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1. The cochlear implant

Highlights in the history of the cochlear implant

Around 1790, it was discovered that electrical stimulation of the auditory system 
can create a perception of sound. The discovery was made when Alessandro 
Volta placed metal rods in his own ears and connected them to a 50-volt circuit, 
feeling a jolt and hearing a noise “like a thick boiling soup” (1). Other experi-
ments were sporadically performed until electrical, sound-amplifying hearing 
aids were developed in the 20th century.

Few people realize that cochlear implantation also has a long history, going 
back more than half a century. The first direct stimulation of an acoustic nerve 
with an electrode was performed in Paris in 1957 by two French-Algerians, André 
Djourno and Charles Eyriès (2). Having placed wires on nerves exposed during 
an operation, they reported that the patient heard sounds like “a roulette wheel” 
and “a cricket” when a current was applied. After implanting two patients, a 
dispute over the commercial development of their discovery put an abrupt end 
to their collaboration (3).

In the 1970s, the center of activity shifted from Paris to Los Angeles. There, in 
1972, William House and Jack Urban developed the first cochlear implant, which 
was registered by the American Food & Drug Administration in 1979 as a clinical 
appliance (4). This single-channel implant permitted adequate stimulation of the 
cochlear nerve (5;6). The results were encouraging; by allowing patients to pick 
up ambient sounds, the implant served as an aid to lip-reading.

During the 1970s, Graeme Clark took the development of cochlear implants 
in a new direction by stimulating the cochlea at multiple points (7). The advan-
tage of multichannel cochlear implants, which became more widely available 
in the 1980s, was far better speech discrimination. These implants follow the 
tonotopic distribution of the cochlea and the auditory nerve as described by 
Von Helmholtz in 1863 and Von Békésy in 1960 (8;9). The latter discovered the 
tonotopic tuning that exists along the length of the organ of Corti. Essentially, 
high-frequency sounds cause motion in the organ of Corti at the base (input 
end) of the cochlea, whereas low-frequency sounds cause motion at the apex of 
the cochlea, several centimeters down the length of the organ of Corti.

Throughout the 1990s, the external components, which had to be strapped 
to the body, became smaller with advances in miniaturization electronics. Today 
most adults and school-age children wear a little behind-the-ear (BTE) speech 
processor about the size of a power hearing aid.
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Cochlear implant systems

The cochlear implant is a system that has not changed fundamentally over 
the years, still consisting of an external and an internal part. Its three external 
components are a microphone, a speech processor, and a transmitter (Figure 1). 
The internal part consists of a receiver/stimulator and an electrode array (Figure 
2). In modern cochlear implant systems, the array has from 12 to 22 separate 
electrodes. These are introduced into the scala tympani of the cochlea after a 
cochleostomy of 1 to 1.5 mm (Figure 3). The electrode arrays (Figure 4) may dif-
fer in number, placement, stiffness, and cross-sectional area. For a perimodiolar 
placement of the electrodes, the surgeon can use a contoured electrode array 
and a stylet (Nucleus devices) or, instead, a positioner (Clarion devices) (10-
13). This placement minimizes the amount of current spreading away from the 
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Figure 1. Nucleus 3G microphone, transmitter and speech processor (external part). 

 
 
Figure 2. Nucleus cochlear implant (internal part). 
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Figure 4. Nucleus Contour Advance electrode. 
 

 
 

Figure 5. Measuring the ECAP. 
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Figure 3. Overview cochlear implant. Figure 4. Nucleus Contour Advance electrode.
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target spiral ganglion cells (14). The ‘modiolus-hugging’ electrode arrays tend to 
lie close to the spiral lamina. Proximity of the electrodes to the neural elements 
allows reduction of stimulation levels, thereby lowering the amount of power 
required (15).

