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Introduction

Hearing loss and rehabilitation
Hearing loss affects a large part of the world’s population; it is the fourth most common 
cause of disabilities worldwide1. The World Health Organization (WHO) reported that, 
currently, 466 million people, including 34 million children, experience disabling hearing 
loss2. This number will likely grow rapidly in the next decades, due to increases in life span 
and cumulative noise exposure. Apart from the primary effect of impaired communication, 
hearing loss also impacts an individual’s psychosocial, health, and economic status3. Hearing 
loss can arise from many genetic or acquired defects, and its severity and progression vary 
widely among patients. A large part of the affected population has age-related hearing 
loss (i.e., presbycusis), which is mostly due to degeneration of the sensory hair cells of the 
organ of Corti in the cochlea. However, this process is often accelerated by the damaging 
effects of noise exposure, ototoxic drugs, or increased hair cell susceptibility, due to 
genetic disposition. This can lead to profound, sensorineural hearing loss, which is not 
always treatable with conventional hearing aids. Hearing loss is typically categorized as 
conductive or sensorineural. Conductive hearing loss is a limitation in the transmission of 
sound from the outer world towards the inner ear, due to pathology in the outer or middle 
ear. Normally, sound pressure alterations are transmitted from the eardrum, through the 
ossicular chain in the middle ear, towards the oval window. The oval window communicates 
with the perilymph fluid in the vestibule and the scala vestibuli of the cochlea. Thus, sound 
pressures cause movements in the perilymph, which bend the stereocilia of the sensory 
hair cells, and this bending elicits a neural signal. In contrast, sensorineural hearing loss is 
caused by functional impairments in the sensory hair cells, the neural components of the 
cochlea, or the auditory nerve. Most conductive hearing loss and most light or moderate 
sensorineural hearing loss can be treated by fitting the patient with conventional hearing 
aids, implanting a bone conduction device in the skull, or surgically restoring the ossicles. 
However, these interventions cannot sufficiently restore hearing in individuals with severe-
to-profound sensorineural hearing loss. In these individuals, cochlear implantation became 
the standard of care.

Cochlear implantation
A cochlear implant device bypasses the middle ear and the damaged structures of the 
cochlea and directly stimulates the nerve fibres of the auditory nerve. The cochlear implant 
comprises an electrode array that is surgically placed within the cochlea, preferably in 
the scala tympani (Figure 1). The device consists of an external microphone that captures 
environmental sounds and a speech processor that filters and converts the sounds into 
a digital code. The digitized signal is sent to a headpiece, which transmits the signal to a 
subcutaneous receiver embedded in the skull. The receiver responds to these signals by 
sending electrical stimuli through an internal wire to the individual contacts in an electrode 
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11array. The electrode array is inserted into scala tympani of the cochlea. The electrode 
contacts sense frequency-specific signals. The frequency-specific electrode arrangement 
reflects the tonotopical organization of the cochlea. Thus, high frequency sounds are 
transmitted to the base of the cochlea, and lower frequency sounds are transmitted to the 
apical part of the cochlea. 

The most common surgical procedure for a cochlear implantation consists of a canal wall 
up mastoidectomy and posterior tympanotomy, which provide access to the round window. 
Subsequently, the electrode array can be introduced into the cochlea, either through a(n) 
(extended) round window approach or a cochleostomy. 

Figure 1: Illustration of a cochlear implant device (right ear) with the external and internal components. The 
external components include the microphone, speech processor and headpiece. The internal components consist 
of the internal receiver, internal wire and electrode array inside the cochlea. Image courtesy of Prof. Völter, head of 
Hearing competence centre Ruhr-University Bochum, Germany. 

