEG acquisition and preprocessing procedures are taken from [40] and summa-
rized in this text. The dataset of real subject data, available prior to the start of
this thesis and described in Section 5.2, is acquired and preprocessed according to
the description below. The dataset of stimulation artifact, acquired in the context of
this thesis and described in Subsection 4.2.2, follows the description below as well.
Using the same EEG equipment and preprocessing procedures in all datasets ensures
that these aspects do not introduce any bias. [10]

The EEG recordings are acquired using a Biosemi ActiveTwo Hyper-Rate EEG
recording system with a sampling rate of 262144 Hz. EEG is recorded at eight
electrodes, six of which are placed at P9, P10, Iz, Cz, Fz, and Fpz as defined in
the international 10-20 system, shown in Figure 2.4. Two additional electrodes are
located at the left and right mastoid, referred to as MaL and MaR respectively.
When the CI coil was located at an electrode position, the closest electrode position
was used.
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For each EEG recording, 300 epochs with a duration of 1.024 seconds each are
recorded in an electromagnetically shielded room. All frequencies involved in the
stimulation signals are rounded to avoid spectral leakage. The recorded EEG is
low-pass filtered using a third-order anti-aliasing filter which is built into the system.
This filter has its -3 dB point at 50 kHz. All processing is done offline using MATLAB
R2022b. The data is referenced offline to one of the reference electrodes. The EEG
recordings are detrended with a second-order polynomial to remove drifts over a
window of half a second. Using the triggers of the stimulation, the recordings is split
into epochs of 1.024 seconds each. Five percent of the epochs are rejected based on
peak-to-peak amplitudes. The epoch rejection based on this criterion removes the
biological artifacts; such an approach is possible due to the short duration of a single
epoch. Furthermore, it is free of user bias and allows to use the same preprocessing
pipeline for all EEG recordings. All non-rejected epochs are averaged to attenuate
the noise, resulting in the mean EEG epoch used in the analysis. [40]

Figure 2.4: The EEG electrode positions as defined by the international 10-20
system. The selected reference and analysis electrodes are indicated in gray and
yellow electrodes respectively. MaL and MaR are not indicated. Figure is obtained
from [11], changes are limited to colouring the relevant electrodes

2.4 Auditory Steady State Responses

So far, the objective neural measure to be detected has only been loosely defined.
Any objective neural measure which correlates well with behaviourally determined
T- and C-levels shows the potential to automate the fitting process. In this context,
the objective neural measure is an auditory evoked potential (AEP), which is an
electrical response generated after stimulation of the auditory system. In normal-
hearing subjects, this response is evoked by acoustic stimulation, whereas electrical
stimulation is required in CI recipients. [44] The search for an AEP capable of
automating the fitting process is a research field in itself, and falls outside the scope
of this thesis. An overview of AEPs and their potential to automate the fitting
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Figure 2.5: (a) The acoustic stimulus, a modulated sinusoid, to evoke an ASSR
at the modulation frequency. (b) Time domain: two periods of an ASSR after
averaging. (c) Frequency domain: spectrum of the mean epoch, displaying a peak at
the modulation frequency. Figures are taken from [14]

process is available in [14, 44].

This thesis will focus on the detection of electrically evoked auditory steady-state
responses (EASSRs) for two reasons. First, in normal-hearing subjects, this AEP
has demonstrated the possibility to determine hearing thresholds, indicating it is
a promising tool to automate the fitting procedure. [38, 40] Secondly, this thesis
dissertation continues upon the research conducted in the recently introduced system
identification method by J. Schott et al. [40] and the doctoral dissertation of H.
Deprez [14]; both of which focus on the detection of EASSRs.

(E)ASSRs are neural auditory steady-state responses, which result from the neural
phase-locking to periodic stimulation signals, which amplitude modulate a carrier
signal. [14, 40] A main benefit of EASSRs is their objective detectability in an
electroencephalogram. In the frequency domain, an (E)ASSR presents itself as
a distinct spectral peak at the modulation frequency of the stimulation signal
which can be automatically detected using statistical tests. This automatic detection
differentiates them from transient responses, which typically involve a manual labeling
of the response peaks. [14, 38] Figure 2.5 illustrates the stimulation signals, and the
ASSR in both the time and frequency domain.

In CI recipients, EASSRs are evoked by electrical stimulation. Cochlear Ltd. uses
symmetric, biphasic, cathodic-first pulses as the carrier signal, [14] which is further
discussed and analyzed in Section 2.5 and Chapter 3. Except for the different carrier
signals in the stimulation, the evocation of an EASSR is conceptually identical to
ASSRs shown in Figure 2.5.

A basic knowledge of the characteristics of (E)ASSRs is required for the development
of (E)ASSR detection algorithms. The stimulation signal g(t), either acoustic or
electrical, can be represented as:

g(t) = s(t) · Am · (1 + D · cos(2πfmt + ϕm)) (2.1)

in which s(t) represent the normalized carrier signal; Am, D, fm, and ϕm the
modulation amplitude, depth, frequency, and phase respectively. [40]
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In normal-hearing subjects, ASSRs can be evoked by modulation frequencies fm

between 1 Hz and 200 Hz but are particularly pronounced in the frequency range
around 40 Hz. [38] As processing in the brain requires time, there is a delay
between the generation of an (E)ASSR and the stimulation. This delay, further
referred to as latency, is about 40 ms. [38, 21] An increased stimulus intensity Am

results in increased response amplitudes and decreased response latencies. As the
modulation depth D increases, the response amplitude increases as well since the
brain predominantly focuses on the auditory envelope. An increase of the frequency
fc of the carrier signal s(t) results in a significant decrease in amplitude of the
40 Hz ASSR, and a decreased latency. [38] The fact that EASSRs can be evoked
using clinically relevant carrier frequencies of 900 Hz is especially beneficial in the
perspective of automating the fitting process, as T- and C-levels show a dependency
on the stimulation rate. [14, 35] Note that the carrier frequency must be at least a
factor four larger than the modulation frequency for an accurate detection of the
EASSR. [14] Lastly, (E)ASSRs are able to exhibit nonlinear characteristics, resulting
in spectral peaks at harmonics of the modulation frequency fm. [22, 38]

2.5 Cochlear Implant Artifacts

The most substantial obstacle in reliably detecting EASSRs in CI recipients is the
contamination of electrical artifacts in their EEG recordings which originate from the
CI device itself and are thus inevitable. These artifacts overlap with the EASSR in
both the time and frequency domain, which results in a risk of false positive EASSR
detections. [14, 40] This section describes the characteristics of this artifact and its
dependence on the stimulation settings.

The two main contributions to electrical artifacts originate from the radio frequency
link between the RF coils and the stimulation pulse sequences which are applied to
the electrodes. Both of these artifacts overlap with the EASSR in the time domain.
Since the frequencies used for RF communication are in the MHz range and the
stimuli are nonlinearly encoded, the RF contribution to the electrical artifact typically
does not overlap with the EASSR in the frequency domain. The contribution of the
stimulation signal to the electrical artifact - referred to as the stimulation artifact in
the remainder of this text - is however able to contain a spectral component at the
modulation frequency, resulting in a spectral overlap with the EASSR. [40, 51, 14]

Figure 2.6 illustrates the applied stimulation signal in the first subfigure. As its
stimulation level is below the hearing threshold, no EASSR is evoked. The EEG
recording thus contains solely the stimulation artifact and is depicted in the time
domain in the second subfigure. Note that the stimulation pulses can be recognized
directly in the EEG recording. The amplitude of these pulses in the EEG recording
is typically multiple orders of magnitude larger than the EASSR. [44]. Next, the
third subfigure shows the electrical artifact in the interpulse interval (IPI), which
is the time interval between two subsequent pulses. In this interval, the electrical
artifact is characterized by a clear undershoot followed by an exponentially decaying
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Figure 2.6: The stimulation signal expressed in current levels (see infra) (left), an
ipsilateral (see infra) EEG recording obtained at a subthreshold stimulation level
in the time-domain (second from the left), a zoom of the interpulse interval of this
EEG recording (second from the right) and the frequency domain representation of
this EEG recording (right).

tail. The latter is assumed to originate both from the anti-aliasing low-pass filter and
the capacitive effects of the electrode-tissue and skin-gel-EEG electrode interface.
This artifactual tail is present over the full interval and thus overlaps with the
evoked EASSR in the time domain. Finally, the last subfigure shows the frequency
domain representation of the EEG recording, which contains a distinct peak at the
modulation frequency. Since the applied subthreshold stimulation level does not
evoke an EASSR, this spectral peak is solely caused by the stimulation artifact.
When comparing this subfigure with the frequency domain representation of the
ASSR shown in Figure 2.5, it becomes apparent why this artifact can result in a
false positive detection and a distortion of the EASSR.

A discriminatory feature between the artifact and the (E)ASSR is their group delay
or latency. Since the artifact is caused by the electrical stimulation of the CI, it
propagates almost instantaneously from the stimulating device to the EEG-electrodes.
In contrast, the generation of an EASSR exhibits a group delay or latency of about
40 ms for modulation frequencies in the 40 Hz range due to processing in the brain.
This difference in latency will be used to evaluate the effectiveness of the artifact
suppression methods in case EEG recordings in response to stimulation at different
modulation frequencies are available. In that case, the group delay of the detected
EASSRs can be evaluated and compared to the expected range of 40 ms. Note that
the group delay is used instead of the phase, due to the ambiguous character of the
latter.[38, 40]

The symmetrical stimulation signal does not contain a spectral component at the
modulation frequency according to [14, 27, 40, 3]. The stimulation artifact at this
frequency is thus believed to originate from nonidealities and nonlinearities in the
system. These statements are further analyzed in Chapter 3.

The stimulation artifact at the modulation frequency displays a high intersubject
variability and is present to some extent in all EEG channels. The morphology
and the temporal extent of the artifact pulses mostly depend on the stimulation
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parameters, although the impedance of the electrode-tissue interface, the body
tissue, and the EEG recording electrode-gel-skin-interface also play an important
role. Furthermore, the artifact is also affected by the EEG recording equipment and
the preprocessing procedures. [14]

The remainder of this section will discuss the effect of four important factors which
play a crucial role in the complexity of the EASSR detection problem.

A first factor is the stimulation level. An increased stimulation level results in
larger stimulation artifacts. [16] For CIs of Cochlear Ltd., the stimulation amplitude
is clinically expressed in current levels (CLs), which is a scale ranging from 0 up to
and including 255. The relationship between CLs and amperes is logarithmic. The
exact conversion depends on the device type, and is commonly given by [30]:

IA = 17.5 · 10−6 · 100(ICL/255) (2.2)

where IA and ICL represent the same electrical current expressed in amperes and
current levels respectively. The dynamic range of the stimulation currents thus ranges
from 17.5 µA to 1.75 mA. The artifact suppression algorithms should be effective at
every stimulation level.

A second important factor is the stimulation mode, as discussed in Section 2.2.
MP mode stimulation results in a wider extent of the electromagnetic fields and thus
larger electrical CI artifacts as compared to BP mode stimulation. [44, 32] Since MP
mode stimulation is used in clinical practice, the EASSR detection methods must be
effective for this stimulation mode.

A third factor is the EEG recording electrode position. The artifact is stronger
in EEG channels located on the size of the head closest to the CI (ipsilateral side)
than the opposite side (contralateral side). [14] Furthermore, despite the limited
research about lateralization in unilateral CI subjects, [33] indicates responses may
be lateralized to contralateral channels in unilateral CI subjects. This might ease
the EASSR detection in contralateral channels in comparison to ipsilateral channels.
[15] Moreover, in infants and children, which form an important target demographic
for automated fitting procedures, the distinction between ipsi- and contralateral
EEG-channels is less clear since all channels contain strong stimulation artifacts due
to their smaller head size. [14] The EASSR detection methods should therefore be
effective in all EEG channels.

A fourth and last factor is the pulse rate of the stimulation signal, which defines
the number of pulses per second (pps). An artifact characterization study presented
in [16] found that a pulse rate for 500 pps (IPI = 2 ms), the stimulation artifact
duration varies from 0.7 ms to 1.7 ms in contralateral channels and from 0.7 ms to 2
ms in ipsilateral channels. This indicates that the end of the interpulse interval is not
contaminated by the stimulation artifact. For a pulse rate of 900 pps (IPI ≈ 1.1 ms),
in contralateral channels, the median stimulation artifact duration equals 0.9 ms,
although in some subjects, it is close or equal to 1.1 ms. In ipsilateral channels, the
stimulation artifact duration equals 1.1 ms in most CI recipients in the study. [16]
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Since a pulse rate of 900 pps is clinically used, and the determined T- and C-levels
depend on the pulse rate, the EASSR detection should be effective for this pulse rate
of 900 pps. [14, 35]

2.6 Artifact Suppression Algorithms

In order to reliably detect EASSR in EEG recordings of CI recipients, the stimulation
artifact must be suppressed through signal processing algorithms. As motivated,
the ideal artifact suppression method should be effective for stimulation at all
stimulation levels, in MP mode stimulation, a pulse rate of 900 pps, in both ipsi- and
contralateral EEG channels and preferably requiring only a single EEG channel to
reliably detect the EASSR. Various algorithms have been developed and validated
for different stimulation conditions. This section provides an overview of CI artifact
suppression algorithms for EASSR detection and their performance. For each method,
its working principle, crucial assumptions, performance, benefits and drawbacks are
briefly considered. The performance is mentioned for EEG recordings acquired
with a sample rate of 8192 Hz using the clinically relevant MP mode stimulation,
unless stated otherwise. Table 2.1 provides an overview of the performance of these
methods.

2.6.1 Linear Interpolation

The first artifact suppression method in this overview is referred to as linear interpo-
lation (LI) and is widely used in literature. [25, 40, 16, 24] This method interpolates
the EEG signal between a sample before and after the stimulation pulse. As the
name suggests, often a linear interpolation is used; although cubic and spline inter-
polations have also been explored. [3] Variations on LI has also been studied, such
as the Moving Strobe Averaging (MSA) algorithm which removes artifact-dominated
samples prior to applying LI. [27]

This artifact suppression method assumes that samples before and after the stimu-
lation pulse are not affected by the artifact, i.e. the stimulation artifact must have
decayed before the next pulse occurs. [15] The results from the artifact characteriza-
tion presented in [16] show that at a pulse rate of 500 pps, the stimulation artifact
duration is lower than the interpulse interval; while at a pulse rate of 900 pps, the
duration is only shorter in contralateral channels of some CI recipients.

These results are reflected in the performance: [14] found that LI is effective in both
contra- and ipsilateral channels at a pulse rate of 500 pps; although the estimated
latencies in the ipsilateral channels are centered around the lower bound of the
expected range. Using a hyperrate EEG system, [40] showed that LI is effective in
contralateral channels at 900 pps, but not in ipsilateral channels.

A main benefit of LI is that it only requires data originating from a single EEG
channel. A drawback is that LI might result in interpolation artifacts in case the
assumption is not satisfied, which might in turn amplify the stimulation artifact.
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[27] Another disadvantage is its sensitivity to noise since only a limited number of
samples are considered in the analysis.

2.6.2 Template Subtraction

A second method is referred to as template subtraction (TS) [15]. This artifact
suppression method uses an EEG recording containing stimulation artifacts and no
significant response to create a template of the stimulation artifact. In a subsequent
step, this template is appropriately scaled and subtracted from another EEG recording
to determine whether or not an EASSR is present. In [15], the artifact template is
obtained at the correct stimulation level by modulating the stimulation pulse train
at a modulation frequency which does not evoke an EASSR. However, the research
paper mentions the use of subthreshold EEG recordings might be effective as well.

This method assumes the artifact is stationary over the course of the EEG recording,
since only a single template is used. In case subthreshold EEG recordings are used
for the template creation, assumptions about the scaling of the artifact must be
made. [15]

In EEG recordings contaminated with artifacts due to stimulation at a pulse rate of
500 pps, [15] found that TS is effective in both contra- and ipsilateral channels.

The fact that TS only requires a single-channel EEG recording to determine whether
an EASSR is present forms a large benefit. Additionally, the template construction is
data-driven and does not require any prior knowledge about the stimulation artifact.
This last argument is also a drawback, as no prior knowledge can be incorporated into
the template construction. However, its largest disadvantage is the requirement of a
stimulation artifact recording to construct the template, even though [15] mentions
this recording can be reduced to 60 seconds without compromising on performance.

2.6.3 Independent Component Analysis

A third method applies Independent Component Analysis (ICA), a popular approach
in the context of blind source separation. For the detection of transient auditory
evoked potentials, ICA has been applied with success. [8, 20] For the detection of
EASSRs, ICA is applied and evaluated in [17].

ICA assumes that stimulation artifact and EASSR are statistically independent.
In practice, this assumption is most likely violated as the stimulation artifact and
response both originate from the electrical stimulation and therefore show similar
characteristics. [17]

ICA is able to detect EASSRs in both contra- and ipsilateral channels at a pulse
rate of 500 pps. However, it must be noted that the EASSRs could be detected in
contralateral channels without any form of artifact suppression. At a pulse rate of
900 pps, ICA failed to separate the EASSR from the stimulation artifact, except
for two out of seven CI recipients. In general, [17] concluded that mixed results are
obtained when using ICA for EASSR detection.
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ICA does not require any prior knowledge, which is both a benefit and a drawback.
Furthermore, ICA requires multi-channel EEG recordings, which are more expensive
and increase the preparation time since more electrodes must be placed on the
scalp. A last drawback is the identification of the artifact components. A manual
selection of these components requires expertise, is subjective and time-consuming;
an automatic selection on the other hand has to rely on assumptions that may not
always hold in practice. [10, 17]

2.6.4 Kalman Filtering Approaches

A fourth approach is introduced in [34] and further extended in [14] and relies on
a Kalman filter. The method uses an artifact model which consists of a number
of artifact templates, which are constructed based on prior knowledge about the
artifact. In the initial model, this artifact template was a triangular pulse [34]. In
the extended model, an exponentially decaying tail, a stimulation pulse and a bias
are included into the model. The decay rate of the exponentially decaying tail is
estimated on the EEG recording. A Kalman filter is then used to determine the
contribution of each artifact template and two additional response templates to the
observed EEG recording at each time index.

This method assumes that the stimulation artifact can be accurately modeled as
a combination of these artifact templates. Note the contrast with the template
subtraction method, where the template is constructed in a more data-driven fashion.