The internal components are usually encased in biocompatible titanium silastic 
or ceramic casing. The electrodes are made of platinum iridium wires encased in 
a biocompatible silastic carrier. Magnets on either side of the intact skin hold the 
external transmitter and the internal receiver together. The microphone picks 
up ambient sounds, which are analyzed and processed by the speech processor. 
Both the resulting information and the necessary electrical supply are transmit-
ted to the internal parts of the cochlear implant system. There, intracochlear 
electrodes are stimulated for selective triggering of auditory nerve groups. 
Further transport follows the usual pathways to the auditory cortex.

Cochlear implant candidacy

The main indication for cochlear implantation is severe-to-profound sensorineu-
ral hearing loss that cannot be treated adequately with conventional hearing 
aids. Many factors are considered when selecting cochlear implant candidates. 
First of all, age, emotional and cognitive abilities, cause and duration of deaf-
ness, capacity and ability to be retrained and social status should be considered. 
Secondly, certain anatomical and physiological conditions for proper processing 
of auditory signals must be met.

Decisions on cochlear implant candidacy can be very difficult, particularly 
regarding children and prelingually deaf adolescents. Over the past few years, 
pressure has been mounting to lower the minimum age for cochlear implantation 
in profoundly deaf children in order to improve the outcome. There is evidence 
that children implanted before 2 years of age achieve better open-set speech 
recognition than children implanted later (16;17). In recent years, implantation 
has been performed in children aged between 5 and 11 months (18). The neural 
plasticity of the auditory cortex is now widely recognized as an issue (19;20). 
Since hearing in two ears allows people to localize sounds and to hear better in 
noisy environments, bilateral implants are currently being investigated (21-23).

Outcomes in cochlear implantation

Outcomes in cochlear implantation have improved significantly over the last 
two decades. It is now common to expect open-set speech recognition in adults 
after implantation. Technological improvements, including the refinement of 
electrode designs and speech processing, have led to continuous gains in the 
performance and benefit that cochlear implant users can expect (24). Predicting 
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the outcomes has preoccupied many researchers. Most studies have focused 
on preoperative variables such as audiological, cognitive, and motivational 
factors. But several outcome variables such as speech discrimination tests and 
self-reported benefit have also been studied (25-28).

2. Electrophysiology

Introduction

Positioning the electrode array close to the modiolus is presumed to lead to 
better-localized neural stimulation. The advantages of these so-called perimo-
diolar designs, include lower stimulation levels, a larger dynamic range, better 
channel separation, and increased speech understanding (29-32). Besides the 
position of the electrode array, the design of the electrode itself is very impor-
tant. The electrode is the all-important interface between the electrical stimulus 
and the auditory nerve fibers that need to be stimulated. Telemetry can be used 
to measure information such as electrical impedance and intracochlear neural 
response recordings. In this way the state of the cochlea and electrode can be 
monitored.

Electrical impedance

An important aspect of the electrode design is electrical impedance, which 
depends on electrode surface area, morphological processes, and electrochemi-
cal processes initiated by electrical stimulation. These issues must be taken into 
account when developing new electrode arrays because impedance is a major 
factor in power consumption (33). Reducing the amount of power used by the 
implant would allow for further miniaturization of the processors. This, in turn, 
eventually would make totally implantable devices feasible (34). Measurement 
of electrode impedance provides an indication of the electrode’s integrity, 
revealing, for instance, any short or open circuits. It also indicates the status 
of the electrode – tissue interface. Initial changes in electrode impedance may 
be expected prior to electrical stimulation due to morphological changes at 
the electrode – tissue interface (35). For example, it has been shown that after 
implantation the electrode array becomes encapsulated in fibrous tissue (36-39). 
High impedance is related to the presence of tissue and/or bone growth near 
the electrode array. Chow et al. suggested that intracochlear osteoneogenesis 
and fibrous tissue growth should be considered a pathological complication of 
cochlear implantation (40). A positive correlation between the grade of tissue 
around the electrode array and impedance was found by Clark et al. (41). An 
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elevation of the electrically evoked compound action potential (ECAP) threshold 
after implantation appeared to be associated with new bone formation and 
fibrous tissue growth within the scala tympani (42). Pfingst demonstrated a 
short-term increase and subsequent decrease in the threshold during the first 
few months after implantation in adult macaques (43). This was followed by 
periods of prolonged threshold stability. In long-term implanted kittens, Ni et 
al. showed a steady increase in electrode impedance over the first month post-
implantation (44). The impedance correlated with the degree of tissue growth 
observed within the scala tympani. Electrode impedance seems to be primarily 
related to the resistive characteristics of the fluid and tissue surrounding the 
electrodes (45). Electrical stimulation may also affect electrode impedance. 
A reduction of electrode impedance after electrical stimulation might also be 
explained by the formation of a hydride layer on the surface of the electrodes. 
This hydride layer essentially increases the surface area of the electrode, thereby 
reducing its impedance (46).