William F. House is considered the founder of cochlear implantation4. Early in his career, in 
1958, one of his patients showed him a newspaper report that described an experiment 
performed by Djourno and Eyries in France. They had placed an electrode directly on part of 
an exposed auditory nerve5. With this electrode, a patient with hearing loss could experience 
sound; however, speech recognition was not yet achieved. Eventually, Dr. House became 
thoroughly involved in developing a cochlear implant. He developed the first implant, 
with a single electrode that could be placed into the cochlea, and it could stimulate the 
neural components by producing a periodic pitch. Since then, many researchers, clinicians, 
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and engineers all over the world have become involved in developing cochlear implants. 
An early trial by House et al. tested a single-channel functioning cochlear implant, which 
showed some basic functions in 13 patients6. These patients could not understand speech 
through their implants; however, it significantly improved environmental sound recognition 
and enhanced their lip-reading capacities. Additionally, that trial demonstrated the safety 
of the procedure, which led to FDA approval. Subsequently, the Australian, Graham Clarke, 
developed a cochlear implant with multiple channels. This configuration allowed frequency 
place coding that mimicked the tonotopical organization of the cochlea7. The development 
of multi-channel cochlear implants represented a large leap towards a device that could 
provide speech understanding8. Currently, thousands of patients per year receive cochlear 
implants worldwide, and speech perception scores are gradually approaching the level of 
normal hearing. 

Imaging in cochlear implantation
Imaging plays a central role in several aspects of cochlear implantation. Depictions of the 
inner ear provide insight into the possible underlying causes of hearing loss and the variety 
of temporal bone anatomy. Previous studies have revealed that the human cochlea is 
extensively varied in shape, size, and coiling pattern9–11. This variability may have implications 
for cochlear implantation, in terms of surgical aspects, the choice of electrode array, and 
potentially, speech perception outcomes. In our institution, both computed tomography 
(CT) and magnetic resonance imaging (MRI) are performed in the preoperative work-up for 
cochlear implant candidates. These modalities have complementing capacities. However, it 
should be noted that this approach varies among cochlear implant centres worldwide. 

Preoperative assessments provide insight into whether the cochlea is normally developed, 
with an average of 2.6 cochlear turns11, and whether the cochlear duct is patent. In addition, 
retrocochlear pathology can be assessed and it provides a map of temporal bone anatomy. 
This information supports surgical planning and allows the surgeon to anticipate potential 
surgical difficulties12. For instance, a high jugular bulb can limit access to the round window 
niche, or an overhanging tympanic tegmen increases the risk of causing a cerebrospinal 
leak when drilling for the mastoidectomy. In some cases, preoperative imaging of the inner 
ear plays a crucial role in selecting the ‘best’ ear for implantation. CT is superior to MRI for 
delineating osseous components, and it is commonly used for preoperative evaluations of 
the temporal bone13,14. When cochlear implantation was first launched, the clinical value of 
MRI had not been standardized for cochlear implant candidacy12.  Later, it was shown that 
fibrosis could be detected on T1- and T2-weighted MRI images of an obliterated cochlea12. 
However, despite this acknowledged added value, MRIs required thick slices and long 
acquisition times, which impaired accurate evaluations and made MRIs unsuitable for clinical 
applications. Subsequently,  clinically applicable 1.5 Tesla (T) and 3T MRIs were introduced, 
with new pulse sequences and multi-channel phased array coils, which made it possible 
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11to achieve a high signal-to-noise ratio (SNR), within a limited scan duration15. In addition, 
the administration of intravenous gadolinium further increased the ability to detect small 
lesions16. Currently, the entire pathway, from the outer ear canal to the auditory cortex, can 
be depicted in high detail with high resolution MRI. MRI scans are superior to CT scans in 
depicting soft tissues; thus, MRIs are mainly deployed to evaluate the entire auditory nerve 
tract, from the cochlea to the brainstem. 