In [34], the Kalman filter model is effective in contralateral channels in BP stimulation
mode at a pulse rate of 900 pps. In [14], the extended Kalman filter model is effective
in both contra- and ipsilateral channels at a pulse rate of 500 pps.

This method requires data from only a single EEG channel and does not assume
stationarity of the EASSR or artifact. However, it has two disadvantages. First,
the artifact model is not flexible, as it only includes a limited amount of artifact
templates. Furthermore, the method is rather sensitive to the tuning of the noise
covariance matrices. [14]

2.6.5 System Identification Approach

The last method in this overview is the system identification (SI) approach introduced
in [40]. In this approach, the separation problem is presented as an SI problem.
Both the stimulation artifact and the EASSR are modeled as the result of a filter
operation of an input signal with an artifact and response FIR filter respectively.
The FIR-coefficients are estimated through an ordinary least-squares (OLS) using
three EEG recordings at distinct modulation frequencies. This method is detailed in
Subsection 5.7.1.

The assumptions of this method are rather limited. Prior knowledge about the
stimulation artifact and the EASSR is incorporated in the input signal and the
structure of their respective model.
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The SI method has been shown to be effective in ipsi- and contralateral recordings
at 900 pps. It is however important to note that a hyperrate EEG system with a
sampling rate of 262144 Hz is used in the evaluation of this method.

The main benefits of this method are that it only requires single-channel EEG
recordings and that it is also effective in ipsilateral EEG channels at a pulse rate of
900 pps, in contrast to all other methods mentioned. A drawback of the method is
that three EEG recordings from a single channel at different modulation frequencies
are required to disentangle the stimulation artifact from the EASSR. However, current
research focuses on reducing the number of single-channel EEG recordings without
compromising performance.

Table 2.1: Overview of the performance of existing artifact suppression methods.
Results obtained using a hyperrate system are indicated with an asterisk.

Pulse Rate Channel Methods
LI TS ICA Ex. KF SI

500 pps MP Contra. Yes Yes Yes Yes -
Ipsi. Yes Yes Mixed Yes -

900 pps MP Contra. Yes* - Mixed - Yes*

Ipsi. No* - Mixed - Yes*

2.7 Conclusion
This chapter has provided a brief overview of the components and working principles
of a cochlear implant. Subsequently, EEG is discussed and the details of its acquisition
and preprocessing in the context of this thesis have been described.

This thesis aims to detect the electrically evoked auditory steady-state response
(EASSR) in EEG recordings of CI recipients. However, its detection is hindered
by the electrical artifact, which is caused by the stimulation of the CI and thus
inevitable. [40] Both the RF communication and the stimulation itself contribute to
this electrical artifact. In the context of EASSR detection, the artifact due to the
stimulation is most relevant as it overlaps with the EASSR in both the time and
frequency domain. [16] Furthermore, the effect of the stimulation parameters on the
EASSR and stimulation artifact are considered. Artifact suppression methods should
be effective at all stimulation levels, in monopolar (MP) mode stimulation, at a
pulse rate of 900 pps, and in both contralateral and ipsilateral channels. [14, 16, 32]
To evaluate the performance of these algorithms, the group delay or latency of the
estimated EASSRs is determined. This latency is between 35 and 55 ms in case an
EASSR has been detected, and close to zero in case an artifact is observed. [40, 38]

Lastly, an overview of existing artifact suppression methods is provided. The system
identification method [40] is the only artifact suppression method which is effective
under all stimulation conditions.
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Chapter 3

Theoretical Artifact Analysis

3.1 Introduction

In normal hearing subjects, an ASSR can be objectively detected in the EEG at
the modulation frequency in the frequency domain. However, in CI recipients, a
spectral component at this frequency can also originate from the stimulation artifact.
Therefore, observing a spectral peak at the modulation frequency in EEG recordings
of CI recipients does not necessarily imply an EASSR is present, as illustrated in
Figure 2.6. This chapter analyzes under which conditions the stimulation signal used
to evoke EASSRs contains such a spectral component at the modulation frequency.

The relevance of this analysis is twofold. First, in case the input signal does not
contain a spectral component at the modulation frequency, the artifactual component
at this frequency must be the result of nonlinearities in the system. Secondly, since
the stimulation pulses are clearly visible in the EEG recording, its frequency spectrum
is related to the spectrum of the observed stimulation artifact.

In literature, such a spectral analysis is typically conducted through simulations
[3, 16, 40], or by loosely referring to theoretical results without presenting derivations
[27]. In contrast, Section 3.2 focuses on an analytical derivation of the temporal
and spectral representation of the ideal stimulation signal, which is used in the
simulations in literature. This approach allows to identify the factors which are
able to exert an influence on the stimulation artifact at the frequency of interest.
Section 3.3 remarks that this ideal stimulation signal cannot be applied in practice
due to the charge-balance constraint (see infra). Therefore, the representation of a
practical stimulation signal is proposed and analyzed. Next, Section 3.4 studies the
potential effect of stimulus nonidealities and nonlinearities on the stimulation artifact
at the modulation frequency. Section 3.5 concludes the chapter by postulating three
statements on the origin of the stimulation artifacts. All figures shown in this chapter
result from analytical derivations and are validated through simulations in MATLAB.
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3.2 Ideal Stimulation Signals
This section analyzes the ideal stimulation signals used in the CIs of Cochlear Ltd.
Although the specifications of the stimulation signals may differ between different CI
manufacturers, they do share common characteristics such as a pulsating nature and
charge-balance for safety reasons. [51] Similar analyses can thus be conducted for
those signals, but are outside the scope of this thesis.

Cochlear Ltd. uses a biphasic, cathodic-first pulse train to stimulate the auditory
nerve. These pulses are presented at a stimulation, pulse, or carrier rate fc. Through
amplitude modulation (AM) of this pulse train with a sinusoidal signal oscillating
at a modulation frequency fm, an EASSR is elicited at this particular frequency.
[14, 40] This section analyzes under which circumstances the ideal stimulation signal
itself contains a spectral component at this modulation frequency fm. All spectral
representations shown in this section are verified using simulations in MATLAB.

3.2.1 Time-Domain Representation

First, a time-domain representation of the ideal stimulation signal is presented by
subsequently considering an individual biphasic cathodic-first pulse, a pulse train,
and a modulated pulse train.

A biphasic, cathodic-first pulse p(t) can be represented in the time domain as:

p(t) = ApΠ(
t − (Tp

2 + Ti
2 )

Tp
) + AnΠ(

t + Tn
2 + Ti

2
Tn

) (3.1)

in which Ap and Tp, and An and Tn represent the amplitude and duration of the
positive and negative pulse respectively; Ti represents the interphase duration; Π( t

T )
represents a rectangular box function of duration T , centered around the origin. In
order to avoid tissue damage, DC-stimulation must be avoided. Therefore, both
phases of the pulse have to be charge-balanced resulting in the charge-balance
constraint [51]: ∫ Tp+Ti

2

− Tn+Ti
2

p(t)dt = ApTp + AnTn = 0 (3.2)

This biphasic, cathodic-first pulse p(t) is repeated at the pulse fc resulting in a
stimulation pulse train f(t):

f(t) =
+∞∑

k=−∞
p(t − kTc) = p(t) ∗

+∞∑
k=−∞

δ(t − kTc) (3.3)

in which Tc represents the carrier period, the reciprocal of the carrier frequency fc.

This pulse train f(t) is then modulated with a cosine oscillating at a modulation
frequency fm. The modulation amplitude, depth, and phase are represented by Am,
D, and ϕm respectively. This results in a final time domain representation of the
ideal stimulation signal gideal(t) applied to elicit an EASSR:

gideal(t) = f(t) · m(t) = f(t) · (Am · (1 + D · cos(2πfmt + ϕm)) (3.4)

20



3.2. Ideal Stimulation Signals

-5 0 5

10
-5

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0 0.01 0.02 0.03 0.04

-1.5

-1

-0.5

0

0.5

1

1.5

10
-3

Figure 3.1: Time-domain representation of the ideal stimulation pulse (left) and
ideal modulated signal (right)

Figure 3.1 shows the time-domain representation of a biphasic, cathodic-first, perfectly
symmetrical pulse p(t) and a modulated train gideal(t) consisting of these pulses.
Perfect symmetrical pulses imply that Tp = Tn =∆ T and Ap = −An =∆ A. A pulse
and interphase duration of 37 µs and 8 µs are used in both subfigures. The right
subfigure has a maximal stimulation amplitude of 255 current levels, a modulation
depth of 50%, a modulation frequency fm of 40 Hz and a carrier frequency fc of 900
Hz. All parameters are rounded to avoid spectral leakage.

In order to interpret the significance of all terms in the equations, typical values
for CIs of manufacturer Cochlear Ltd are provided. Cochlear Ltd uses perfectly
symmetrical pulses. [14] Typical values for the pulse duration T are 25 µs and 37
µs. The interphase duration Ti is commonly 8 µs. In this analysis, A is taken to be
1 such that all amplitude information is contained in the modulation amplitude Am

and depth D of the modulating signal m(t). The pulse rate fc is 900 Hz for clinically
relevant stimulation strategies. Modulation frequencies fm between 1 and 200 Hz
can evoke ASSRs in normal-hearing individuals, but the response is most distinct in
the 40 Hz range. [38]

3.2.2 Frequency-Domain Representation

Based on the time-domain representation presented in the previous subsection, a
frequency-domain representation of the stimulation signal is derived by subsequently
considering an individual biphasic cathodic-first pulse, a pulse train, and a modulated
pulse train.

Since a rectangular box function corresponds to a sinc-function [13], the frequency
spectrum P (f) of a biphasic, cathodic-first pulse p(t) corresponds to:

P (f) = ApTp · sin(πfTp)
πfTp

· e−jπf(Tp+Ti) + AnTn · sin(πfTn)
πfTn

· ejπf(Tn+Ti) (3.5)
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Figure 3.2: Frequency-domain representation of the ideal stimulation signal

Note that the pulse amplitudes and durations should satisfy the charge-balance
constraint posed in Equation 3.2. In case of a perfectly symmetric pulse, the spectral
representation simplifies to:

Psym(f) = −2AT · sin(πfT )
πfT

· (j sin(πf(T + Ti)) (3.6)

When a general biphasic, cathodic-first pulse p(t) is repeated at a carrier frequency
fc, a periodic pulse train is obtained such that its frequency spectrum is discrete:

F (f) = P (f) · fc

+∞∑
k=−∞

δ(f − kfc) = fc

+∞∑
k=−∞

P (f − kfc) (3.7)

This pulse train is then amplitude modulated with the sinusoidal modulating signal
m(t), of which the frequency spectrum corresponds to [13]:

M(f) = Am · δ(f) + AmD

2 · (ejϕmδ(f − fm) + e−jϕmδ(f + fm)) (3.8)

The amplitude modulation operation is modeled as a multiplication between f(t) and
m(t) in the time domain. By the convolution theorem, the frequency representation
of the ideal modulated pulse train Gideal(f) is given by convolving F (f) with M(f):

Gideal(f) = F (f)∗M(f) = Am·F (f)+AmD

2 (ejϕmF (f−fm)+e−jϕmF (f+fm)) (3.9)

Figure 3.2 shows the frequency-domain representation of the biphasic, cathodic-first,
modulated pulse train Gideal(f) consisting of perfectly symmetrical pulses, and a
zoom which focuses on the lower frequencies. The discrete nature of the latter
originates from the repetition of pulses in the time domain, each main peak is
accompanied by two peaks due to the amplitude modulation by the sinusoidal signal.
The figure is created using the same parameters as in Figure 3.1.
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3.3. Practical Stimulation Signals

3.2.3 Spectral Components of Interest

It is especially relevant to analyze the spectral component of the ideal stimulation
signal at the modulation frequency for the reasons mentioned in the introduction. The
spectral component of the stimulation signal at the modulation frequency corresponds
to:

Gideal(fm) = Am · F (fm) + AmD

2 (ejϕmF (0) + e−jϕmF (2 · fm)) (3.10)

Due to the discrete nature of the frequency spectrum of the pulse train F (f), the
first and last term are not able to contribute to the result as no Dirac pulse occurs at
f = fm and f = 2fm since fm ̸= kfc and 2fm ̸= kfc for integer k. A final expression
for the frequency component at the modulation frequency is thus given by:

Gideal(fm) = AmD

2 ejϕmF (0) = AmD

2 · ejϕm · fc · (ApTp + AnTn) = 0 (3.11)

where the last equality is due to the charge-balance constraint posed by Equation 3.2.

Furthermore, it is relevant to determine whether the stimulation signal contains
nonzero spectral components at the harmonics of the modulation frequency. Evaluat-
ing the obtained spectral representation G(f) for positive integer multiples n strictly
larger than one of the modulation frequency fm results in:

Gideal(nfm) = Am ·F (nfm)+ Am · D

2 (ejϕmF ((n−1)fm)+e−jϕmF ((n+1)fm)) (3.12)

As F (nfm) is zero for all nonzero integer n, Equation 3.12 shows the stimulation
signal does not contain any spectral energy at harmonics of the modulation frequency.

The fact that the ideal stimulation signal does not contain a spectral component
at the modulation frequency or harmonics thereof is often mentioned in literature
[3, 14, 27, 40], where the analysis is done through simulations. The absence of such
spectral components in the input signal indicates that nonlinearities in the system
are required to explain the stimulation artifact at the modulation frequency. [40]

3.3 Practical Stimulation Signals
The analysis of the ideal stimulation signal in Section 3.2 assumes the pulses follow
the sinusoidal profile of the modulating m(t). This assumption is implicitly made
when modeling the amplitude modulation of the pulse train as a multiplication.
Although this assumption is omnipresent in literature [3, 40, 14, 27], it neglects that
in practice each pulse will simply be scaled due to the limitations of the CI itself and
the requirement to preserve charge-balance. The scaling operation means that each
pulse preserves its rectangular shape. Figure 3.3 shows an extract from the ideal
and practical modulated pulse train. The ideal signal on the left follows the profile
of the modulating signal, while the practical signal on the right is an appropriately
scaled version of the generic pulse and is used in practice. Note that the ideal signal
on the left violates the charge-balance constraint. A modulation frequency fm of
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Figure 3.3: The different pulse profile between the ideal (left) and practical (right)
stimulation signal

800 Hz is used to create this figure to exaggerate the differences, although similar
differences occur for 40 Hz, albeit to a smaller extent due to the smaller steepness of
the modulating signal m(t). Again, all spectral representations shown in this section
are verified using simulations in MATLAB.

3.3.1 Time-Domain Representation

The practical modulated pulse train gpract(t) can be described analytically in the
time domain by adjusting the modeling of the amplitude modulation operation:

gpract(t) = p(t) ∗ (m(t) ·
+∞∑

k=−∞
δ(t − kTc)) (3.13)

Note that instead of a multiplication, the modulation signal m(t) now scales the
Dirac pulses before the convolution with the pulse p(t), such that a charge-balanced,
practical modulated pulse train gpract(t) is obtained.

3.3.2 Frequency-Domain Representation

Based on the time-domain representation presented in the previous subsection, the
frequency-domain representation can be derived. Using the convolution theorem, a
general expression for the spectral representation of the practical modulated pulse
train is obtained:

Gpract(f) = P (f) · (M(f) ∗ fc

+∞∑
k=−∞

δ(t − kTc)) (3.14)
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Figure 3.4: Frequency-domain representation of the practical stimulation signal. A
circle has been drawn around the spectral component at the modulation frequency.

This expression can be expanded using the expression for M(f) given by Equation 3.8:

(3.15)
Gpract(f) = P (f) · Amfc · (

+∞∑
k=−∞

δ(f − kfc) + D

2 ejϕm

+∞∑
k=−∞

δ(f − fm − kfc)

+ D

2 e−jϕm

+∞∑
k=−∞

δ(f + fm − kfc))

Figure 3.4 shows the frequency representation of the practical stimulation signal,
using the same parameters as Figure 3.1.

3.3.3 Spectral Components of Interest

The spectral component at the modulation frequency fm in particular is of interest.
Again, note that the first and last term of Equation 3.15 do not contribute to
Gpract(fm) as the Dirac pulse trains do not contain a component at fm or 2fm:

Gpract(fm) = P (fm)fc
AmD

2 ejϕm (3.16)

in which P (fm) is given by evaluating Equation 3.5:

P (fm) = ApTp · sin(πfmTp)
πfmTp

·e−jπfm(Tp+Ti) +AnTn · sin(πfmTn)
πfmTn

·ejπfm(Tn+Ti) (3.17)

Considering perfectly symmetrical pulses (Ap = −An =∆ A, and Tp = Tn =∆ T ), and
approximating sin(2πfm(T + Ti)) ≈ 2πfm(T + Ti) and sinc(πfmTp) ≈ 1 as πfmT is
sufficiently small, Equation 3.6 can be simplified and evaluated for fm:

Psym(fm) ≈ −2ATjπfm(T + Ti) (3.18)
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This results in an approximation for the expression of Gpract(fm):

Gpract(fm) ≈ ATπfm(T + Ti)fcAmDejϕme−j π
2 (3.19)

This result shows that the practical stimulation signal does contain a spectral
component at the modulation frequency when the practical constraints in the pulse
generation are included in the analysis. It therefore shows that the presence of
stimulation artifacts is inherent to the stimulation pulses themselves, and does not
require nonidealities and nonlinearities in the stimulus generation process. The peak
is visible in the theoretical spectrum shown in Figure 3.4. Its amplitude is expressed
in amperes. Since the electrode impedance is in the order of kOhm, [49] the resulting
voltage is in the order of mV when no attenuation is taken into account.

Through a similar analysis as in the previous section, it can be shown that this
practical stimulation signal does not contain spectral components at harmonics of
the modulation frequency, as expected.

3.4 Effect of Nonidealities and Nonlinearities
Although Section 3.3 has shown that system nonidealities and nonlinearities are
theoretically not required for stimulation artifacts to be present, they are thought to
amplify the inherent stimulation artifact. [16, 40] Therefore, this section considers
whether nonidealities and nonlinearities contribute to the spectral component at
the modulation frequency. The results from this theoretical analysis can provide
guidance for the design of experiments used in the characterization of the stimulation
artifact, and for the development of artifact models in EASSR detection algorithms.