Electrically evoked neural responses

A significant body of research has been published on methods for measuring 
neural responses to electrical stimulation (47). These include the electrically 
evoked compound action potential (ECAP) (48;49), the electrically evoked 
auditory brainstem response (EABR) (50;51), the electrically evoked middle 
latency response (52;53), electrically evoked measures of the mismatch nega-
tivity potential (54-56), as well as electrically evoked versions of long latency 
potentials (57-59). A number of studies also describe potential applications for 
the electrically evoked stapedial reflex threshold in cochlear implant recipients 
(60-64). In general, all of these electrically evoked potentials have characteristics 
that are quite similar to their acoustically evoked counterparts (65). The major 
differences between the electrically and acoustically evoked neural responses 
are due to the fact that electrical stimulation bypasses the normal mechanical 
transduction mechanisms in the cochlea and stimulates the auditory nerve fibers 
directly. As a result, the response of the auditory nerve to electrical stimulation 
has a shorter latency, greater synchrony, and steeper growth characteristics than 
single-fiber responses evoked using acoustic stimulation (66).

Electrically evoked compound action potentials

Recording the ECAP (Figure 5) of the auditory nerve has become common 
practice since the introduction of neural response telemetry (NRT) by Cochlear 
Ltd. (Sydney, Australia) and the rather similar procedure of neural response 
imaging (NRI) by the Advanced Bionics Corporation (Sylmar, CA, USA). The 
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NRT system was conceived to make intracochlear recordings of the electrically 
evoked compound action potentials. Intracochlear neural response recordings 
previously required direct access to the stimulating and recording electrodes 
within the cochlea, either intraoperatively or via a percutaneous connection to 
the electrodes. However, the Nucleus 24 Cochlear Implant System makes use of 
bidirectional telemetry over a transcutaneous radio frequency (RF) link. Stimula-
tion and recording parameters are first transmitted from the speech processor to 
the implant in one direction. Digitally encoded information on the subsequently 
measured compound action potential is then transmitted from the implant back 
to the speech processor in the opposite direction. The NRT software commu-
nicates with the speech processor to capture, process, store, and display the 
measurement data. The NRT system was clinically implemented by the Cochlear 
Company in their Nucleus CI24M implant, which was approved in June 1998 by 
the American Food and Drug Administration (FDA).

ECAP recording procedure

The neural response resulting from a stimulus presented at one location within 
the cochlea is recorded from a neighboring location within the cochlea (67). 
Large stimulus artefacts impede ECAP measurements. The artefact due to the 
electrical stimulus is orders of magnitude larger than the response to this stimu-
lus. In addition, the ECAP appears within 1 ms after the stimulus, a time interval 
within which an amplifier may not have recovered from overstimulation by the 

Figure 4. Nucleus Contour Advance electrode. 
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electrical stimulus. The NRT software uses a modified version of the forward-
masking paradigm (Figure 6) that effectively copes with this problem, based on 
the work of Brown et al. and de Sauvage et al.(68;69). In experiments with cats, 
Brown and Abbas showed that uncorrupted ECAPs could be obtained by taking 
advantage of the refractory period of neurons (70). It is instructive to compare 
the response to an electrical impulse P (the probe) with the response to the 
probe immediately preceded by another impulse M (the masker). The response 
to P alone will consist of the artefact plus the response to P, while the response 
to the combination of probe and masker M+P will contain the artefact only. 
In the latter case, P does not elicit an ECAP since it was presented within the 
refractory period of the auditory neurons following their response to M. Thus, 
the difference between the two responses will reveal the ECAP.