Currently, 1.5 or 3T MRI scanners are used in clinical practice. However, scanners with 
higher field strengths might potentially increase the SNR. A better SNR allows analysis with a 
reduced voxel size, which provides a more refined delineation of the anatomical structures. 
However, in strong magnetic fields, image quality can be degraded, due to image artefacts 
caused by interactions between the patient and the radiofrequency field17. Furthermore, 
ultra-high magnetic field imaging increases the tissue temperature and causes unpleasant 
side effects, like dizziness and nausea, which impede its clinical use18. Brink et al. conducted 
a study to determine whether artefact issues in inner ear imaging might be overcome with 
dielectric ear pads19. The pads were filled with barium titanate, and they enhanced the B1

+ 
field signal and improved the quality of imaging in the inner ear region. Additionally, they 
investigated subjective experiences and discomfort. Based on those results, the pads were 
deemed to be safe18. These pads facilitated further explorations that aimed to determine 
the potential of 7T imaging in the inner ear (Chapter 2).

In many centres, after implantation, part of the standard work-up is to assess the intra-
cochlear position of the cochlear implant electrode array, typically with conventional X-ray 
or CT imaging. With conventional X-ray, patients are exposed to a limited radiation dose. 
However, a multi-section CT (MSCT) scan provides more detail in visualizing the temporal 
bone structures and the position of the electrode array after implantation20. MRI is avoided 
in evaluating the implanted cochlea, due to the risk of displacing or demagnetizing the 
subcutaneous receiver, which could require removal of the magnet. Nevertheless, for other 
indications that require MRI-based evaluations of the head region in patients with cochlear 
implants, some manufactures are developing MRI-compatible electrode designs, and a few 
designs have met safety requirements21. 

Postoperative images provide feedback on the surgical procedure; for example, imaging is 
performed to ensure the (entire) electrode array is correctly placed in the targeted scala 
tympani. In addition, imaging provides a means to check for signs of kinking in the wire or a 
fold at the tip. Although rare, sometimes imaging reveals that the electrode array is situated 
in an undesirable position, like in the internal auditory canal or in the middle ear22. In more 
detail, the insertion depth of the electrode array and proximity of the individual electrode 
contacts to the modiolus can be evaluated. These postoperative findings may have clinical 
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implications; thus, increasingly, researchers are investigating the postoperative position of 
electrode arrays for potential influences on speech perception outcomes. 

Intra-cochlear position
Variability in speech perception with a cochlear implant is thought to be partly due to 
differences in the intra-cochlear position of the electrode array and the presence and degree 
of insertion trauma. Current imaging techniques provide an accurate depiction of the intra-
cochlear position of the electrode array for evaluations of surgical- and design-related 
effects on speech perception. Various studies have investigated the insertion depth of the 
electrode array, described as either a linear or angular depth, and its relationship to speech 
understanding. Based on some theories, it was postulated that a deeper insertion might 
provide better speech understanding, because this placement could facilitate stimulation 
of the lower frequencies in the more apical region of the cochlea23,24. Opposing theories 
postulated a negative impact on speech perception outcomes, because (1) the gradually 
decreasing size of the cochlear duct presents a higher risk of insertion trauma and loss of 
residual hearing25, (2) a deep insertion might limit stimulation of the high frequency regions 
in the basal part of the cochlea, or (3) the spiral ganglion cells are more closely organized 
in the apical region, which might lead to pitch confusion26. However, a recent systematic 
review that addressed this topic did not find evidence to support any of these hypotheses27. 
A potential explanation for this lack of evidence might be the heterogeneity of the studied 
populations. Frequently, studies are not comparable, in terms of inclusion criteria, baseline 
characteristics and evaluation methods. Fair comparisons between studies are limited, when 
the results are not consistently stratified for well-recognized patient-related factors that can 
influence speech recognition. These factors include: age at implantation; some aetiologies 
of deafness, such as meningitis; the presence or absence of residual hearing; the duration 
of deafness; and the preoperative level of speech recognition28–31. In addition, presumably, 
intelligence, brain plasticity, and motivation for rehabilitation might explain some of the 
variability in performance among patients with cochlear implants, but these influences are 
difficult to objectify. 