3.4.1 Charge-Imbalance

The first analysis is concerned with the effect of pulse charge-imbalance. [16] has
observed that the artifactual stimulation pulses in the EEG recordings can be
asymmetrical. Causes which contribute to this asymmetry are assumed to lie in the
limitations of the electronics generating the pulses [28], system nonlinearities [40], or
a difference between the impedance of the active and reference electrode [14].

For the ideal modulated pulse train gideal(t), the effect of an asymmetry in the pulses
p(t) on the stimulation artifact at the modulation frequency can directly be evaluated
by considering Gideal(fm):

Gideal(fm) = AmD

2 ejϕmF (0) = AmD

2 ejϕmfc(ApTp + AnTn) (3.20)

This result shows that the stimulation artifact at the modulation frequency is
proportional to the charge-imbalance ApTp + AnTn, or in more general terms, to
any DC-component F (0) of the pulse train f(t). In the frequency domain, this
can be understood as the amplitude modulation with a sinusoidal signal shifts the
DC-component to the modulation frequency. In this manner, a charge-imbalance
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Figure 3.5: Effect of charge-imbalance on the stimulation artifact at the modulation
frequency

results in an artifact contribution at this particular frequency. Note that this artifact
contribution is independent of the modulation frequency fm.

For the practical modulated pulse train gpract(t), the effect of a charge-imbalance
can be analyzed by inspecting Equation 3.19. As this equation is rather involved,
the effect of the charge-imbalance on the stimulation artifact at the modulation
frequency has been visualized in Figure 3.5. This figure displays the absolute value
of the spectral component at fm of the ideal and practical modulated pulse train as
a function of the relative pulse charge imbalance, defined as:

Relative Pulse Charge Imbalance = ApTp + AnTn

AT
(3.21)

The figure is created for a modulation frequency fm of 37 Hz and 81 Hz, a carrier
frequency of 900Hz, a stimulation amplitude of 255 CLs, a modulation depth of
50%, a pulse width of 37 µs and by varying Ap from 0.9 to 1.1. A similar figure is
obtained by varying the pulse duration Tp, but is not shown to avoid redundancy.

Note that whereas Gideal(fm) is independent of the modulation frequency fm,
Gpract(fm) scales approximately linear with fm, as long as πfmT is sufficiently
small such that sin(πfmT ) ≈ πfmT holds approximately. The scaling of the artifact
with the modulation frequency can also be observed in Figure 3.5. For modulation
frequencies in the range of interest, around 40 Hz, the difference between the ideal
and practical pulses becomes negligible when a relative pulse charge-imbalance of
two percent is present. For small charge-imbalances or relatively high modulation
frequencies, the difference between the ideal and practical stimulation signal can no
longer be neglected.

In [22], a modulating signal containing multiple distinct modulation frequencies is
used in the stimulation (albeit in an interleaved fashion). The stimulation artifact
indeed seems to increase with the modulation frequency, as expected based on the
practical stimulation signal analysis.
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Figure 3.6: Effect of static polynomial non-linearities on the relevant spectral
components, expressed in dB normalized to 1 A

3.4.2 Polynomial Non-Linearities

In literature, another imperfection considered as an important source for the stimula-
tion artifact is the presence of nonlinearities. [40] The previous sections have shown
that neither the ideal nor the practical stimulation signal inherently contains spectral
components at harmonics of the modulation frequency. This section analyzes the
effect of static polynomial nonlinearities on the stimulation signals. In contrast to
the preceding sections, the mathematical derivations are rather cumbersome and do
not increase insight into the results. The derivations behind all figures shown in this
subsection are therefore included in Appendix A.

The conclusion from the mathematical derivations is displayed in Figure 3.6, which
shows the spectral magnitudes at DC, the modulation frequency, and harmonics
thereof up to and including the fourth order. The left subfigure shows the results
for the ideal modulated pulse train, whereas the right subfigure displays the results
for the practical modulated pulse train. Note that these figures are the result of
an analytical spectral analysis, rather than simulations. As discussed in Subsec-
tion 3.4.1, the ideal charge-balanced modulated pulse train does not contain any
spectral component at the modulation frequency. Only when the stimulation signal
is raised to an even order, a component at the modulation frequency appears. In
contrast, when the practical modulated pulse train is observed, both odd and even
powers contribute to the spectral component at the modulation frequencies. Based
on these results, it can be concluded that only first and second order polynomial
nonlinearities are able to significantly contribute to the stimulation artifact at the
modulation frequency.

3.4.3 Combined Effect

In practice, the charge-imbalance and static polynomial nonlinearity might occur
simultaneously. Figure 3.7 shows the stimulation artifact at the modulation frequency
for gpract(t) and gpract(t)2 in the left and middle subfigure respectively as a function
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Figure 3.7: Combined effect of charge-imbalance followed by a static second order
nonlinearity for the practical stimulation signal

of relative pulse charge imbalance. Note the difference scales on the y-axis. The
right subfigure shows the relative contribution of the first and second order to this
stimulation artifact, again as a function of the relative pulse charge imbalance. It
reveals that the effect of second order nonlinearities becomes negligible when a
sufficiently large charge imbalance is observed.

3.5 Conclusion
This chapter has studied the stimulation artifact from a theoretical point of view, with
a strong emphasis on its spectral component at the modulation frequency. Section 3.2
has shown that the ideal stimulation signal does not contain an artifactual component
at the modulation frequency; a result which is often presented in literature [16, 40],
and implies the artifact must therefore originate from nonidealities and nonlinearities.
Section 3.3 has refined this analysis by including the practical constraints into the
analysis. These practical stimulation signals do show an inherent artifact component.
This indicates that although nonidealities and nonlinearities might amplify the
stimulation artifact, they are theoretically not required. Section 3.4 has studied the
effect of nonidealities and nonlinearities on the stimulation artifact at the modulation
frequency. These effects are capable of magnifying the observed stimulation artifact.

In summary, the analyses result in three statements about the stimulation artifact:

1. The stimulation artifact at the modulation frequency fm is inherent to the prac-
tical stimulation signal, which is a more accurate description of the stimulation
signal as it includes the practical constraints.

2. Any form of charge-imbalance results in a magnification of the stimulation
artifact, and decreases the difference between stimulation artifact amplitudes
at different modulation frequencies.

3. In the class of static polynomial nonlinearities, only the second order nonlin-
earities are able to contribute significantly to the stimulation artifact at the
modulation frequency in case a limited amount of charge-imbalance is observed.
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Chapter 4

Experimental Artifact Analysis

4.1 Introduction
Chapter 3 has analyzed the artifact from a theoretical point of view, upon which it
has formulated three statements about the nature of the stimulation artifact:

1. The stimulation artifact at the modulation frequency fm is inherent to the prac-
tical stimulation signal, which is a more accurate description of the stimulation
signal as it includes the practical constraints.

2. Any form of charge-imbalance results in a magnification of the stimulation
artifact, and decreases the difference between stimulation artifact amplitudes
at different modulation frequencies.

3. In the class of static polynomial nonlinearities, only the second order nonlin-
earities are able to contribute significantly to the stimulation artifact at the
modulation frequency in case a limited amount of charge-imbalance is observed.

This chapter aims to experimentally analyze the artifact in order to verify whether
the practical stimulation signal is a more accurate model for the observed artifact,
and to quantify to which degree the described nonidealities and nonlinearities actually
occur in practice. Section 4.2 discusses the materials and methods. Section 4.3
displays the experimental results, which are further discussed in Section 4.4. Finally,
Section 4.5 concludes this chapter by reflecting upon the theoretical statements.

4.2 Materials and Methods
This section starts by considering the experimental set-up and the validity thereof,
after which it discusses three methods to analyze and interpret the measured signals.

The necessity for an experimental set-up arises from the inability to acquire EEG
recordings of CI recipients at high stimulation levels which solely contain stimulation
artifacts, since the strong stimulation evokes an EASSR in the subject. Furthermore,
applying stimulation levels which exceed the comfortable level is unethical. For
these reasons, EEG recordings obtained by stimulating below the hearing threshold
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Figure 4.1: Overview of the Experimental Set-up

can be considered for artifact characterization purposes, as they do contain the
stimulation artifact without any EASSR. However, nonlinearities are expected to
be most pronounced at higher stimulation levels, far above the threshold level. An
experimental set-up which uses a head phantom allows to use high stimulating levels
for artifact characterization without eliciting EASSRs.

4.2.1 Experimental Set-up

A diagram of the experimental set-up is displayed in Figure 4.1. The head phantom
consists of a container of dimensions approximately 28 cm by 24 cm, filled with
four liters of a 0.2% saline solution. A CI-in-a-box (CI-IB), containing a CIC4
implant of manufacturer Cochlear Ltd., is used to evoke the stimulation signals. The
stimulation signals are applied to electrode 15, which is located towards the center
of the electrode array, using MP mode stimulation. The stimulation and ground
return from the CI-IB are attached via cables to the short side of the container.
Along the long side of the container, eight EEG recording electrodes are attached
facing away from the container side. The first electrode is positioned at a distance
of four centimeters from the stimulation electrodes, as measured along the long
side of the container. The subsequent electrodes are placed with an interelectrode
distance of two centimeters. The distance between the stimulation and the last
EEG recording electrode is 18 centimeters, corresponding to the average diameter
of the human head [7]. All electrodes are regular EEG electrodes, except for the
seventh which is a mastoid EEG electrode as indicated by the rounded square in
Figure 4.1. Two ground electrodes of the EEG recording system are located along
the long container side opposite to the EEG recording electrodes. The acquisition
and preprocessing of the EEG signals is performed according to the methodology
mentioned in Subsection 2.3.2.

In order to obtain measurements which are representative for artifact propagation
throughout the human head, all system components must be approximated in the
phantom. The CI-IB is identical to the clinically used CIs. The EEG electrode-tissue
and -scalp interfaces are approximated and replaced by EEG electrode-saline-solution
interfaces. The effects of artifact propagation throughout the human head are
modeled by the 0.2% saline solution. Although other head phantoms for CI artifact
characterization purposes have been proposed and utilized in literature, ranging
from watermelons [2] to turkeys [32], the saline solution is selected for two reasons.
First and most importantly, [29] found that a 0.2% saline solution is a stable
representation for the intracranial volume in head phantoms for bio-electromagnetic
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applications. Secondly, recordings in this medium have shown success in terms of
artifact characterization of CI, albeit for devices of manufacturer Med-El in [27].
Further note that the same EEG and electrical equipment is used as in the acquisition
of EEG recordings of CI recipients.

4.2.2 Stimulation Signals and Preprocessing

The experimental characterization of the stimulation artifact of the CI device is
severely complicated as only cathodic- or anodic-first, biphasic, charge-balanced
pulses can be applied as an input signal to the device. This renders more advanced
system identification methods inapplicable as they often rely on specific input signal
such as pure sinusoidal signals. [41]

In order to obtain measurements representative for stimulation artifacts evoked for
clinically relevant stimulation parameters, a cathodic-first, biphasic, charge-balanced
pulse train of 900 pulses per second (pps) is applied to the CI-IB. This pulse train is
amplitude modulated with a sum of two cosines each oscillating at distinct frequencies,
with a total modulation depth of 50 current levels. These frequencies are selected
to be 37 Hz and 81 Hz. The former frequency falls inside the frequency range of
interest, the latter is selected such that the potential second order nonlinear difference
frequency at 81 − 37 = 44 Hz is located in the frequency range of interest. Note
that the selection of relatively prime integers for the frequencies is beneficial in the
estimation of nonlinear components, since no higher order components can be present
at frequencies where a first order components are dominant. A formal proof for this
statement is provided in [6].

Ten measurements are carried out. In each measurement, the input signal is linearly
scaled such that it covers a different amplitude range. The maximal stimulation
levels of these input signals range between 167 and 255 current levels, which is the
maximal stimulation level.1 Figure 4.2 shows the modulating signal with a maximum
of 255 CLs which will amplitude modulate the practical stimulation pulse train in
microamperes, both in the time (left) and frequency (right) domain. Note that the
spectral magnitude at both modulation frequencies is equal. Ten measurements were
carried out for modulating signals oscillating at a single frequency, both for 37 Hz
and 81 Hz. These measurements are not used for further analysis.

The preprocessing procedures are identical to those mentioned in Subsection 2.3.2.
Since an EEG electrode measures a biopotential signal, the signal must be referenced
to another electrode. In EEG recordings of CI recipients, central electrodes are
typically selected as reference electrodes to avoid the introduction of a lateralization
bias [31]. In this experimental set-up, the reference electrode is selected such that
it contains as little artifact as possible. Consequently, any observed artifact at an
analysis electrode indicates the presence of an artifact at that electrode position.

1The applied maximal stimulation levels, expressed in current levels, are 167, 177, 187, 197, 206,
216, 226, 236, 245 and 255. Originally, 20 current levels were uniformly spaced between 70 and 255
current levels using MATLAB’s linspace-command. The lowest ten were not applied as subthreshold
EEG recordings of CI recipients are available for artifact characterization in this stimulation range.
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Figure 4.2: Applied stimulus, expressed in microamperes and current levels

Hence, the electrode positioned furthest from the stimulation electrodes is selected
as the reference electrode.

Due to the design of the experimental set-up, the measured signals are intrinsically
multidimensional such that they can be analyzed across time, frequency, spatial
location, epochs, and stimulation levels. The analyses discussed in the following
three subsubsections aim to exploit this multidimensional nature to characterize the
artifact and study the hypotheses.

4.2.3 Analysis 1: Spectral and Temporal Characteristics

A first analysis focuses on the spectral and temporal characteristics of the measured
stimulation artifact. First, it evaluates the spectrum of the mean epoch of the
measured signal at each recording electrode, referenced to the last electrode as
motivated earlier. This analysis considers the signals measured in response to the
stimulation at the maximal stimulation level of 255 CLs, as nonlinearities are typically
more pronounced at thse higher stimulation levels.

The presence or absence of spectral peaks is evaluated at frequencies of interest,
that is, those associated with linear characteristics (fm1, fm2), and second order
(2fm1, 2fm2, fm1 + fm2, fm1 + fm2) and third order nonlinearities (3fm1, 3fm2, fm2 −
2fm1, fm2 +2fm1, 2fm2 +fm1, 2fm2 −fm1). The statistical significance of the spectral
component at each mentioned frequency will be determined using a one sample
Hotelling’s T 2 Test. Such an analysis compares the amplitude and phase at the
frequency of interest in the mean epoch to the variance across all epochs. [40, 38] A
significance level of five percent is used. In case the determined p-value for a specific
frequency component exceeds this significance level, it does not differ from the noise
and is therefore not identified as a peak in the spectrum.

In the time domain, the profile of the artifact pulses is evaluated by inspecting them
before and after normalization to the maximal positive amplitude of each pulse.

In the context of the first theoretical statement about the artifact, this analysis is able
to indicate the presence of the stimulation artifacts at the modulation frequencies.
Furthermore, the profile of the artifact pulses indicates whether the profile of ideal
or practical representation is a more accurate description. In the context of the third
statement, this analysis is able to detect the presence of nonlinearities in the system.
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4.2.4 Analysis 2: Presence and Nature of Pulse Asymmetry

A second analysis studies the potential asymmetry of the pulses. The theoretical
analysis in Chapter 3 shows that any charge-imbalance magnifies the stimulation
artifact at the modulation frequency, regardless of whether ideal or practical stim-
ulation signals are considered. The second analysis therefore evaluates whether
a charge-imbalance is present, and what its nature is. In order to quantify this
charge-imbalance, a pulse asymmetry measure is defined as:

PA(p) = max
t

x(t, p) + min
t

x(t, p) (4.1)

where x(t, p) represents the p-th pulse of the measured signal. This measure is similar
to the "CI artifact amplitude"-measure as defined in [16], where the absolute value of
PA(p) is taken, after which it is averaged over all stimulation pulses of the recording
to obtain a single measure per recording. [16] In the context of this analysis, it is
assumed that the pulse widths, Tp and Tn in the terminology of Chapter 3, are equal
such that this measure is indeed indicative for the charge-imbalance.

Instead of averaging, this analysis studies the variation of the pulse asymmetry
measure over the pulses. In the ideal case of perfect symmetry, PA(p) is a zero
signal. Any deviation from a zero signal can be used to characterize the nature of
the asymmetry and is further studied in the frequency domain. A DC-component of
this signal indicates that there is a constant pulse asymmetry in the measured signal.
Spectral peaks at the modulation frequencies fm1 and fm2 indicate an asymmetry in
the pulse form itself, i.e. Ap ̸= −An in the terminology of Chapter 3. Spectral peaks
at frequencies associated with nonlinearities indicate nonlinear scaling is involved.

The computation of the pulse asymmetry measure PA(p) essentially downsamples
the signal to the carrier frequency or pulse rate fc. To avoid aliasing, the measured
EEG signal is low-pass filtered before analysis using MATLAB’s lowpass with a
corner frequency of half the carrier frequency. Similar to the first analysis, the
statistical significance of the spectral peaks at the frequencies of interest is evaluated
using a Hotelling T 2 test with a significance level of five percent.

In the context of the second statement, this analysis is indicative of the presence of
a charge-imbalance, and its nature. With respect to the third statement, a potential
nonlinear scaling indicates their involvement in the system.

4.2.5 Analysis 3: Stimulation Artifact Scaling Analysis

The data acquired in this experimental set-up is multidimensional which enables to
analyze how the magnitude of the stimulation artifact at the modulation frequencies
varies over distance and stimulation level. Therefore, the third analysis will fit
an appropriate surface through observed artifact magnitude at the modulation
frequencies as a function of distance and stimulation level.

The scaling of these spectral components over distance and stimulation levels can be
related to the variation of the root mean square (RMS) value of the measured EEG
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signals and the mean normalized pulse asymmetry. The RMS-value is a measure of
the power of the signal. The mean normalized pulse asymmetry is a relative measure
to indicate the degree of asymmetry in the pulses of each EEG signal. It is computed
by normalizing the pulse asymmetry measure PA(p) of each pulse to the absolute
value of the minimum of that pulse, after which it is averaged to obtain a single
measure for each EEG signal. Therefore, it represents the mean asymmetry in the
signal, i.e. Ap + An in the terminology of Chapter 3.