While the ECAP is difficult or impossible to record preoperatively, it does 
have several advantages over the EABR or other auditory evoked potentials. For 
example, it is recorded from an electrode inside the cochlea rather than from 
surface electrodes. Therefore, the ECAP is much larger than the EABR; it is not 
adversely affected by muscle activity; it requires less averaging than the EABR. 
As a result, the subject is not required to sit still during ECAP recording sessions. 
Additionally, because the ECAP is a peripherally generated auditory response, it 
is not affected by development, anesthesia, attention, or sedation.

ECAP based speech processor fittings

ECAP-assisted fittings are particularly helpful for very young implant users. These 
children are unable to make reliable subjective loudness judgments for setting 
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the map, threshold (T), and comfort (C) levels. Several studies have focused 
on the prediction of behavioral T and C levels from ECAP thresholds. The first 
large-scale studies indicated that in adults there is a significant but moderate 
correlation between the ECAP thresholds and the T levels (r=0.55) and C levels 
(r=0.57) from a conventional fitting (71). In children, Hughes et al. found some-
what higher coefficients: r=0.70 and 0.71, respectively (72). Other studies were 
undertaken, but all showed that the relation between the ECAP thresholds and 
behavioral responses were not strong enough to allow for an accurate prediction 
of behavioral T and C levels in individual CI users (73;74). A few ECAP-based fit-
ting procedures have been proposed thus far (75-77). ECAP-based fittings seem 
to be faster and easier in the initial phase of speech processor fitting (78).

3. Anatomy and the role of imaging techniques

Introduction

Imaging performed prior to cochlear implantation provides information that may 
be critical to the selection of appropriate candidates and surgical techniques but 
also to the continuous functioning of the implanted device. Accordingly, it is 
important to be familiar with all current imaging modalities as they pertain to 
various preoperative, intraoperative, and postoperative clinical scenarios (79;80). 
Preoperative imaging will help the clinician identify patients with anatomic con-
traindications to implantation, but it will also reveal certain anatomical features 
that have consequences for selecting the specific device and determining which 
ear to implant. Furthermore, preoperative imaging may also allow the surgi-
cal team to anticipate aberrant anatomy and thus reduce the risk of surgical 
complications. Preoperative imaging ideally addresses several basic anatomical 
issues. Table 1 presents an overview of all structures and their relationships that 
should be evaluated preoperatively (81;82).

Nowadays, an increasing proportion of the children scheduled for cochlear 
implantation have congenital sensorineural hearing loss (SNHL). According to 
Jackler et al., 5 to 15% of these cases have malformations of the inner ear (IE) 
(83). With improvements in high resolution computed tomography (HRCT) and 
a better understanding of cochlear malformations, the number of reports on the 
results of cochlear implantation in malformed cochleae has risen steadily in the 
past decade (84-94). Research shows that various obstacles may impede hearing 
rehabilitation after cochlear implantation in this subgroup of patients. Difficul-
ties may arise either intraoperatively – detected when cerebrospinal fluid (CSF) 
leakage, facial nerve anomalies, or electrode placement problems are noted – or 
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postoperatively, during activation and programming (95-97). Previous criteria 
for cochlear implantation had excluded children with IE malformations on the 
assumption that these children would not perform adequately after implanta-
tion. Recently published studies, however, report satisfactory hearing results in 
this group of patients. Their hearing outcomes are similar to those of other pro-
foundly deaf children, with the exception of children with a common cavity type 
malformation (98-102). The variability in performance is considerable, however, 
especially in patients with severe cochlear malformations.

This chapter gives a short overview of various imaging techniques that are 
currently available. It also gives a detailed outline of the classification criteria for 
congenital IE abnormalities.