Another frequently investigated radiological feature is the distance between the electrode 
contacts and the inner cochlear wall. This distance can be measured, due to the SNR 
improvements achieved with the advent of high resolution MSCT imaging32. The distance 
between an electrode contact and the inner cochlear wall influences the pattern of 
stimulation at the neural fibres in the modiolus. Cochlear implants generally aim to 
stimulate as many neural fibres as possible, while limiting stimulating overlapping regions 
by adjacent electrode contacts. Various electrode designs were proposed to achieve the 
ultimate stimulation by achieving different horizontal intra-scalar positions, either resting 
on the lateral wall or hugging the modiolus, combined with different speech coding 
strategies. However, in addition to implant design, it is important to be aware of the large 
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11variety of cochlear morphologies, which also impact the electrode position, in terms of 
the insertion depth and proximity to the modiolus9. Postoperative imaging techniques 
allow an evaluation of the specific cochlear implant design, the individual morphological 
characteristics, and their potential influences on speech perception. To date, no study has 
demonstrated superiority for any of the specific electrode designs. However, comparison 
of electrode designs is difficult due to selection bias and, in case of multicentre studies, 
data heterogeneity due to differences in clinical approach. Nevertheless, a recent study 
comparing a straight and precurved cochlear implant design from one manufacturer showed 
superior speech perception outcomes in the group of 85 patients who received a precurved 
electrode array33.

Improvements in the abilities of cochlear implants to enhance speech perception have 
led to more flexibility in patient selection criteria; thus, patients with residual hearing are 
also considered candidates for cochlear implants34,35. These extended selection criteria 
have prompted improvements in cochlear implantation techniques. Companies began to 
investigate electrode array designs that reduced the risk of insertion trauma to preserve 
residual hearing and to maintain the integrity of intra-cochlear anatomy as much as possible. 
Thus, it is possible to consider a combination of electric and acoustic stimulation (EAS) for 
patients with residual hearing36. With the EAS approach, a cochlear implant stimulates the 
basal neurons and a conventional hearing aid rehabilitates the lower frequency range. This 
combination has improved hearing capabilities, compared to a conventional hearing aid or 
a cochlear implant alone37. The ambition of preserving residual hearing has also led to the 
development of so-called soft-surgery techniques. These techniques were first described 
in 1993, and they aimed to limit intra-cochlear damage caused by the electrode array 
insertion38. 

Insertion trauma
When the cochlear implant is inserted, the electrode array is targeted to the scala tympani 
(Figure 2), one of the three fluid-filled compartments of the cochlea. The rationale behind 
this positioning lies first in accessibility; i.e., the scala tympani can be reached through the 
round window; and second, proximity, because the electrode array can be placed close to the 
targeted spiral ganglion cells. From previous studies, we know that the central axons of the 
spiral ganglion cells are less susceptible to degeneration than the more peripheral parts of 
the neural fibres39; thus, the central axons are favoured for stimulation. In some unfortunate 
cases, the electrode array becomes translocated; that is, it traverses from the scala tympani 
into the scala vestibuli, by penetrating the basilar membrane, the osseous spiral lamina, 
or both. In those cases, the peripheral neural components deteriorate, and the electrode 
contacts are positioned further away from the targeted spiral ganglion cells and their central 
axons. Furthermore, translocation may lead to extensive fibrosis or even ossification, which 
limits the electrical stimulation of neural fibres, impairs residual hearing, and reduces the 
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probability of an optimal re-implantation in the future, which is necessary in a large part of 
the younger population, due to the expected lifespan of the implant. Apart from an implant 
translocation, other, more subtle, traumas can occur after the electrode array is introduced 
into the cochlea. For example, a leak of perilymph fluid can reduce the intra-scalar pressure; 
or the cells may mount a response to the foreign body, which can cause damage from toxins, 
fibrosis, and/or ossification40. Unfortunately, these subtle changes cannot be detected with 
current clinical imaging techniques.