In the context of the first statement, the amplitude difference between the artifact
components at the fm2- and fm1-component allows to evaluate whether the practical
stimulation signal is a more accurate description. The presence of these components
in the absence of an asymmetry indicates the artifact is inherent to the input signal.
In the context of the second statement, the analysis shows how the relative pulse
asymmetry varies with stimulation level and distance. The variation of these measures
can be compared to the overall variation of the RMS-value of the signal.

4.3 Results

This section displays the results of the described analyses. The recorded EEG signals
from the mastoid electrode (the seventh electrode from the stimulation electrodes)
are excluded from the analysis as they exhibit severe distortion. This behaviour is
most likely caused by an electrode defect.

4.3.1 Analysis 1: Spectral Analysis

Figure 4.3 displays an overview of the statistically significant linear (1st order
components) and nonlinear (2nd and 3rd order) components in the frequency spectrum
of the mean epoch of each electrode at the maximal stimulation level of 255 CLs.
Fourth and higher orders are not analyzed, as no distinct peaks were observed in
the spectrum. The first order components are present at each recording electrode.
The spectral amplitude of the peak at fm2 is larger than fm1, both of which decay
exponentially over distance. The second order intermodulation components are
present over all recording electrodes, while the second order harmonics are absent.
Among the third order components, the peak associated with 2fm2 + fm1 is the only
component which displays a consistent presence over the first five electrodes. The
EEG signal measured at the third electrode, located at eight centimeters from the
stimulation electrode, is further analyzed due to its pronounced linear and nonlinear
contributions.

Figure 4.4 shows the spectrum of the mean epoch at the third electrode. The
statistically significant spectral peaks are indicated. The left subfigure of Figure 4.5
shows a single biphasic, cathodic-first pulse of the mean epoch at the third recording
electrode. The right subfigure shows an overlay of all measured pulses in this signal,
each normalized to its maximum pulse amplitude such that the normalized positive
pulse amplitude equals one. A flat profile is observed, as well as an asymmetry.
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Figure 4.3: Statistically significant linear (1st order) and nonlinear (2nd and
3rd order) spectral components of the mean epochs in function of distance to the
stimulation electrode at maximal stimulation level
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Figure 4.4: Frequency spectrum of the mean epoch at the third recording electrode;
statistically significant components are indicated
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4.3.2 Analysis 2: Pulse Asymmetry Measure

Figure 4.6 shows the DC-component (0rd order component), linear (1st order com-
ponents) and nonlinear (2nd and 3rd order) components of the frequency spectrum
of the pulse asymmetry signal PA(p) at each electrode at maximal stimulation
level, referenced to the last electrode. The first order components are approximately
equal in magnitude present at all recording electrodes, and displays an exponentially
decaying behavior over distance. The second order intermodulation components
are present. An increased number of third order components is observed compared
to the previous analysis, although the peak associated with 2fm2 + fm1 is the only
component which displays a consistent presence over all electrodes. Again, the
pulse asymmetry signal measured at the third electrode, located at eight centimeters
from the stimulation electrode, is further analyzed due to its pronounced linear and
nonlinear contributions.
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Figure 4.6: Statistically significant linear (1st order) and nonlinear (2nd and 3rd

order) of the pulse asymmetry signals in function of distance to the stimulation
electrode at maximal stimulation level
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Figure 4.7: The pulse asymmetry signal (left) and its frequency spectrum after
mean centering (right); statistically significant components are indicated
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Figure 4.7 shows the frequency spectrum of the pulse asymmetry signal measured
at the third recording electrode. The mean of this signal, which equals −15.96
µV , is subtracted the signal for presentation purposes. The first and second order
components are clearly present, the third order components are less pronounced
despite their statistical significance.

4.3.3 Analysis 3: Multivariate Fit

Figure 4.8 shows the fitted surface through the stimulation artifact amplitude at
the modulation frequencies fm1 and fm2 as a function of the stimulation level and
distance to the stimulation electrodes. At low stimulation levels, the artifact ampli-
tude at these frequencies is non-significant for the last two electrodes. The spectral
component at fm1 and fm2 are statistically significant in 54 and 55 out of 60 EEG
recordings respectively. Non-significant values are not included in this analysis.

Figure 4.9 shows the fitted surface through the RMS-values and the mean normalized
pulse asymmetry.

The stimulation artifact amplitudes at the modulation frequencies, the RMS-values,
and the mean normalized pulse asymmetry show an exponential relationship with in-
creasing distance to the stimulation electrode, and a predominantly linear relationship
with the stimulation level. The fitted surface is therefore modeled as:

h(x, y; A, B, C, D) = (A · exp(Bx)) · (Cy + D) (4.2)

in which x represents the distance to the stimulation electrode in centimeters, and
y the stimulation level in mA. The coefficients A, B, C and D are fit through
MATLAB’s lsqcurvefit. The resulting parameters, the R2-value, and the RMS
error of the fit are shown in Table 4.1.

Figure 4.8: The magnitude stimulation artifact at fm1 (left) and fm2 (right) as a
function of stimulation level and distance to the stimulation electrodes.

39



4. Experimental Artifact Analysis

Figure 4.9: The RMS-value (left) and mean normalized pulse asymmetry (right)
as a function of stimulation level and distance to the stimulation electrodes.

Table 4.1: Parameters, R2-values and RMS error of the fitted surfaces
Parameters A B C D R2-value RMS Error
Value fm1-fit 0.599 -0.241 285.965 0.0010 0.98187 0.00323
Value fm2-fit 1.093 -0.253 289.217 0.111 0.99378 0.00342
RMS-value 8.774 -0.2641 41417 3.5276 0.99833 2.01580

Normalized PA 0.064 0.2124 364.085 -0.912 0.95724 0.05355

4.4 Discussion
This section discusses and interprets the results as presented in the previous section.
This discussion reflects upon the three statements about the stimulation artifact, as
mentioned in Section 3.5 and the introduction of this chapter.

4.4.1 Analysis 1: Spectral Analysis

With respect to the first statement about the artifact, this analysis shows clear artifact
components at the modulation frequencies. This clearly indicates the problem of
CI artifact contamination in the context of EASSR detection. At all recording
electrodes except for the last one, the artifact amplitude is larger at fm2 than at fm1.
These amplitude differences are an indication that the practical stimulation signal
shown in Equation 3.13 is a more accurate model. Its spectral component shown
in Equation 3.19 predicts a stimulation artifact which scales with the modulation
frequency. The component of the ideal stimulation signal shown in Equation 3.11 does
not predict any amplitude difference. Strictly speaking, this amplitude difference can
also be explained due to a difference in signal attenuation at both frequencies. The
flat profile of the pulses validates the assumption made in the practical stimulation
signal analysis.

In the context of the third statement about the artifact, the second order nonlinearities
are clearly present. This indicates second order nonlinearities are involved in the
system. The sparse presence of the third order components indicates these components
are absent or fall below the noise floor.
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4.4.2 Analysis 2: Pulse Asymmetry Measure

With respect to the second statement, the DC-component of the pulse asymmetry
signal shows there is a constant asymmetry in the pulses. The first order components
are present as well, indicating that this asymmetry scales linearly with the stimulation
amplitude of the pulse. Note that the amplitudes of these first order components are
very similar, reflecting their equal spectral amplitude in the modulating signal shown
in Figure 4.2 of the input signal. These similar amplitudes imply both frequency
components experience a similar attenuation. Therefore, the amplitude difference of
the spectral components as observed in the first analysis is not caused by attenuation,
but due to the nature of the spectrum as predicted by the practical stimulation
signal representation.

In the context of the third statement, the second and third order components indicate
that the artifactual stimulation pulses in the EEG recording display nonlinear scaling
behavior.

4.4.3 Analysis 3: Multivariate Fit

With respect to the first statement, the stimulation artifacts at the modulation
frequencies are statistically significant in almost all EEG recordings. This is indicative
that the stimulation artifact is inherent to the stimulation signal. Furthermore,
Figure 4.8 shows that the artifact component at fm2 is larger than or equal to the
component at fm1. In 52 EEG recordings, the artifact components at both modulating
frequencies are statistically significant. Only in two such EEG recordings, the artifact
at fm2 is smaller than at fm1. In those cases, the difference is very close to zero (exact
values are −2.28 · 10−4 µV and −4.52 · 10−4 µV ). Based on these observations, it can
be concluded that the stimulation artifact increases with the modulation frequency
due to the spectral nature of the stimulation signal. Furthermore, [21] found that
EASSR amplitudes are lower at higher modulation frequencies as compared to the
EASSR at 40 Hz. This implies that EASSRs might be more difficult to detect
when evoked at higher modulation frequencies, since the EASSR-to-artifact ratio has
decreased significantly. Examples of applications which rely on higher modulation
frequencies - in the 80 Hz range - are the detection of EASSRs in infants and in
individuals during sleep or anesthesia. [38, 21].

The stimulation artifact at both modulation frequencies increases approximately
linearly with the stimulation level. With increasing distance to the stimulation
electrode, the stimulation artifact at the modulation frequencies decays exponentially
with similar decay rates. This decay is consistent with the smaller artifact amplitudes
which are observed in contralateral channels as opposed to ipsilateral channels. [16]
The overall signal strength, characterized by the RMS-value, exhibits similar scaling
as a function of stimulation level and distance.

In the context of the second statement, Figure 4.9 shows the normalized pulse
asymmetry increases in absolute value with distance to the stimulation electrode
according to an exponential relationship. This indicates the asymmetry-inducing
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element in the system might be in its propagation. It decreases in absolute value
with stimulation level in a nonlinear fashion which differs depending on the distance
to the stimulation electrode. Furthermore, EEG recordings with a larger mean
normalized pulse asymmetry also show a smaller amplitude difference between the
artifact component at fm2 and fm1. However, this relationship should be interpreted
with caution as the pulse asymmetry is largest when the stimulation artifacts have
the smallest amplitudes due to the exponential signal decay. Consequently, the pulse
asymmetry cannot be related to the artifact amplitudes.

With respect to the third statement, the effects of nonlinearities in the system on
the stimulation artifacts at the modulation frequencies seem limited due to the clear
linear relationship between this artifact component and the stimulation level.

4.5 Conclusion
This chapter has analyzed the stimulation artifact from an experimental point of
view in order to verify the statements presented in Section 3.5.

With regards to the first statement, the experimental analysis has shown the stimu-
lation artifact at the modulation frequency is consistently present across stimulation
levels and recording electrodes. The magnitude of this artifact increases with the
modulation frequency. The artifactual stimulation pulses in the EEG recordings
show a flat profile. These observations indicate the stimulation signal model which
takes the practical limitations into account is a more accurate model.

In the context of the second statement, the artifact EEG recordings display a pulse
asymmetry. Aside from a constant DC offset, this pulse asymmetry shows a pre-
dominantly linear scaling with some nonlinear involvement. The mean normalized
pulse asymmetry increases in absolute value over distance, indicating that the ar-
tifact propagation contributes to the observed asymmetry. As the signal decays
over distance, no clear relationship between the artifact magnitudes and the pulse
asymmetry can be observed.

With respect to the third statement, second and third order nonlinearities are clearly
present in the system. However, in accordance with the theoretical analysis, their
effect on the stimulation artifact at the modulation frequency is limited.

The subsequent three chapters will study how the results from the theoretical and
experimental artifact characterization can be leveraged in artifact suppression meth-
ods.
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Chapter 5

Artifact Suppression Methods

5.1 Introduction

Building upon the theoretical artifact analysis in Chapter 3 and the experimental
results in Chapter 4, this chapter introduces methods for artifact suppression, en-
abling the detection of an EASSR and its characteristics in EEG recordings of CI
recipients.

First, Section 5.2 considers the dataset on which the developed methods are evaluated.
Subsequently, Section 5.3 outlines the evaluation methodology. Then, Section 5.4
considers response models. The application of such response models to the EEG
recordings without modeling the artifact results in a baseline performance. The three
subsequent sections discuss artifact suppression methods developed in the context of
this thesis, each containing both a response and an artifact model. Any improvement
in the detection performance with respect to the established baseline performance
can then be attributed to the explicit modeling of the artifact in these methods.

Section 5.5 introduces the first method which exploits the known temporal char-
acteristics of the EASSR and the stimulation artifact in order to separate them in
an EEG recording. This method can be interpreted as an alternative approach to
the Kalman filter model as discussed in Section 2.6 such that regularization can be
included more easily in the model estimation. Section 5.6 introduces a novel method
which attempts to tackle the fundamental causes of the stimulation artifact at the
modulation frequency: the inherent component of the stimulation signal and the
observed pulse asymmetry. Section 5.7 discusses a third and final method, which
extends the existing system identification method as discussed in Section 2.6, by
incorporating nonlinearities into the artifact model.

The general structure of each method presented in this chapter follows the high-level
overview shown in Figure 5.1 and contains both an artifact and response model
branch. The prior knowledge about the artifact and response is incorporated in the
input signals and model structures of their respective branch, which result in an
estimated artifact and response. The parameters of both model branches are esti-
mated by fitting the sum of the estimated artifact and response to the preprocessed
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Figure 5.1: The general structure of all artifact suppression algorithms in this
chapter, consisting of an artifact and response model. The structure and figure are
based on [39, 40].

EEG recording(s) using a least-squares criterion, possibly including some form of
regularization. The characteristics of the estimated response are compared to the
noise level in order to determine whether or not a response is present.

Continuing upon the work presented in [40], the methods developed within this thesis
apply an ordinary least-squares (OLS) to estimate the parameters of the artifact
and response models. The OLS criterion only results in the maximum likelihood
estimator (MLE) in a temporally uncorrelated noise regime. Since in EEG record-
ings, the noise consists of neural background activity, which does exhibit temporal
correlations, the estimations resulting from OLS are no longer the MLE. Note that
similar remarks can be made for the application of Kalman filters in this context.
[14, 34] OLS can however still result in reasonable estimators as it minimizes the
least squares error, and has shown its capabilities to achieve a separation of artifact
and EASSR [40]. Since no noise recordings are available in the dataset, procedures
such as prewhitening which incorporate knowledge of the noise statistics have not
been explored. [4]

5.2 Dataset

The methods developed in this chapter are evaluated on an available dataset consisting
of EEG recordings of 16 adult, unilateral CI recipients. All CIs are devices of
manufacturer Cochlear Ltd. The EASSR stimulation signal is a train of symmetric,
biphasic, cathodic-first pulses, which are amplitude-modulated with a sinusoidal
signal oscillating at a single modulation frequency. The pulse width equals 25 µs or
37 µs, depending on the recipient’s stimulation settings, and an interphase gap of 8
µs. Custom software is used to generate these stimuli, which are directly delivered
to the CI by means of the NIC4 research interface platform (Cochlear Ltd.). [40]
The pulses are presented at a pulse rate of 900 pps in monopolar (MP) stimulation
mode, between an extracochlear electrode and intracochlear electrode 15 [40]. These
stimulation settings are thus in correspondence with those for which the algorithms
should be effective as mentioned in Section 2.6.

Due to the absence of ground truth characteristics of the EASSR, the evaluation of
the methods relies on discriminatory properties between the EASSR and the artifact.
As mentioned in Section 2.5, the group delay or latency is such a property. The
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stimulation artifact propagates almost instantaneously, whereas the processing in the
human brain results in a delay of about 40 ms for modulation frequencies in the 40
Hz range. [38] In order to exploit this discriminatory feature for evaluation purposes,
three EEG recordings at distinct modulation frequencies (37 Hz, 40 Hz, and 43 Hz)
are available for each CI-recipient. Inspection of the estimated EASSR phases at
these frequencies allow to determine the group delay or latency of the estimated
response. [38]

This thesis considers the EEG recordings at comfortable level and at subthreshold
level to validate that the developed methods are capable of detecting the absence or
presence of an EASSR. For 12 out of 16 subjects presented in [40], EEG recordings at
both stimulation levels are available. Information about these subjects can be found
in Table I, Subject Summary as presented in [40]. Four subjects, not mentioned in
[40], but whose EEG recordings are available at both stimulation levels are included
in this thesis.

5.3 Evaluation
As shown in Figure 5.1, each method presented in the subsequent sections results in
an estimated response at each modulation frequency. The characteristics of these
estimated responses are used to determine the presence or absence of an EASSR and
its characteristics. The evaluation procedure described in this section is based on
[40]. The selection of hyperparameter values is discussed thereafter.

First, for each modulation frequency, the amplitude and phase of the estimated
response are compared to the variance over all epochs using a one-sample Hotelling
T 2 test. [38] In this thesis, a significance value of five percent is used. In case the
estimated response characteristics exceed this significance level, it is considered noise.
Such a non-significant result is thus indicative that no EASSR is present. The results
are only shown in Chapter 6 when the estimated response in an EEG channel is
statistically significant at each modulation frequency. In those cases, the latency L
can be calculated by a linear regression of the unwrapped phases [45]:

L = |− dθ

dω
|= |− 1

2π

dθ

df
|= |− a

360◦ | (5.1)

in which L represents the latency in seconds, θ the phase expressed in radians, ω the
angular frequency, and a the slope expressed in degrees per Hz resulting from the
linear regression of the estimated EASSR phases versus frequency. Similar to in [40],
the estimated latencies of different methods are compared for the reference electrode
Cz using a Kruskal-Wallis test, followed by a Dunn’s test for multiple comparisons
in case of statistical significance.

When the latency determined on the estimated response is indeed an EASSR, the
latency is expected to be in the range of 35 to 55 ms. In case it is artifact-dominated,
the latency is expected to be close to zero. The ideal EASSR detection method
thus results in zero EASSR detections at the subthreshold stimulation level and a
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Figure 5.2: Visualization of the evaluation procedure. This evaluation framework
is taken from [40].

detection with an estimated latency in the expected range for every EEG recording
at comfortable level. [40] In order to achieve a separation in EASSR and artifact, the
parameters of the response and artifact model are estimated using the EEG record-
ings at three modulation frequencies at a single stimulation level of a CI-recipient.
Depending on the method, these three EEG recordings are processed jointly or
individually. The estimated parameters then determine whether or not an EASSR is
detected in each EEG recording, and what its characteristics are.

The EEG recordings at comfortable level are assumed to evoke an EASSR, while
those at subthreshold level do not. This ground truth of whether an EASSR is
expected in an EEG recording is never used in the model creation or parameter esti-
mation. However, the false positive detection rate and the determined characteristics
guide the tuning of hyperparameters, which might introduce an overfitting of the
hyperparameter values on the current data resulting in poor performance on unseen
data. Therefore, the available dataset is split into a validation and test set. The
tuning of the hyperparameters is based on the validation set. Six out of sixteen are
selected to be in the validation set before any validation had been done and such
that they were representative for the data as based on pulse width and stimulation
range. All results shown in this thesis are for the ten subjects of the test set. The
evaluation procedure is visualized in Figure 5.2.