Computed tomography

HRCT has been widely accepted as the preferred imaging modality for the 
preoperative radiological assessment of cochlear implant candidates. Many 
clinicians use HRCT as the first-line (and often the only) imaging assessment 
in the preoperative evaluation. HRCT provides an exquisitely detailed image of 
all bony structures including the mastoid, middle ear, cochlea, tegmen, otic 
capsule, and pertinent vascular structures. Accurate measurements of the bony 
internal auditory canal will provide information on the likelihood of an underly-
ing cochlear nerve abnormality. Compromise of the cochlear patency in the 
form of labyrintitis ossificans should be evident with HRCT, yet membranous 
fibrosis may not be as reliably apparent.

Table 1. Modified guidelines in temporal bone anatomy that have to be evaluated preoperatively 
in cochlear implant candidates.

Anatomical structure
1. Temporal squama - thickness
2. Mastoid and middle ear - extent of pneumatization

- position of oval and round window
3. Facial nerve - tympanic and mastoidal course

- size of facial recess
4. Vascular anatomy - relation carotid canal to cochlea

- relation jugular bulb to round window
5. Otic capsule - abnormal bone density
6. Cochlea - patency of the scalae

- presence of cochlear nerve
7. Congenital abnormalities - enlarged vestibular aqueduct

- cochlear anomalies
- labyrinthine anomalies
- internal auditory canal
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Magnetic resonance imaging

Magnetic resonance imaging (MRI) may currently be used to evaluate the 
membranous labyrinth, the internal auditory canal contents, and other perti-
nent structures of interest within the temporal bone by providing images with 
exceptional soft-tissue detail. In recent years, advances in MRI technology have 
compelled some cochlear implant teams to routinely order MRI scans for all 
implant candidates (103-105). Some centers now even use MRI as the primary 
means of imaging while reserving HRCT for patients with congenital malforma-
tions and anomalies in the course of the facial nerve (106). One advantage of 
MRI compared to HRCT is its superior efficacy in identifying abnormalities in 
cochlear patency. In particular, fibrosis of the membranous labyrinth is not visible 
with HRCT, but it may be clearly apparent as a filling defect on T2-weighted MRI 
images. Several cases of membranous cochlear obstruction that were missed 
by HRCT but discovered with MRI have been reported (107;108). It should be 
emphasized, however, that the results of imaging techniques are not always 
comparable, presumably due to differences in technical issues. For example, Bet-
tman et al. demonstrated that CT is equivalent to MRI in predicting the cochlear 
patency (109).

Despite the increasing popularity of MRI, this scanning technique has some 
practical disadvantages. Most children and many adults undergoing MRI will 
need some level of sedation or, in many instances, even general anesthesia. 
In contrast, nearly all patients, including children, can undergo HRCT without 
sedation. Furthermore, the cost of HRCT is significantly less than that of a head 
MRI with contrast.

Functional MRI

Functional MRI attempts to provide an objective assessment of activity within 
the auditory cortex during electrical stimulation of the cochlea. This technique 
generally entails acquiring radiofrequency spoiled fast low-angle shot (FLASH) 
MRI sequences before and during transpromontory electrode stimulation of the 
cochlea. In theory, functional MRI can provide valuable information on activity 
along the central auditory pathway that could be helpful in selecting the best 
side for implantation (110). At present, however, the role and value of functional 
MRI in the preoperative assessment of cochlear implant candidates remains 
unclear.

Classification aspects in congenital inner ear malformations

Clinicians need to classify inner ear malformations in order to correlate certain 
of these types with surgical aspects of cochlear implantation and rehabilitation 
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outcomes. To that end, most reports use the embryogenesis-based classifica-
tion system described by Jackler et al. (111). The stage at which the embryonic 
development of the cochlea is arrested is related to the degree of severity of the 
malformation. Thus, a malformation of the cochlea may vary from total aplasia, 
severe cochlear hypoplasia, mild cochlea hypoplasia (basal turn only), common 
cavity, severe incomplete partition, and mild incomplete partition to a subnormal 
cochlea that does not reach the full 2.5 turns. The cochlear malformations may 
be present with a variety of bony abnormalities of the vestibule or semicircu-
lar canals or an enlarged vestibular aqueduct (EVA). The relative incidence of 
cochlear malformations is shown in Table 2 (112).