Several imaging techniques are used in in-vivo studies to determine the intra-cochlear 
position of the electrode array, including cone beam CT, flat-panel CT, conventional X-rays, 
or MSCT. However, depending on the type of scanner employed, it can be challenging to 
obtain an accurate determination of the position of the individual electrode contacts, due 
to blooming artefacts that emanate from the implant’s metal components. A blooming 
artefact can blur anatomical structures, such as the osseous spiral lamina, and the basilar 
membrane. Several solutions have been proposed to overcome this problem. For instance, 
anatomic structures can be reconstructed with registration techniques, based on one or 
multiple templates from micro-CT data41,42. Another option is to overlay a preoperative scan 
of the patient43. However, because cochlear morphology is known to be highly variable 
among patients, it must be kept in mind that general templates might not be useful, due to 
the potential for inaccurate alignments. 

Insertion trauma is not an uncommon event. A systematic review by Hoskinson et al. 
reported an overall insertion trauma rate of 17.6%44. That rate was based on data from 
both in-vivo and ex-vivo studies; thus, in addition to array translocations into the scala 
vestibuli, the trauma rate included elevations and disruptions of the basilar membrane, 
which were detected on histological images. To evaluate the probability of translocation for 
cochlear implant electrode arrays, we must identify relevant risk factors. Risk factors might 
be associated with the surgical approach or technique, the morphological characteristics of 
the cochlea, or the design of the cochlear implant electrode array. Moreover, the impact 
of a scalar translocation must be further clarified. A few studies have shown the benefit of 
positioning the array completely in the scala tympani42,45,46. 
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Figure 2: Histological mid-modiolus cross-sectional image of a cochlea. The electrode array is targeted to the scala 
tympani (*); translocation can occur into the scala vestibuli (⁰) or the scala media (•). The scala media is the location 
of the actual hearing organ, the Organ of Corti. Image courtesy of F. Linthicum, House Ear Institute, USA
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Aims and outline of this thesis

The aims of this thesis were: 

(1) to gain insight into cochlear morphology by investigating the inner ear with high-
resolution 7T MRI and by measuring variations in the shape of the cochlear duct by analysing 
clinical CT images with an automatic tracing method; 

(2) to evaluate the intra-cochlear positions of cochlear implant electrode arrays on 
postoperative CT images, with a special emphasis on insertion trauma, and to correlate 
these findings with speech intelligibility and surgical techniques.

Chapter 2 describes an investigation into the applicability of using clinical 7T MRI for 
visualizing the inner ear. It also describes a comparison of 7T and 3T MRI qualities for 
visualizing anatomic inner ear structures. This investigation required the development of 
a high-resolution imaging protocol, which included improvements in contrast homogeneity 
and transmitting efficiency in the region of the inner ear. In Chapter 3, we present an 
automatic method for tracing the first and second turns of the cochlea in high detail on 
preoperative CT scans. This method is expected to provide insight into the large variations 
in cochlear morphology, which could have potential implications for cochlear implantation. 
In Chapter 4, two cochlear implant electrode designs, the straight HiFocus 1J and the pre-
curved HiFocus MS, are compared, in terms of the angular insertion depth, the frequency 
mismatch, and speech perception outcomes. Chapter 5 describes a study that aimed to 
facilitate the detection of insertion traumas. In that study, spatially synchronized, pre- and 
postoperative mid-modiolus, cross-sectional CT and MR images were assessed for their 
value in detecting the intra-cochlear positions of individual electrode contacts in cochlear 
implants. Chapter 6 describes the application of this evaluation method. In that study, we 
evaluated the effects of insertion speed and surgical approach on the risk of insertion trauma 
in a population that received cochlear implants equipped with the HiFocus MS electrode 
array. Chapter 7 describes the conclusions from Chapters 2-6, a general discussion, and 
implications for future developments.
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