5.4 Baseline: No Artifact Suppression

To correctly evaluate the developed artifact suppression methods, a baseline de-
tection performance has to be established. In some CI recipients, the stimulation
artifact in contralateral channels has decayed to the extent that the EASSR can be
directly detected at the modulation frequency without applying any form of artifact
suppression. Furthermore, two methods presented in this thesis mask the stimulation
pulses, which is assumed to further attenuate the stimulation artifact. In such cases,
the EASSR detection should be attributed to the weak presence of the stimulation
artifact rather than to the artifact suppression method.

This section establishes a baseline detection performance by only applying a response
model to the EEG recordings; similar to in [14, 17, 15]. As discussed in Section 5.2,
three EEG recordings are available of each subject at two different stimulation levels.
These three EEG recordings can be processed either individually or jointly at a single
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stimulation level for each CI recipient. The next two subsections discuss the response
model for both cases. The last subsection discusses the masking operation.

5.4.1 Individual Evaluation

When the EEG recordings are analyzed individually, the response rfm due to
stimulation at a modulation frequency fm is estimated based on a single EEG
recording, without incorporating information from the EEG recordings at the other
modulation frequencies. The response model consists of a linear combination of a
cosine cfm and a sinusoid sfm , each oscillating at that modulation frequency fm,
with constant coefficients bresp ∈ R2:

rfm =
[
cfm sfm

]
· bresp =∆ Rfm · bresp (5.2)

The symbols in bold are column vectors and defined as:

cfm [k] = cos(2πfmkTs) (5.3)
sfm [k] = sin(2πfmkTs) (5.4)

cfm =
[
cfm [0] cfm [1] . . . cfm [K − 1]

]T
(5.5)

sfm =
[
sfm [0] sfm [1] . . . sfm [K − 1]

]T
(5.6)

in which k is the discrete time index, Ts the sampling period of the measured EEG
recording, and K the total number of samples of the signal. The constant coefficients
bresp are determined through minimizing the least-squares cost Jfm between the
measured EEG recording zfm and the estimated response rfm :

bresp = arg min
bresp∈R2

Jfm = arg min
bresp∈R2

||zfm − rfm ||22 (5.7)

The estimated EASSR amplitude Afm

EASSR and phase θfm

EASSR are determined as:

Afm

EASSR = ||bresp||2

θfm

EASSR = arctan (bresp[1]
bresp[2] ) · 180◦

π
(5.8)

Note that this response model essentially boils down to performing a Fourier transform
on the measured EEG recording.

5.4.2 Joint Evaluation

The three EEG recordings at a single stimulation level can also be analyzed jointly
using a response model introduced and presented in [40]. This approach models the
response at each modulation frequency fm,j as the result of a filtering operation of a
cosine cfm,j oscillating at that modulation frequency by a FIR system characterized
the FIR-coefficients bresp ∈ RN1+1:

rfm,j [k] =
[
cfm,j [k] cfm,j [k − 1q] · · · cfm,j [k − N1q]·

]
bresp (5.9)
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in which cfm,j is defined in Equation 5.3 and N1 represents the order of the FIR-filter;
The same FIR-coefficients bresp are used to model the response at each fm,j :rfm,1

rfm,2

rfm,3

 =

Cfm,1

Cfm,2

Cfm,3

 · bresp (5.10)

where Cfm,j represents a filter matrix defined as:

Cfm,j =


cfm,j [N1q] cfm,j [(N1 − 1)q] · · · cfm,j [0]

cfm,j [N1q + 1] cfm,j [(N1 − 1)q + 1] · · · cfm,j [1]
...

...
...

...
cfm,j [K − 1] cfm,j [K − 1 − q] · · · cfm,j [K − 1 − N1q]

 (5.11)

The sharing of these FIR-coefficients allows to integrate information from all three
EEG recordings into the response model, in contrast to the individual model presented
in Subsection 5.4.1. As the sampling frequency of the EEG recordings in the dataset
is 262144 Hz, [40] sets the shift factor q to 4192 samples such that the coefficients
of the response model result in a latency of about 0 ms, 16 ms, 32 ms, 48 ms, 63
ms, and 80 ms respectively. Furthermore, [40] sets N1 to 5, such that the number of
FIR-coefficients equals its maximal value of two times the number of modulation
frequencies. These FIR-coefficients are determined through the minimization of a
least-squares cost J over all modulation frequencies:

bresp = arg min
bresp∈RN1+1

J = arg min
bresp∈RN1+1

∑
fm,j

||(zfm,j − rfm,j)||22 (5.12)

The resulting coefficients bresp are then transformed to their frequency domain
representation Bresp(f) [40, 39]:

Bresp(f) =
[
1 exp(−j2πqf/fs) exp(−j4πqf/fs) ... exp(−j2N1πqf/fs)

]
·bresp

(5.13)
The amplitude A

fm,j

EASSR and phase θ
fm,j

EASSR of each EASSR rfm,j are determined as:

A
fm,j

EASSR = ||Bresp(fm,j)||2
θ

fm,j

EASSR = ̸ Bresp(fm,j) (5.14)

5.4.3 Applying a skipping mask

The first and third method described in this chapter mask the stimulation pulses,
since the model tends to overfit on them due to their large amplitude and therefore
strong influence on the least-squares cost. This results in a bad artifact modeling
in the interpulse interval. The masking of the stimulation pulses is introduced and
presented in [40]. The skipping mask m ∈ RK is zero from 100 ms before to 450 ms
after the start of each stimulation pulse, and one elsewhere. This mask is multiplied
with the measured EEG recording(s) zfm prior to the analysis; the model parameters
are then estimated on the non-masked samples.
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5.5 Method 1: Time-Domain Artifact Suppression
The first method aims to exploit the known characteristics of the stimulation artifact
in the time domain to separate this artifact from the EASSR. Figure 2.6 displays the
stimulation artifact. The dominant characteristics of this artifact are the biphasic,
cathodic-first stimulation pulses and the exponentially decaying tail in the interpulse
intervals. [40, 16] In an initial approach, the stimulation pulses are masked and
an exponentially decaying tail is fitted to each interpulse interval individually and
subsequently subtracted. The reasoning behind this initial method is that the
masking of the stimulation pulses in conjunction with the removal of the typical
artifact tail would ease the detection of EASSRs in subsequent processing steps.
However, preliminary results show that the removal of the exponentially decaying tail
on a pulse-to-pulse basis also results in the suppression of the EASSR. Furthermore,
the relatively low SNR of the EEG recordings results in a poor estimation of the
exponentially decaying tails due to the limited data in each interpulse interval.

Therefore, another approach is taken by simultaneously fitting the exponentially
decaying tail and other artifact components with a response model to the observed
EEG recording. In that perspective, this approach is very similar to the Kalman
filter (KF) based method introduced in [34] and further extended in [14].

In these approaches, the artifact at each time point is modeled using a number
of predetermined artifact templates. The contribution of each artifact template is
determined through applying a Kalman filter to the EEG recording. [14] uses four
artifact templates: a monophasic stimulation pulse, an exponentially decaying tail -
both modulated and unmodulated -, and a constant bias. The response is modeled
as the linear combination of a cosine and sinusoid oscillating at the modulation
frequency, as discussed in Subsection 5.4.1.

In this thesis, a similar approach is taken. The stimulation pulses in the EEG
recording to analyze are masked, such that only the interpulse intervals are being
analyzed. In each interpulse interval, the different artifact templates are fitted to the
observed EEG data together with a response model using a least-squares criterion.
The masking of the stimulation artifact renders the first artifact template of [14] - a
monophasic stimulation pulse - unnecessary. The second - the exponentially decaying
tail - and last - the constant bias - templates of [14] are also included in the model.
These templates are represented as:

aexp =


aexp[1]
aexp[2]

...
aexp[N ]

 abias =


1
1
...
1

 (5.15)

in which aexp[k] = exp(−αkTs) represents the k-th sample index of the artifact tem-
plate representing the exponentially decaying tail. The estimation of α is considered
in a subsequent section. abias reflects the template for the bias. The length of the
vectors, N , equals the number of samples in the interpulse interval.
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The artifact model can thus be written as:

Aexp = blockdiag(aexp, . . . , aexp) Abias = blockdiag(abias, . . . , abias) (5.16)

in which the number of repetitions equals the number of interpulse intervals of the
EEG recording.

In this method, the EEG recordings are analyzed individually. This results in the
following signal model for the analysis of an EEG recording at the modulation
frequency fm:

sfm
est =

[
Aexp Abias Rfm

]
·

 bexp

bbias

bresp

 (5.17)

All signal model parameters are then estimated by minimizing a least-squares cost
function, including regularization terms:

J = ||zfm − sfm
est||22+β · ||Γbexp||22+γ · ||Γbbias||22+λ · ||bresp||22 (5.18)

in which Γ represents a Tikhonov regularization matrix penalizing the second order
derivative. The hyperparameters are selected as β = 5, γ = 500 and λ = 100 based
on results on the validation set. The regularization reduces the effective number
of parameters and ensures that the artifact templates cannot vary too much from
interval to interval. This is especially important for the bias term which is included
to capture slow variations of the DC-components in each interval.

As in [14], the estimation of the exponential decay factor α is performed on the
average interpulse interval of the EEG recording. An initial estimate of α is obtained
through a linear regression on the logarithm of the exponential tail, and further
refined through a non-linear least squares which includes a bias-term in the estimation.
The estimated decay factor is then used in the template.

5.6 Method 2: Pulse Averaging

A second method focuses on the underlying causes for the stimulation artifact at
the modulation frequency fm. The theoretical analysis in Chapter 3 shows that
the stimulation signal inherently contains a spectral component at the modulation
frequency fm. Subsequent analyses show that this inherent component is further
magnified by nonidealities such as a pulse asymmetry or nonlinearities.

This second method aims to suppress the inherent component and the observed
pulse asymmetry by computing the average of each measured pulse. This operation
essentially integrates the signal over a pulse period, and normalizes it to the duration
of the pulse. The resulting signal of pulse averages can be described as:

v(p) =
∫ (p+n)·Tc+Tshift

p·Tc+Tshift
z(t)

n · Tc
(5.19)
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in which p represents the pulse index, Tc the pulse period, , and z(t) the mean epoch
of the EEG signal. The parameter n describes the number of pulses over which the
averaging is performed, and is initially set to one. The parameter Tshift allows to
shift the time window over which the averaging is performed, and is selected such
that the averaging starts 100 ms before to the start of each pulse. In this manner,
effects prior to the stimulation pulses are included in the overall average of that pulse.
The pulse averaged signal v(p) is then analyzed by applying a response model to it,
either individually or jointly. In the high-level overview of Figure 5.1, no artifact
model branch is present as the artifact suppression is included in the preprocessing
of the EEG recording.

The averaging of each pulse exploits the different nature of the EASSR and the
stimulation artifact.

5.6.1 Effect on the EASSR

To study the effect of pulse averaging on the response, the EASSR is modeled as a
sinusoidal signal oscillating at the modulation frequency fm. Note that this frequency
is typically small in comparison to the stimulation rate fc as stated in Section 2.4,
such that pulse averaging essentially downsamples the EASSR signal.

Figure 5.3 illustrates the effect of pulse averaging on the response signal. The left
subfigure shows a zoom of a sinusoidal signal of 40 Hz modeling the response; the
dashed lines indicate the pulse durations. The middle subfigure shows the same
simulated response over a larger time window, and reveals the slow oscillatory
behavior in comparison to the pulse duration. The circles in the right subfigure show
the downsampling effect of pulse averaging on this simulated response signal. This
demonstrates that the pulse averaging operation preserves the sinusoidal oscillations
of the EASSR.

0 1 2 3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.005 0.01

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

0 5 10

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Figure 5.3: Effect of the pulse averaging method on the simulated EASSR
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5.6.2 Effect on the Stimulation Artifact

Since the stimulation signal has to be charge-balanced to avoid tissue damage [51],
the mean of each pulse is equal to zero in the ideal case. In practice, however, this will
not be the case due to three reasons. First, according to [28], "the nonideal nature of
stimulator electronics means that perfect charge balance is impossible to achieve"
[28]. Second, Chapter 4 has shown that the pulses exhibit asymmetric features in
the EEG recordings, resulting in a nonzero mean of each observed pulse. Third,
the temporal extent of the stimulation pulses is increased due to the anti-aliasing
low-pass filter and the system characteristics. This last effect results in exponentially
decaying tails, which exceed the interpulse interval in case of a stimulation rate
of 900 Hz and in MP mode stimulation. [44, 16]. Despite these nonidealities, the
inherent component is removed and the nonideal and nonlinear contributions to the
stimulation artifact are attenuated by the avering procedure.

Figure 5.4 illustrates the effect of pulse averaging on the stimulation artifact. This
signal is measured at the third and referenced to the last electrode in the experimental
set-up as described in Section 4.2. The stimulation level is 255 CLs with a modulation
depth of 50 CLs and a single modulation frequency of 37 Hz. The left subfigure shows
a zoom of the observed artifacts in the EEG recording. The middle subfigure shows
the same signal over a larger temporal extent. The right subfigure shows the effect of
the averaging operation on the artifact; note the scale difference of the y-axis. It is
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Figure 5.4: Effect of the pulse averaging method on the stimulation artifact

especially of interest whether pulse averaging reduces the spectral component at the
modulation frequency. Table 5.1 shows the spectral component at the modulation
frequency before and after the averaging operation on the described signal over the
various stimulation electrodes, at maximal stimulation level. A clear reduction is
observed, which is more pronounced at electrodes closer to the stimulation electrodes.
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Table 5.1: Effect of pulse averaging on the observed stimulation artifact at the
modulation frequency over distance. Stimulation level of 255 CLs, modulation depth
and frequency of 50 CLs and 37 Hz respectively.

Electrode Number 1 2 3 4 5 6
G(fm) 0.215 0.123 0.068 0.049 0.034 0.035
Gaveraged(fm) 0.072 0.036 0.021 0.021 0.024 0.032

5.6.3 Considerations and Extensions

Similar to the pulse asymmetry measure as discussed in Chapter 4, pulse averaging
produces a single measure from each pulse. It essentially downsamples the signal
which can potentially induce aliasing. Since the pulse averaging in itself has a
low-pass characteristic, aliasing is not expected to pose a problem. Results on the
validation set confirm that low-pass filtering prior to pulse averaging does not alter
the results.

An extension to the pulse averaging approach involves averaging over multiple pulses;
which corresponds to setting the parameter n to an integer value larger than one.
Since the exponentially decaying tail exceeds the interpulse interval, this extension
might further reduce the artifact component at the modulation frequency. The
EASSR is expected not to be affected as long as the Nyquist criterion is satisfied.
For a pulse rate of 900 pps, n can be increased to 10 such that frequencies up to 45
Hz can still be represented. Results on the validation set show that the estimated
latencies decrease with averaging over an increasing number of subsequent pulses.
Therefore, this extension is not further explored.

Since this method suppresses the artifact by processing the measured EEG recording
individually, no benefit is expected in processing the EEG recordings at different
modulation frequencies jointly. Results on the validation set show no performance
increase in using the joint response model.

5.7 Method 3: Nonlinear System Identification
A third method extends the linear system identification approach introduced and
discussed in [40]. Subsection 5.7.1 outlines the specifics of this linear approach and is
based on [40]. Subsequently, Subsection 5.7.2 introduces an extension to this method
which incorporates nonlinearities into the model’s artifact branch.

5.7.1 Linear System Identification

The model presented in this subsection is introduced and presented in [40]. This
subsection provides an overview of this model. The next subsection discusses the
nonlinear extension of this model. Using the linear system identification approach,
the estimated artifact afm is the result of a filtering operation of an input ufm by a
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FIR-system characterized by FIR-coefficients barti ∈ RN2+1:

afm [k] =
[
ufm [k] ufm [k − 1] ... ufm [k − N2]

]
· barti (5.20)

in which N2 represents the order of the FIR-system. The input signal ufm is modeled
as a Dirac delta pulse train, modulated by a sinusoidal signal with the same amplitude
and modulation depth as used in the stimulation.

The FIR-coefficients barti of this artifact model are estimated simultaneously with
those of the response model bresp using all three EEG recordings jointly. The three
EEG recordings zfm , obtained at three distinct modulation frequencies fm, are
stacked into a single vector z. A joint response filter matrix Cfm is obtained as
presented in Equation 5.9. The artifact filter matrix Ufm is obtained by vertically
stacking the row vector in Equation 5.20 for time indices from 0 to K − 1. This
results in a final model in which the response and artifact are modeled simultaneously
and jointly over all three modulation frequencies:z37

z40

z43


︸ ︷︷ ︸

z

=

C37 U37

C40 U40

C43 U43


︸ ︷︷ ︸

H

·
[
bresp
barti

]
︸ ︷︷ ︸

x

+v (5.21)

in which v represents a noise vector. Both the vector of measured EEG recordings,
z, and the columns of the matrix containing the regressors H are mean-centered.
The stimulation pulses are masked in the measured EEG recordings vector z and
only unmasked samples are used in the estimation of the unknown FIR-coefficients x.
The estimation is performed by minimizing the least squares cost function, in which
a regularization term is included:

J = ||Hx − z||22+α||Γx||22 (5.22)

The matrix Γ is selected such that a Tikhonov regularization is applied to the
FIR-coefficients of the response model bresp; no regularization is applied to the
FIR-coefficients of the artifact model barti.

The filter length N1 of the response model is set to 5 as motivated earlier. The filter
length N2 of the artifact model is set to 375 in this implementation such that the
artifact filter length exceeds the interpulse interval of approximately 290 samples.
After applying the masking operation, the number of parameter reduces to 147
parameters.

In [40], the hyperparameter α is determined using the subthreshold recordings of all
subjects and set to the balance of the lowest possible regularization and the lowest
number of false positive detections. This procedure results in an optimal value for α
of 5000.

5.7.2 Nonlinear System Identification

In this thesis, the linear approach system identification approach is extended such
that second order nonlinearities are included in the model. The theoretical artifact
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analysis shows these nonlinearities are able to contribute to the stimulation artifact
at the modulation frequency. The experimental artifact analysis shows the system
indeed exhibits a nonlinear behavior.

In order to include these second order nonlinear terms in the model, a Volterra series
is selected. The linear artifact model presented in Equation 5.20 can be written as:

afm [k] =
N2∑

m=0
barti[m]ufm [k − m] (5.23)

A Volterra series extends this linear FIR model such that higher order nonlinear
components are added [9]:

a[k] = barti,0 +
∞∑

n=1

N1∑
m1=0

...
Nn∑

mn=0
barti,n[m1, ..., mn]u[k − m1]...u[k − mn] (5.24)

Note that a Volterra series reduces to the linear FIR model for n = 1. In the
context of obtaining an accurate artifact model for the spectral component at the
modulation frequency fm, the theoretical analysis has shown that only first and second
order contributions are able to contribute significantly to the stimulation artifact
at the modulation frequency. The third and higher order nonlinear contributions
are negligible. To adequately model the stimulation artifact, the Volterra Series
presented in Equation 5.24 can thus be truncated by omitting these higher order
terms. Furthermore, since the observed EEG recordings zfm and the input signals
ufm are mean-centered, the zeroth order term barti,0 equals zero:

a[k] =
N2∑

m=0
barti,1[m]u[k − m] +

N2∑
m1=0

N2∑
m2=0

barti,2[m1, m2]u[k − m1]u[k − m2] (5.25)

Note that the parameters barti,2[m1, m2] can still be estimated using an OLS with
regularization terms since Equation 5.25 is still linear in its parameters, despite its
capabilities to model second order nonlinearities.

The next subsubsection will study the relationship between the presented Volterra
series and common nonlinear models such as a Taylor series, and Hammerstein and
Wiener model structures [9]. Subsequently, the number of parameters is considered
based on which an adequate input representation is selected.

Relationship to Common Nonlinear Models

By considering special cases of barti,n[m1, ..., mn], which is often referred to as the
n-th order Volterra kernel [9, 19], in Equation 5.24, the Volterra Series can be related
to common nonlinear model structures. The Volterra series reduces to a Taylor Series
when the Volterra kernels are selected as [9]:

barti,n[m1, ..., mn] = barti,n,diagδm1,...mn (5.26)
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in which n ranges from 1 to infinity and barti,n,diag is a constant value for each n.
The symbol δi,...,j represents the Kronecker Delta function, which prevents samples
at different time indices from exerting an influence on each other. The Volterra series
can thus be interpreted as an extension to the Taylor series in which memory effects
are included. This shows the Volterra series is able to include nonlinear dynamic
effects, whereas the Taylor series is only able to model static nonlinearities. [9]

Other popular nonlinear model structures are the Wiener and Hammerstein model.
A Wiener model consists of a linear dynamic system followed by a static nonlinearity.
A Hammerstein model is the counterpart of the Wiener system and consists of a
static nonlinearity, followed by a linear dynamic system. For polynomial static
nonlinearities, these models reduce to special cases of a truncated Volterra Series.
[9] Furthermore, a Wiener-Hammerstein model - which concatenates a Wiener and
a Hammerstein model resulting in a single static nonlinearity between two linear
dynamical systems - can also be represented by a truncated Volterra Series for
polynomial nonlinearities. [9]

(a) Wiener Model (b) Hammerstein Model

Figure 5.5: Structure of a Wiener and Hammerstein Model. Figure based on [9, 41]

The flexibility makes of the (truncated) Volterra Series a very appealing modeling
approach. Furthermore, due to the linear dynamics and the lack of feedback, the
(truncated) Volterra Series is guaranteed to be stable. [36]

Number of Parameters

However, these favorable properties come at a cost. From Equation 5.24, it is apparent
that the Volterra series representation suffers from the curse of dimensionality. [36]
Even a truncated Volterra Series which only includes the first and second order
kernels result in a large amount of parameters. For instance, the artifact model uses
a memory length N2 of 375 samples such that interpulse interval and the interpulse
behavior can be modeled. Brute-forcefully applying a truncated Volterra series in
this case would thus result in a total of N2

2 + N2 = 141 000 parameters to model
the second order contributions. However, as barti,2[m1, m2] = barti,2[m2, m1], the
number of parameters is approximately halved. The masking of the stimulation
pulses further reduces the number of parameters, but the number of parameters
remains problematic.

A first solution to this problem can be found in regularizing the OLS problem such
that the effective number of parameters is reduced. [43] However, due to the excessive
amount of parameters, regularization won’t suffice.
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Input Representation

A suited selection of the input representation can result in a drastic reduction in the
amount of parameters required to represent the second order Volterra kernel. In the
original system identification method, a Dirac pulse train modulated by a sinusoidal
signal constructed with the stimulation parameters is used. Such a Dirac train as
input representation results in only a limited number of parameters in the second
order Volterra kernel which are able to contribute since u[k − m1]u[k − m2] is only
nonzero in case:

|m1 − m2|= k · fs/fc (5.27)

in which fs, fc represent the sampling and carrier frequency respectively, and k a
positive integer. This implies that the nonlinear branch of this model includes the
square of the original input signal as well as multiplications between two subsequent
Dirac pulses.

Another possibility is to use a modulated monophasic pulse train with the correct
pulse duration. This representation allows the inclusion of the pulse duration into
the model, which has been shown to have an effect on the stimulation artifact.

When the Dirac train input is selected, this results in an equal amount of parameters
for the linear and nonlinear branches of the artifact model. After masking the
stimulation pulses, both branches require 147 parameters, which can be reliably
estimated using all three EEG recordings, containing about 277 700 samples each
which represents about 1.024 seconds since the sampling rate equals 262144 Hz. The
monophasic pulse as input results in about 1000 or 1500 parameters in the nonlinear
model, for a pulse duration of 25 µs and 37 µs respectively.

The results on the validation set lead to the selection of the Dirac train representation
as the input signal to the artifact model in the final extended model.
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Chapter 6

Results

This chapter presents the results of the methods developed in this thesis. First,
Section 6.1 establishes a baseline detection performance by only applying a response
model to the measured EEG recordings without any form of artifact suppression.
Therefore, any improvement with respect to this baseline performance can be at-
tributed to the developed artifact suppression method. Then, Section 6.2 shows the
results for the time domain artifact suppression method. Next, the results obtained
using the pulse averaging are displayed in Section 6.3. Lastly, Section 6.4 shows the
performance of the linear and nonlinear system identification (SI) approaches.

The results are displayed for the ten subjects in the test set, following to the method-
ology discussed in Section 5.3. Three contralateral recordings and two ipsilateral
recordings are available per subject, resulting in a total of 30 contralateral recordings
and 20 ipsilateral recordings in the test set.

For the estimated EASSR latencies, all results are shown in the form of boxplots and
are grouped based on stimulation level (subthreshold level and comfortable level) and
on EEG electrode position (ipsilateral or contralateral EEG channels). Therefore,
four figures are shown for each method. Each of these figures contains three boxplots,
showing the influence of the reference channel. The labels on the x-axis indicate
the reference electrode used in the analysis, with the number next to it indicating
the number of statistically significant results for that reference electrode. Note that
the latency is only shown when it could be determined based on three statistically
significant response estimations, as explained in Section 5.3. The ideal detection
method thus displays zero results for both channels at subthreshold stimulation
level. At comfortable level, it results in 30 contralateral and 20 ipsilateral EASSR
detections. Typical EASSR latencies range from 35 ms to 55 ms, as indicated by
the dashed horizontal lines in each figure. [40, 38]

For the estimated amplitudes, the results are only shown for the reference electrode
Cz and displayed in a figure consisting of four subfigures. The upper two subfigures
display results for EEG recordings at subthreshold stimulation level; the bottom two
for those at comfortable stimulation level. The left and right two subfigures reflect
performance in contra- and ipsilateral channels respectively.
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6. Results

6.1 Baseline: No Artifact Suppression

6.1.1 Latency

Figure 6.1 displays the estimated latencies when only a response model is applied
to each EEG recording individually without masking the stimulation pulses. In
contralateral EEG channels at subthreshold stimulation level, the number of false
positive detections equals 9, 9, and 4 out of 30 results for the Cz, Fz, and Fpz
as reference electrode respectively. In this chapter, the results are reported for
the reference electrodes Cz, Fz, and Fpz and are always presented in that order.
In ipsilateral EEG channels at this stimulation level, the number of false positive
detections equals 16, 17, and 15 out of 20 results for the three reference electrodes
respectively. At this stimulation level, all estimated latencies are relatively low and
close to zero.

In contralateral EEG channels at comfortable stimulation level, 30, 28, and 28 out of
30 results are detected for the three reference electrodes respectively. The median
latency is close to the lower bound of the expected range. In ipsilateral EEG channels
at this stimulation level, 20, 19, and 19 results out of 20 are detected depending on
the selected reference electrode. The median latency is below or close to the lower
bound of the expected range. In comparison to contralateral channels, the estimated
latencies in ipsilateral channels display a higher variance.

Figure 6.2 shows the latencies estimated by the same response model when the
stimulation pulses are masked in the EEG recording. In contralateral EEG channels
at subthreshold stimulation level, the number of false positive detections equals 7,
5, and 1 out of 30 results for the different reference electrodes. For each reference
electrode, the number of false positives has decreased due to the masking of the
stimulation pulses. In ipsilateral channels at this stimulation level, 16, 18, and 14 out
of 20 recordings indicate a false positive result. The overall number of false positive
results remains unchanged, while the estimated latencies show a smaller variance.

In contralateral EEG channels at comfortable stimulation level, 25, 22, and 18 out
of 30 results are detected for the three reference channels respectively. For each
reference electrode, the overall number of detections has decreased. The masking
procedure results in a median latency in the middle of the expected range, alongside
a large variance. In ipsilateral channels at this stimulation level, 20, 19, and 19 out
of 20 results are detected. The median latency is low and close to zero.

Similar conclusions hold for the response model, introduced in Subsection 5.4.2,
which analyzes the three EEG recordings at a single stimulation level jointly. For
completeness, these results are included in Appendix B.

6.1.2 Amplitude

Figure 6.3 shows the amplitudes estimated by the individual response model without
any form of artifact suppression for the reference electrode Cz. Figure 6.3a and
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Figure 6.1: Latencies estimated by the response model without artifact suppression,
individual processing
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Figure 6.2: Latencies estimated by the response model without artifact suppression,
individual processing, and masking of the stimulation pulses

Figure 6.3b show the results ex- and including the masking operation of the stimu-
lation pulses. In each figure, the results for the subthreshold stimulation level are
shown in the two upper subfigures, while the two lower subfigures show the results
for stimulation at comfortable level. Note that the scale of the y-axis is different in
both figures. In general, the estimated amplitudes are larger in ipsilateral channels
as compared to contralateral channels. The masking operation results in a reduction
of estimated amplitudes in contralateral channels while in ipsilateral channels, no
amplitude reduction is observed; the estimated amplitudes in a single channel of a
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subject are even amplified after the masking operation.
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(a) Without masking the stimulation pulses
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Figure 6.3: Amplitudes (for Cz as reference electrode) estimated by the response
model without artifact suppression, individual processing. Subthreshold stimulation
level (upper left and right) and comfortable stimulation level (bottom left and right)
in each figure.

6.2 Method 1: Time-Domain Artifact Removal

6.2.1 Latency

Figure 6.4 shows the latencies as estimated by the time domain artifact suppression
(TDAS) method. This method analyzes the EEG recordings at each modulation
frequency individually and masks the stimulation pulses, the results should therefore
be compared to Figure 6.2.

In contralateral EEG channels at subthreshold stimulation level, no false positives are
detected in the 30 recordings, independent of the reference electrode. In ipsilateral
EEG channels, the number of false positive detections equals 9, 9 and 8 out of 20
results. The estimated latency of these false positive detections is close to zero. In
contrast to the baseline performance, the number of false positives is thus reduced to
zero in contra- and approximately halved in ipsilateral EEG channels. No Kruskal-
Wallis test could be conducted at subthreshold stimulation level due to the emptiness
of a group.

In contralateral EEG channels at comfortable stimulation level, 22, 26, and 23 out of
30 results are detected. The median latency is in the center of the expected range.
The results contain outliers below and above the expected range for all reference
channels, but are most distinct for Cz. In ipsilateral channels at this stimulation
level, 17, 18, and 18 out of 20 results are detected. The median latency is far below
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6.2. Method 1: Time-Domain Artifact Removal

the expected range. Between this method and the baseline without masking, a
Kruskal-Wallis test found a significant difference among the four groups. Dunn’s
test found a significant difference in the means of TDAS-contra and response-indiv.-
contra (p = 0.012), TDAS-contra and response-indiv-ipsi (p = 0.0003), TDAS-ipsi
and response-indiv-contra (p = 0.013) and TDAS-ipsi and TDAS-contra (p < 0.0001).
Between this method and the baseline with masking, a Kruskal-Wallis test found a
significant difference among the four groups. Dunn’s test found a significant difference
in the means of: response-indiv.-contra and response-indiv.-ipsi (p < 0.0001), TDAS-
contra and response-indiv-ipsi (p < 0.0001), TDAS-ipsi and response-indiv-contra
(p = 0.04) and TDAS-ipsi and TDAS-contra (p = 0.001).
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Figure 6.4: Latencies estimated by the time domain artifact suppression method.
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Figure 6.5: Amplitudes (for Cz as reference electrode estimated by the time domain
artifact suppression method. Subthreshold (upper two subfigures) and comfortable
stimulation level (bottom two subfigures)
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6.2.2 Amplitude

Figure 6.5 displays the amplitudes estimated by the time domain artifact suppression
method for reference electrode Cz. In contralateral EEG channels at comfortable
level, the estimated amplitudes are similar to the baseline performance shown in
Figure 6.3b. In ipsilateral EEG channels, the amplitudes are clearly smaller at
subthreshold stimulation level. At comfortable level, all amplitudes are in a similar
range as the baseline performance although the largest amplitudes are reduced.

6.3 Method 2: Pulse Averaging

6.3.1 Latency

Figure 6.6 shows the latencies estimated by the pulse averaging (PA) method with
averaging over a single pulse. This method analyzes the EEG recordings at each
modulation frequency individually without masking the stimulation pulses, the results
should therefore be compared to the baseline of Figure 6.1.

In contralateral EEG channels at subthreshold stimulation mode, the number of false
positives equals 3, 6, and 0 out of 30 results (in contrast to the baseline performance
of 9, 9, 4). In ipsilateral EEG channels, 4, 6, and 2 out of 20 recordings resulted in a
false positive detection (in contrast to the baseline performance of 16, 17, and 15).
The estimated latencies are close to zero. The number of false positive detections is
thus strongly reduced. Between this method and the baseline without masking, a
Kruskal-Wallis test found no significant difference in the distributions of the groups
(p = 0.136) at subthreshold level. In contralateral channels at comfortable stimulation
level, 26, 28, and 28 out of 30 results are detected. The median latency of these
estimated EASSRs are towards the middle of the expected range, although multiple
estimated latencies are outside the expected range. In ipsilateral EEG channels at
this stimulation level, 18, 19, and 18 out of 20 results are detected. The median
latency varies around the upper bound of the expected range, depending on the
reference electrode. The variance of the expected latencies is larger as compared to
the results in contralateral channels. Between this method and the baseline without
masking, a Kruskal-Wallis test found a significant difference in the distributions of
the groups (F (3, 90), p < 0.00001). Dunn’s test finds a significant difference between
PA-ipsi and response-indiv.-contra (p < 0.0001), PA-ipsi and response-indiv.ipsi
(p < 0.00001), PA-contra and response-indiv.-ipsi (p = 0.01) and PA-contra and
PA-ipsi (p = 0.012).

6.3.2 Amplitude

Figure 6.7 shows the amplitudes estimated by the pulse averaging method over a
single pulse. In contralateral channels, the amplitudes are similar to the baseline,
although the average amplitude is lower at comfortable stimulation level. Additionally,
the estimated amplitudes in contralateral channels are similar as those obtained by
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the time domain artifact suppression method. In ipsilateral channels, the amplitudes
are lower than for the baseline at both stimulation levels.
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Figure 6.6: Latencies estimated by the pulse averaging method with averaging over
a single pulse, individual processing
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Figure 6.7: Amplitudes (reference: Cz) estimated by the pulse averaging method
with averaging over a single pulse. Subthreshold (upper two subfigures) and comfort-
able stimulation level (bottom two subfigures)

6.4 Method 3: Nonlinear System Identification
This section displays the estimated latencies by the linear and nonlinear system
identification (SI) approaches. In contrast to the previous section, its performance
is compared to the linear SI approach, which is extensively compared to linear
interpolation in [40].
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6.4.1 Latency

Figure 6.8 shows the latencies as estimated by the linear SI (LSI) approach, which
will serve as a baseline for the Volterra series-based, nonlinear SI (NLSI) approach.
At subthreshold stimulation level, no false positive detections are observed for
any reference electrode. At comfortable stimulation level, both contralateral and
ipsilateral EEG channels display results for all recordings, except for the reference
electrode Cz where 27 out of 30 and 17 out of 20 results are detected respectively.
The median latency is located at the center of the expected range with limited
estimations outside of the expected range. In contralateral EEG channels, a limited
number of outliers are present, especially for reference electrode Fz and Fpz. In
ipsilateral channels, a limited number of outliers above the upper bound of the
expected range are observed.

Figure 6.9 shows the latencies estimated by the Volterra series-based SI approach. At
subthreshold stimulation level, there are no false positive detections. At comfortable
level, 27, 30, and 29 out of 30 results are detected in contralateral EEG channels. In
ipsilateral EEG channels at this stimulation level, 16, 20, and 19 out of 20 results
are observed. Again, the median latency is in the center at the expected range. The
number of results at comfortable stimulation level is slightly decreased. The outliers
at the bottom of the expected range from the SI approach are now inside. The
outliers towards the upper bound are closer to the expected range.

At comfortable stimulation level, a Kruskal-Wallis test found a significance difference
between the groups (F (3, 83) = 15.52 and p = 0.0014): LSI-contra, LSI-ipsi, NLSI-
contra, NLSI-ipsi. Dunn’s test found a significant different in the means between
LSI-ipsi and LSI-contra (p = 0.001), NLSI-ipsi and NLSI-contra (p = 0.003), NLSI-
contra and LSI-ipsi (p = 0.001)and NLSI-ipsi and LSI-contra (p = 0.025). No
statistical difference between the means of NLSI-contra and LSI-contra (p = 0.413)
and NLSI-ipsi and LSI-ipsi (p = 0.85) is observed.
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Figure 6.8: Latencies estimated by linear SI, joint processing, and masking of the
stimulation pulses
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Figure 6.9: Latencies estimated by Volterra SI, joint processing, and masking of
the stimulation pulses

6.4.2 Amplitude

Figure 6.10 shows the estimated amplitudes for reference electrode Cz. The results
for the linear and nonlinear SI methods are displayed in Figure 6.10a and Figure 6.10b
respectively. Both methods produce very similar estimated amplitudes, with slightly
lower amplitudes being estimated for the nonlinear approach.
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(a) Linear SI
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(b) Nonlinear SI

Figure 6.10: Amplitudes (for Cz as reference electrode) estimated by the linear
and nonlinear SI approach. Subthreshold stimulation level (upper left and right) and
comfortable stimulation level (bottom left and right) in each figure.
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Chapter 7

Discussion

7.1 Introduction

This chapter discusses and interprets the results shown in Chapter 6. This chapter
studies the EASSR detection performance of each method by analyzing its estimated
EASSR latencies, amplitudes, and false positive rate.

7.2 EASSR Detection Performance

This section discusses the EASSR detection performance of the methods developed
within this thesis. This discussion is primarily based on the estimated latencies,
of which the interpretation is further discussed in this section, as well as on the
estimated amplitudes.

In Chapter 2, the importance of latency as a discriminating property between artifact
and EASSR is highlighted. The stimulation artifact propagates instantaneously,
resulting in an artifact group delay or latency close to zero. In contrast, the generation
of an EASSR requires processing time in the human brain resulting in a nonzero
group delay or latency. This latency can be determined by analyzing the unwrapped
phases of the estimated responses at different modulation frequencies. In case the
estimated response shown in Chapter 6 indeed reflects an EASSR, the latency should
be in the range between 35 and 55 ms. [40, 38] Latencies close to zero reflect a
dominant presence of the stimulation artifact. Latencies between zero and the lower
bound of the expected range reflect improper separation. [40]

Note that excessively high latencies might reflect a dominant presence of the artifact as
well. The phase of the stimulation artifact is stable at multiples of 180◦, irrespective of
the modulation frequency. [17] When the artifact phases at the different modulation
frequencies are approximately equal, this results in a latency close to zero. However,
when these artifact phases differ by 180◦, latencies of about 80 and 120 ms are
obtained based on the slope of the linear regression through the unwrapped phases
(180◦, 180◦, 0◦) and (360◦, 180◦, 0◦) at the three modulation frequencies respectively.
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7.2.1 Baseline: No Artifact Suppression

The latencies estimated by the response model without masking the stimulation pulses
reflect the problematic nature of the stimulation artifact as stated in Section 1.2.
At subthreshold stimulation level, the false positive rate is considerably higher in
ipsilateral (75 to 85 percent) as compared to contralateral EEG channels (13 to
30 percent). These results are expected since the artifact is known to be larger in
ipsilateral as opposed to contralateral channels. [14] This result can also interpreted
in the context of the experimental artifact analysis in Chapter 4, which observed an
exponentially decaying amplitude of the artifact over distance.

At comfortable stimulation level, the results show that the stimulation artifact is
sufficiently small in about half of the contralateral channels to detect a latency
in the expected range without any form of artifact suppression. However, as the
median latency is close to the lower bound of the expected latency range, the
estimated response is most likely a mixture of EASSR and artifact in which the
former dominates. In ipsilateral channels, the estimated latencies show a large
spread. The excessively low (< 10 ms) and high (> 75 ms) latencies are indicative
of artifact-dominated results. The intermediate latencies again are due to a mixture
of EASSR and stimulation artifact.

The baseline performance also evaluated the effect of masking the stimulation pulses.
The masking operation is beneficial in contralateral channels, both in terms of the
false positive rate and the median latency. However, a number of estimated latencies
are still artifact-dominated. The performance in ipsilateral channels on the contrary
appears to have worsened and seems more artifact-dominated. When analyzing
the spectra of the masked (containing the stimulation pulses) and non-masked
(containing the interpulse intervals) segments of the mean epoch, it is observed
that their components at the modulation frequency partially cancel out in some
ipsilateral EEG recordings. It is hypothesized that the masking operation magnifies
the asymmetry and hence the stimulation artifact in ipsilateral EEG recordings. In
those recordings, the exponentially decaying tails is still dominantly present in the
interpulse interval after masking the stimulation pulses. The increased amplitudes
after masking in ipsilateral channels support this hypothesis.

7.2.2 Method 1: Time-Domain Artifact Suppression

The first method is the time-domain artifact suppression, which relies on the different
temporal characteristics of the EASSR and stimulation artifact. The performance
of this method must be evaluated in comparison to the results from the baseline
without any form of artifact suppression and with masking of the stimulation pulses.

In contralateral channels, the time-domain artifact suppression method results is
effective at both stimulation levels. At subthreshold levels, no false positive detections
occur. At comfortable level, most estimated latencies are inside the expected range.
The detection rate ranges from 73% to 87% depending on the reference electrode,
and is increased for all reference electrodes except for Cz. The estimated EASSR
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amplitudes are similar to the baseline performance. From these results, it can be
concluded that in contralateral channels, the stimulation artifact predominantly
consists of an exponentially decaying tail and a slowly varying bias in the interpulse
interval.

In ipsilateral channels, the method halves the false positive rate compared to the
baseline performance. The latencies remain low but are slightly elevated in comparison
to the baseline performance. This indicates that although the estimated response is
still a mixture of EASSR and stimulation artifact, the contribution of the former
to this mixture is increased. The amplitudes are in a similar range. These results
indicate the two templates - the exponentially decaying tail and the slowly varying
bias - are on themselves insufficient to fully describe the stimulation artifact in
ipsilateral channels. These results in ipsilateral channels demonstrate that more
advanced artifact suppression methods are required, which tackle the fundamental
causes of the stimulation artifact.

7.2.3 Method 2: Pulse Averaging

A second method is a novel approach and exploits the different effects of the pulse
averaging operation on the stimulation artifact and EASSR. The performance of this
method must be evaluated in comparison to the results from the baseline without
any form of artifact suppression and without masking of the stimulation pulses.

At subthreshold stimulation level, this method strongly reduces the false positive
rate, especially in ipsilateral channels. This confirms the preliminary results on the
validation set presented Table 5.1, which shows a reduction in artifact amplitude
after pulse averaging.

At comfortable stimulation level, the detection rate varies between 85% and 95%.
In contralateral channels, most estimated latencies are inside the expected range,
although the data exhibit quite some variance. In ipsilateral channels, there is a
clear increase in the median latency reflecting the EASSR characteristics. Most
latencies are around or slightly above the upper bound of the expected range. The
excessively high latencies are again most likely artifact-dominated. The amplitudes
are elevated in contralateral channels and similar yet less stable in ipsilateral channels
as compared to the amplitudes of the baseline and previous method.

The pulse averaging operation removes the inherent spectral component at the
modulation frequency of the stimulation signal and attenuates any asymmetry. These
obtained results are thus indicative that these two factors may indeed be the dominant
causes of the stimulation artifact, thereby supporting the results obtained in the
theoretical analysis of Chapter 3. The increased variance of the estimated latencies
and less stable amplitude estimation might be caused by the fact that this method
is only able to attenuate any asymmetry, and does not remove it from the EEG
recording. This method illustrates that a thorough understanding of the causes of
and contributions to the stimulation artifact can be leveraged in artifact suppression
methods. Although the method results in a rather low false positive rate and elevated
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latencies at comfortable level, more advanced methods should be considered which
are able to model the artifact more accurately and suppress it to a larger extent.

7.2.4 Method 3: Nonlinear System Identification

A third and last method extends the linear SI approach such that nonlinearities
are included into the model. The performance of this nonlinear extension must be
evaluated to the linear SI approach.

The existing linear SI approach results in an excellent performance, with no false
positive detections at subthreshold stimulation level and most latencies inside the
expected range at comfortable level. In contralateral channels, a number of latencies
fall outside the expected range but are close to its bounds. This approach models the
stimulation artifact as a FIR-filtered modulated Dirac pulse train, with a memory
length exceeding the duration of the interpulse interval. Such a memory length
is advantageous in the estimation of the artifact model. According to [16], the
stimulation artifact exceeds the interpulse interval at a pulse rate of 900 pps. Note
however that the two previous methods are not able to model a stimulation artifact
which exceeds the interpulse interval. The fact that linear SI does model this property
might thus contribute to its superior performance. Furthermore, since the input
signal is a modulated Dirac train, the FIR coefficients can be loosely interpreted
as a normalized artifact template. Indeed, these FIR-coefficients do exhibit an
exponentially decaying character, which might explain the rather similar performance
as compared to the time domain artifact suppression method in contralateral channels.
However, the linear SI method does not restrict the template to an exponentially
decaying tail and a bias term. This flexibility of the artifact model is assumed to
be the primary cause for the increased detection rate and performance in ipsilateral
channels.

The nonlinear Volterra-based SI shows similar performance to the linear SI method.
At subthreshold stimulation level, the nonlinear approach preserves the lack of false
positive detections. At comfortable stimulation level and in contralateral channels,
almost all latencies now fall within the expected range. In ipsilateral channels,
the outliers are also close to the upper bound of the expected range. The small
performance increase due to the inclusion of nonlinearities in the artifact model is
not fully unexpected. The theoretical analysis in Chapter 3 revealed nonlinearities
have a limited effect on the stimulation artifact at the modulation frequency in case
a significant charge-imbalance is present. Furthermore, Chapter 4 has shown that
the stimulation artifact at the modulation frequency scales approximately linearly
with the stimulation level. Nevertheless, the same experimental analysis did show
the presence of nonlinearities in the EEG recordings. The amplitudes estimated by
the Volterra SI approach are slightly lower but appear more stable in comparison to
the linear approach. Since no ground truth is available, it is unclear whether these
lower but more stable amplitude values reflect a more accurate modeling.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

This thesis dissertation has studied methods to detect EASSRs in EEG recordings
which are contaminated by stimulation artifacts originating from cochlear implants.
The stimulation artifact has been characterized both theoretically and experimentally.
The results of this characterization are then used to guide the development of EASSR
detection algorithms, of which the performance is evaluated on EEG recordings
acquired from CI recipients at two different stimulation levels. This final chapter
summarizes the main findings of the thesis in order to answer the two research
questions presented in Chapter 1.

8.1.1 Artifact Characterization

The first research question read: "Which nonidealities and nonlinearities cause and/or
contribute to the stimulation artifact, and what are their defining characteristics?"

The theoretical analysis in Chapter 3 has shown that the ideal stimulation signal does
not contain a component at the modulation frequency. In literature [16, 40, 27, 3],
this statement is often obtained through simulations and the main motivation as
to why nonidealities and nonlinearities are required to explain the presence of the
stimulation artifact. In this thesis, the practical stimulation signal is proposed as a
more accurate signal representation, as it incorporates the charge-balance constraint
which must be satisfied in practice [51]. It is shown that this practical stimulation
signal inherently contains a stimulation artifact at the modulation frequency. This
implies nonidealities and nonlinearities are, strictly speaking, no longer required to
explain the presence of the artifact. However, in case these effects do occur, the
stimulation artifact at the modulation frequency is amplified. The theoretical analysis
shows that any form of charge-imbalance or pulse asymmetry amplifies the inherent
stimulation artifact. In terms of nonlinearities, only second order nonlinearities are
able to result in a considerable contribution to the stimulation artifact when a limited
amount of charge-imbalance is observed.
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Chapter 4 has validated that the practical stimulation signal is a more accurate
signal representation. It shows that the pulse profiles are indeed flat and that the
stimulation artifact increases in magnitude with the modulation frequency. Similar
to [16], a pulse asymmetry has been observed. In this thesis, the nature of this
pulse asymmetry is further studied. The results show that, next to a constant
offset, the observed pulse asymmetry scales predominantly linearly with the pulse
amplitude, although second order and third order nonlinearities are observed in the
scaling behavior of the pulses as well. A connection between pulse asymmetry and
the stimulation artifact could not be analyzed due to the decaying nature of the
signal. Similar to [22, 27], nonlinearities have been observed in the mean epoch of
the EEG signal at maximal stimulation level. In this thesis, the first, second and
third order components are quantified and presented in an overview. The analysis
indicates a consistent presence of second order nonlinearities in the mean EEG epoch.
However, as the artifactual component at the modulation frequency is observed to
scale predominantly linearly with the stimulation level, their effect in the context of
EASSR detection is assumed to be limited.

8.1.2 Artifact Suppression Methods

The second research question read: "How can the knowledge of these nonidealities
and nonlinearities be leveraged in the development of and extensions to methods
which aim to separate the stimulation artifact and EASSR?".

To this end, three methods have been developed, each focusing on a different aspect of
the artifact. A first method aims to exploit the difference in temporal characteristics
of the artifact and EASSR. It can be interpreted as an alternative implementation of
Kalman filter-based approaches [14, 34]. This method is effective in contralateral
channels, while ipsilateral channels are still artifact-dominated at comfortable level.
The false positive rate in ipsilateral channels did halve however. These results indicate
that the exponentially decaying tail and slowly varying bias-term are important
components of the artifact, but are on themselves insufficient to adequately model
the artifact. Methods which tackle the fundamental causes and/or contributions to
the artifact are required.

A second method is a novel approach and exploits the different effects of averaging
each pulse on the EASSR and stimulation artifact to suppress the latter. The pulse
averaging operation removes the inherent component of the stimulation artifact at the
modulation frequency and attenuates any form of charge-imbalance or nonlinearity.
This method is effective in contralateral channels. In ipsilateral channels the median
latency is elevated while the estimated latencies do however exhibit a large spread,
indicative of imperfect separation. This spread is most likely caused by the fact
the asymmetry is attenuated and not removed from the EEG recording. Since the
removal of the inherent component and the attenuation of the pulse asymmetry
result in this performance, it shows their causation of and/or contribution to the
stimulation artifact, as expected based on the theoretical artifact analysis.

The third and final method incorporates nonlinearities in the artifact model of the
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linear SI method introduced in [40]. The linear approach already incorporated the
pulse asymmetry by selecting a Dirac train as the input signal to the artifact model.
This thesis includes nonlinearities in the model as well. In contrast to the two
previous methods, the artifact models in these methods take into account that the
artifact has not fully decayed at the end of the interpulse interval. Furthermore,
they can be interpreted as a more flexible variant of the time domain artifact
suppression method. The linear SI approach results in excellent performance in all
channels at both stimulation levels, although a number of latencies are outside the
expected range. The nonlinear SI extension enhances this method and increases the
number of estimated latencies inside the expected range. The performance increase
is however subtle and difficult to evaluate as no ground truth EASSR characteristics
are present. This result is however not fully unexpected. Although the experimental
artifact analysis indicates the presence of second order nonlinearities, it shows that
the stimulation artifact scales linearly with the stimulation level. Especially the
comparison of the linear and nonlinear SI is troubled by the absence of ground truth
EASSR characteristics.

The last two methods show that leveraging theoretical knowledge of the artifact and
incorporating nonidealities and nonlinearities into artifact suppression methods does
result in an improvement as compared to the baseline performance or relying on
known temporal artifact characteristics.

8.2 Future Work

This final section provides suggestions for future work, both in the context of artifact
characterization and artifact suppression methods.

8.2.1 Artifact Characterization

The experimental analysis presented in Chapter 4 uses a head phantom consisting of
a 0.2 % saline solution to mimic the artifact propagation through the human head.
Despite the fact that [29] has shown that it is a suited medium for this application
[29], it remains a rather coarse approximation of reality. Future work in the context
of artifact characterization can extend this head phantom by including layers rep-
resenting the skull and scalp and investigating their effects. Other possibilities to
obtain a more accurate artifact characterization include measurements on a cadaver
head, as carried out in [22], or through simulations using advanced head models.

The stimulation signal used in the experimental characterization contains only two
modulation frequencies, ensuring a sufficient distance is preserved between first and
high order spectral components in the frequency domain. However, modulating the
stimulation pulse train with multiple modulation frequencies allows to identify the
scaling behavior of the first order artifact components with modulation frequency
more accurately. Future work can apply the experimental artifact characterization
analyses presented in this thesis to such stimuli.
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8.2.2 Artifact Suppression Methods

The second method presented in this thesis averages each pulse to remove the inherent
component of the stimulation artifact. However, any form of asymmetry is not re-
moved but only attenuated through pulse averaging. Future work can study whether
knowledge about this asymmetry, through features such as the pulse asymmetry
measure as introduced in Chapter 4, can be leveraged to fully remove the now only
attenuated asymmetry component.

Lastly, the nonlinear SI approach has shown only subtle improvements in perfor-
mance as compared to the linear SI approach. Future work can study whether the
performance differences are more pronounced at lower stimulation levels, or for EEG
recordings that are not acquired using a hyper-rate system.

An important drawback of the SI approaches is their reliance on three EEG recordings,
in contrast to the first and second methods. It is hypothesized that the artifact model
predominantly relies on the scaling of the stimulation artifact with the modulation
frequency. Future research can focus on adequately combining multiple modulating
frequencies in a single stimulation signal, such that the estimation of the artifact
model can be performed based on a single EEG recording.
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Appendix A

Effect of Polynomial
NonLinearities

This appendix contains the mathematical derivations of the effect of static polynomial
nonlinearities on the input spectrum.

The degree of the polynomial term is referred to by the letter s, instead of the more
commonly used n to avoid ambiguity with the index of the characteristics of the
negative pulse.

For both the ideal and practical stimulation signal, the effect of polynomial non-
linearities is studied by observing their effects on the positive and negative pulses
separately. Such an approach shows that the same derivation can be used as for the
stimulation signals in Chapter 3 when the positive and negative pulse amplitudes
Ap and An respectively are raised to the power s, and the modulation signal m(t) is
replaced by m(t)s. The next two subsections explore the effect of nonlinearities on
the biphasic, cathodic-first pulse p(t), and the effect on the modulating signal m(t).

A.0.1 Effect on the Biphasic, Cathodic-First Pulse

Due to the pulsed nature of this biphasic, cathodic-first pulse p(t), the effects of
polynomial nonlinearities only concern the pulse amplitudes:

• for odd s: p(t) undergoes a simple scaling operation. That is, the negative
and positive pulse will have amplitudes As

n and As
p respectively. The spectrum

of the biphasic, cathodic-first pulse derived earlier remains valid when this
amplitude scaling is taken into account.

• for even s: the positive pulse amplitude Ap is raised to the power s. As the
negative pulse amplitude An is raised to the power s, they will become positive.
The spectrum of the biphasic, cathodic-first pulse derived earlier remains valid
due to the sign-inclusion in the parametrization of the negative pulse amplitude.
Note that polynomial nonlinearities of even order result in a DC-component
and thus charge-imbalance.

79



A. Effect of Polynomial NonLinearities

In both cases, it can be concluded that the spectrum of the pulse waveform p(t) is
given by:

Ps(f) = As
p · Tp · sin(π · f · Tp)

π · f · Tp
· e−j·π·f ·(Tp+Ti) + As

n · Tn · sin(π · f · Tn)
π · f · Tn

· ej·f ·π·(Tn+Ti)

(A.1)

A.0.2 Effect on Modulating Signal

This subsection analyzes the effect on the modulating signal m(t) = Am · (1 + D ·
cos(2πfmt + ϕm)) when it passes through a static polynomial non-linearity. To ease
notation, the argument of the cosine will be replaced by x, that is x = 2πfmt + ϕm,
such that m(t) = Am(1 + D · cos(x)). The objective of the analysis is to determine
the spectral component of m(t)s at the modulation frequency fm.

In general, the power of a sum of two signals y and z can be expressed as:

(y + z)s =
s∑

k=0

(
s

k

)
ys−kzk = s!

k! (s − k)!y
s−kzk (A.2)

Using this expression, the s-th power of m(t) can be expanded:

m(t)s = As
m(1 + D · cos(x))s = As

m

s∑
k=0

(
s

k

)
· Dk · cos(x)k (A.3)

Our main interest lies in the frequencies of m(t)s, i.e. an expansion in terms of
cos(kx) instead of cos(x)k. Therefore, cos(x)k is expressed in terms of cos(kx). For
this purpose, Equation A.2 can be applied after expressing a cosine as the sum of
two complex exponentials:

cosk(x) = 1
2k

(ejx + e−jx)k (A.4)

Expanding this expression allows to rewrite the power of a cosine as a sum of cosines
oscillating at multiples of the original modulation frequency [1]:

cos(x)k = 1
2k

k∑
k′=0

(
k

k′

)
cos((k − 2k′) · x) (A.5)

This expression can be used to rewrite Equation A.3:

m(t)s = As
m

s∑
k=0

(
s

k

)
·Dk · 1

2k

k∑
k′=0

(
k

k′

)
cos((k −2k′) ·x) = As

m

k∑
s=0

bk cos(k ·x) (A.6)

When considering the modulating signal m(t) raised to the power s, the resulting
signal consists of a sum of cosines each raised to a power ranging from 0 to s, thereby
introducing components at the DC, the fundamental modulation frequency and all
harmonics up to s-th order. The analytical expression for the coefficient of each
frequency component is abstracted in the symbol bk. Simulations in MATLAB show
that the expression provided in Equation A.6 is valid.
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A.0.3 Overall Effect

Similar to Equation 3.19, the expression for Gpract,s(nfm) is given by:

Gpract,s(nfm) = Ps(fm)fc
As

mbn

2 ejnϕm (A.7)

in which bn expresses the coefficient corresponding to the nth harmonic of the
modulation frequency. For the ideal stimulation signals, a similar relationship as
Equation 3.11 is obtained where Ap and An are raised to the power s, and where
the effect of bn is included. Figures resulting from these expressions are presented in
the text.
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Appendix B

Supplementary Results

Figure B.1 shows the estimated latencies by the response model without any form of
artifact suppression, in case the three EEG recordings at a single stimulation level
are processed jointly.
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Figure B.1: Latencies estimated by the response model without artifact suppression,
joint processing

Figure B.2 shows the estimated latencies by the response model without any form of
artifact suppression when the stimulation pulses are masked, in case the three EEG
recordings at a single stimulation level are processed jointly.

Figure B.3 shows the estimated amplitudes by the response model without any form
of artifact suppression without (left) and with (right) masking of the stimulation
pulses, in case the three EEG recordings at a single stimulation level are processed
jointly.
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Figure B.2: Latencies estimated by the response model without artifact suppression,
joint processing, and masking the stimulation pulses
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Figure B.3: Amplitudes estimated by the response model without artifact suppres-
sion, joint processing without (left) and with(right) masking the stimulation pulses

84



Bibliography

[1] how to express the $n$th power of the cosine as
a series of cosines? — math.stackexchange.com.
https://math.stackexchange.com/questions/4300731/
how-to-express-the-nth-power-of-the-cosine-as-a-series-of-cosines.
[Accessed 04-06-2024].

[2] V. Attina, F. Mina, P. Stahl, Y. Duroc, E. Veuillet, E. Truy, and H. Thai-
Van. A new method to test the efficiency of cochlear implant artifacts removal
from auditory evoked potentials. IEEE Transactions on Neural Systems and
Rehabilitation Engineering, 25(12):2453–2460, 2017.

[3] A. Bahmer, S. Pieper, and U. Baumann. Evaluation of an artifact reduction
strategy for electrically evoked auditory steady-state responses: Simulations and
measurements. Journal of neuroscience methods, 296:57–68, 2018.

[4] A. Bertrand. Data-driven filter design for biomedical sensor ar-
rays; part i.1: Introduction to biomedical sensor arrays lin-
ear estimation theory. https://p.cygnus.cc.kuleuven.be/
bbcswebdav/pid-36591936-dt-content-rid-356114941_2/courses/
B-KUL-H06W1a-2324/STBSP_Part1_1%287%29.pdf, 2023. Accessed: 202022-05.

[5] T. Boons, J. P. Brokx, I. Dhooge, J. H. Frijns, L. Peeraer, A. Vermeulen,
J. Wouters, and A. Van Wieringen. Predictors of spoken language development
following pediatric cochlear implantation. Ear and hearing, 33(5):617–639, 2012.

[6] S. Boyd, Y. Tang, and L. Chua. Measuring volterra kernels. IEEE transactions
on circuits and systems, 30(8):571–577, 1983.

[7] K. Bushby, T. Cole, J. Matthews, and G. JA. Centiles for adult head circum-
ference. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1793909/, Oct.
1992. [Accessed 01-05-2024].

[8] N. Castaneda-Villa and C. James. Objective source selection in blind source
separation of aeps in children with cochlear implants. In 2007 29th Annual
International Conference of the IEEE Engineering in Medicine and Biology
Society, pages 6223–6226. IEEE, 2007.

85

https://math.stackexchange.com/questions/4300731/how-to-express-the-nth-power-of-the-cosine-as-a-series-of-cosines
https://math.stackexchange.com/questions/4300731/how-to-express-the-nth-power-of-the-cosine-as-a-series-of-cosines
https://p.cygnus.cc.kuleuven.be/bbcswebdav/pid-36591936-dt-content-rid-356114941_2/courses/B-KUL-H06W1a-2324/STBSP_Part1_1%287%29.pdf
https://p.cygnus.cc.kuleuven.be/bbcswebdav/pid-36591936-dt-content-rid-356114941_2/courses/B-KUL-H06W1a-2324/STBSP_Part1_1%287%29.pdf
https://p.cygnus.cc.kuleuven.be/bbcswebdav/pid-36591936-dt-content-rid-356114941_2/courses/B-KUL-H06W1a-2324/STBSP_Part1_1%287%29.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1793909/


Bibliography

[9] C. Cheng, Z. Peng, W. Zhang, and G. Meng. Volterra-series-based nonlinear
system modeling and its engineering applications: A state-of-the-art review.
Mechanical Systems and Signal Processing, 87:340–364, 2017.

[10] M. X. Cohen. Analyzing neural time series data: theory and practice. MIT
press, 2014.

[11] W. Commons. File:international 10-20 system for eeg-mcn.png — wikimedia
commons, the free media repository, 2022. [Online; accessed 21-May-2024].

[12] W. Commons. File:cochleaimplantat.jpg — wikimedia commons, the free media
repository, 2024. [Online; accessed 20-May-2024].

[13] L. W. Couch II. Digital and Analog Communciation Systems. Pearson, 2013.

[14] H. Deprez. Cochlear implant artifact suppression in EEG mea-
surements. https://theses.eurasip.org/media/theses/documents/
deprez-hanne-cochlear-implant-artifact-suppression-in-eeg-measurements.
pdf. [Accessed 16-04-2024].

[15] H. Deprez, R. Gransier, M. Hofmann, A. van Wieringen, J. Wouters, and
M. Moonen. 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):1322–1331, 2016.

[16] H. Deprez, R. Gransier, M. Hofmann, A. van Wieringen, J. Wouters, and
M. Moonen. Characterization of cochlear implant artifacts in electrically evoked
auditory steady-state responses. Biomedical Signal Processing and Control,
31:127–138, 2017.

[17] H. Deprez, R. Gransier, M. Hofmann, A. van Wieringen, J. Wouters, and
M. Moonen. Independent component analysis for cochlear implant artifacts at-
tenuation from electrically evoked auditory steady-state response measurements.
Journal of Neural Engineering, 15(1):016006, 2017.

[18] I. EMBS. The Modern Cochlear Implant - IEEE Pulse — embs.org. https://
www.embs.org/pulse/articles/modern-cochlear-implant/, Mar. 2017. [Ac-
cessed 19-04-2024].

[19] M. O. Franz and B. Schölkopf. A unifying view of wiener and volterra theory
and polynomial kernel regression. Neural computation, 18(12):3097–3118, 2006.

[20] P. M. Gilley, A. Sharma, M. Dorman, C. C. Finley, A. S. Panch, and K. Martin.
Minimization of cochlear implant stimulus artifact in cortical auditory evoked
potentials. Clinical Neurophysiology, 117(8):1772–1782, 2006.

[21] R. Gransier, H. Deprez, M. Hofmann, M. Moonen, A. van Wieringen, and
J. Wouters. Auditory steady-state responses in cochlear implant users: Effect of
modulation frequency and stimulation artifacts. Hearing research, 335:149–160,
2016.

86

https://theses.eurasip.org/media/theses/documents/deprez-hanne-cochlear-implant-artifact-suppression-in-eeg-measurements.pdf
https://theses.eurasip.org/media/theses/documents/deprez-hanne-cochlear-implant-artifact-suppression-in-eeg-measurements.pdf
https://theses.eurasip.org/media/theses/documents/deprez-hanne-cochlear-implant-artifact-suppression-in-eeg-measurements.pdf
https://www.embs.org/pulse/articles/modern-cochlear-implant/
https://www.embs.org/pulse/articles/modern-cochlear-implant/


Bibliography

[22] F. Guérit, J. M. Deeks, D. Arzounian, R. Gransier, J. Wouters, and R. P.
Carlyon. Using interleaved stimulation and eeg to measure temporal smoothing
and growth of the sustained neural response to cochlear-implant stimulation.
Journal of the Association for Research in Otolaryngology, 24(2):253–264, 2023.

[23] C. Guger, G. Krausz, B. Z. Allison, and G. Edlinger. Comparison of dry and gel
based electrodes for p300 brain–computer interfaces. Frontiers in neuroscience,
6:25155, 2012.

[24] L. F. Heffer and J. B. Fallon. A novel stimulus artifact removal technique for high-
rate electrical stimulation. Journal of neuroscience methods, 170(2):277–284,
2008.

[25] M. Hofmann and J. Wouters. Electrically evoked auditory steady state re-
sponses in cochlear implant users. Journal of the Association for Research in
Otolaryngology, 11:267–282, 2010.

[26] D. Horn and H. Sakano. Journey into the world of hearing, Sep 2016.

[27] H. Hu and S. D. Ewert. Exploring artifact rejection for high-pulse rate electrically
evoked auditory steady state responses in cochlear implants users. In 2021
Asia-Pacific signal and information processing association annual summit and
conference (APSIPA ASC), pages 1311–1316. IEEE, 2021.

[28] C. Q. Huang, R. K. Shepherd, P. Center, P. M. Seligman, and B. Tabor.
Electrical stimulation of the auditory nerve: direct current measurement in vivo.
IEEE transactions on biomedical engineering, 46(4):461–469, 1999.

[29] A. Hunold, R. Machts, and J. Haueisen. Head phantoms for bioelectromagnetic
applications: A material study. Biomedical engineering online, 19:1–14, 2020.

[30] P. V. Incerti, T. Y. Ching, S. Hou, P. Van Buynder, C. Flynn, and R. Cowan.
Programming characteristics of cochlear implants in children: effects of aetiology
and age at implantation. International Journal of Audiology, 57(sup2):S27–S40,
2018.

[31] X. Lei and K. Liao. Understanding the influences of eeg reference: a large-scale
brain network perspective. front. neurosci. 11, 205, 2017.

[32] X. Li, K. Nie, F. Karp, K. L. Tremblay, and J. T. Rubinstein. Characteristics of
stimulus artifacts in eeg recordings induced by electrical stimulation of cochlear
implants. In 2010 3rd International Conference on Biomedical Engineering and
Informatics, volume 2, pages 799–803, 2010.

[33] R. Luke, A. De Vos, and J. Wouters. Source analysis of auditory steady-state
responses in acoustic and electric hearing. Neuroimage, 147:568–576, 2017.

[34] R. Luke and J. Wouters. Kalman filter based estimation of auditory steady state
response parameters. IEEE Transactions on Neural Systems and Rehabilitation
Engineering, 25(3):196–204, 2016.

87



Bibliography

[35] C. M. McKay, K. Chandan, I. Akhoun, C. Siciliano, and K. Kluk. Can ecap
measures be used for totally objective programming of cochlear implants?
Journal of the Association for Research in Otolaryngology, 14:879–890, 2013.

[36] O. Nelles and O. Nelles. Nonlinear dynamic system identification. Springer,
2020.

[37] NIDCD. Quick Statistics About Hearing, Balance, & Dizziness — nidcd.nih.gov.
https://www.nidcd.nih.gov/health/statistics/quick-statistics-hearing, Mar. 2024.
[Accessed 19-04-2024].

[38] T. W. Picton, M. S. John, A. Dimitrijevic, and D. Purcell. Human auditory
steady-state responses: Respuestas auditivas de estado estable en humanos.
International journal of audiology, 42(4):177–219, 2003.

[39] J. Schott, R. Gransier, J. Wouters, and M. Moonen. Electrically evoked auditory
steady state response detection in cochlear implant recipients using a system
identification approach. In 2022 30th European Signal Processing Conference
(EUSIPCO), pages 1243–1247, 2022.

[40] J. Schott, R. Gransier, J. Wouters, and M. Moonen. Detection of electrically
evoked auditory steady-state responses in cochlear-implant recipients with a sys-
tem identification based method. IEEE Transactions on Biomedical Engineering,
71(3):738–749, 2024.

[41] J. Schoukens and L. Ljung. Nonlinear system identification: A user-oriented
road map. IEEE Control Systems Magazine, 39(6):28–99, 2019.

[42] W. H. Shapiro and T. S. Bradham. Cochlear implant programming. Otolaryn-
gologic Clinics of North America, 45(1):111–127, 2012.

[43] H. Skyvulstad, Ø. W. Petersen, T. Argentini, A. Zasso, and O. Øiseth. Regu-
larised volterra series models for modelling of nonlinear self-excited forces on
bridge decks. Nonlinear Dynamics, 111(14):12699–12731, 2023.

[44] B. Somers. Towards closed-loop cochlear implants: interfacing hearing prostheses
with the brain, 2020-11-19.

[45] C. J. Struck. Group delay, 2007.

[46] G. Thompson and W. R. Wilson. Clinical application of visual reinforcement
audiometry. In Seminars in Hearing, volume 5, pages 85–98. Copyright© 1984
by Thieme Medical Publishers, Inc., 1984.

[47] A. Volta. On the electricity excited by the mere contact of conducting substances
of different kinds. Philosophical Transactions of the Royal Society of London,
90:403431, Dec 1800.

88



Bibliography

[48] WHO. Deafness and hearing loss. https://www.who.int/news-room/
fact-sheets/detail/deafness-and-hearing-loss, Feb. 2024. [Accessed 16-
04-2024].

[49] W. Wimmer, L. Sclabas, M. Caversaccio, and S. Weder. Cochlear implant
electrode impedance as potential biomarker for residual hearing. Frontiers in
neurology, 13:886171, 2022.

[50] J. Wouters, H. J. McDermott, and T. Francart. Sound coding in cochlear
implants: From electric pulses to hearing. IEEE Signal Processing Magazine,
32(2):67–80, 2015.

[51] F.-G. Zeng, S. Rebscher, W. Harrison, X. Sun, and H. Feng. Cochlear im-
plants: system design, integration, and evaluation. IEEE reviews in biomedical
engineering, 1:115–142, 2008.

89

https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss

	Preface
	Abstract
	List of Figures and Tables
	List of Abbreviations and Symbols
	Introduction
	Context
	Problem Statement
	Thesis Objectives
	Outline of the Thesis

	Preliminaries
	Introduction
	Cochlear Implants
	Electroencephalography
	Auditory Steady State Responses
	Cochlear Implant Artifacts
	Artifact Suppression Algorithms
	Conclusion

	Theoretical Artifact Analysis
	Introduction
	Ideal Stimulation Signals
	Practical Stimulation Signals
	Effect of Nonidealities and Nonlinearities
	Conclusion

	Experimental Artifact Analysis
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion

	Artifact Suppression Methods
	Introduction
	Dataset
	Evaluation
	Baseline: No Artifact Suppression
	Method 1: Time-Domain Artifact Suppression
	Method 2: Pulse Averaging
	Method 3: Nonlinear System Identification

	Results
	Baseline: No Artifact Suppression
	Method 1: Time-Domain Artifact Removal
	Method 2: Pulse Averaging
	Method 3: Nonlinear System Identification

	Discussion
	Introduction
	EASSR Detection Performance

	Conclusion and Future Work
	Conclusion
	Future Work

	Effect of Polynomial NonLinearities
	Supplementary Results
	Bibliography