Table 2. The relative incidence of cochlear malformations reported by Jackler et al. (1987).

Malformation Incidence (%)
Incomplete partition (Mondini) 55
Common cavity 26
Cochlear hypoplasia 15
Cochlear aplasia  3
Complete labyrinthine aplasia (Michel)  1

Jackler’s classification system pertains to membranous as well as osseous abnor-
malities. The membranous malformations can only be identified in histological 
specimens, whereas the osseous or the combined osseous-membranous defor-
mities are detectable by radiological techniques as well. Thus, children with con-
genital SNHL and radiographically normal IEs may be assumed to have anomalies 
limited to the membranous labyrinth or neural pathways. Many authors continue 
to use the term Mondini dysplasia, covering other distinct anatomic patterns 
of IE malformations (113). This might explain the relatively high incidence of 
Mondini dysplasia in the series of Jackler. More recent studies show that the EVA 
is the most common radiographically detectable malformation (114-120). This 
has become evident since HRCT made it much easier to assess the EVA in the 
axial plane.

Recently a more advanced classification system has been proposed by Senn-
aroglu and Saatci (121). Their system is based on Jackler’s. They suggest the 
existence of two types of incomplete partition (IP): cystic cochleovestibular 
malformation (IP-I); and the classic Mondini deformity (IP-II). The latter has three 
components: a cystic apex; dilated vestibule; and a large vestibular aqueduct. A 
type I malformation has an empty cystic cochlea and vestibule without enlarge-
ment of the vestibular aqueduct. The Mondini deformity represents a malforma-
tion that arises in a later stage of embryogenesis, so the amount of dysplasia is 
much less than in type I. Table 3 gives an overview of the malformations that are 
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either limited to the membranous labyrinth or found in the combined osseous 
and membranous labyrinth.

Inner ear malformations and cochlear implantation

IE malformations used to be classified mainly on the basis of morphological 
criteria. But because the aim of cochlear implantation is to restore IE function, 
morphological data should also be linked to data on hearing loss and outcomes of 
electrophysiological tests in order to refine the criteria for candidacy for cochlear 
implantation. Unfortunately, hardly any information is available on the relation 
between the nature of IE malformations and the degree of (dys)function. Given 

Table 3. Malformations of the membranous and osseous labyrinth.

Malformations limited to the membranous labyrinth
1. Complete membranous labyrinthine dysplasia (Siebenmann and Bing (110))
2. Limited membranous labyrinthine dysplasia

Cochleosaccular dysplasia (Scheibe (111)) – The organ of Corti is either partially or completely 
missing.
Cochlear basal turn dysplasia – The basal turn of the cochlea is missing.

Malformations of the osseous and membranous labyrinth
1. Complete labyrinthine aplasia (Michel (112)) – Severest deformity, rare, absence of all cochlear 

and vestibular structures.
2. Cochlear anomalies

Cochlear aplasia – The cochlea is completely absent.
Cochlear hypoplasia – A single turn cochlea or less, 15% of all cochlear anomalies. The cochlea 
normally measures 8 to 10 mm vertically; it is typically in the 5 to 6 mm range in cases of 
hypoplasia.
Common cavity – The cochlea and vestibule are confluent. There is a cystic cavity representing 
the cochlea and vestibule, but without showing any differentiation into cochlea and vestibule. 
The position of the common cavity is predominantly anterior to the internal auditory canal on 
the axial plane; the dysplastic vestibular system is posterior to it.
Incomplete partition (Mondini (113)) – A small cochlea with 1.5 turns possessing an apical 
scala communis due to deficiency in the osseous spiral lamina has been described (114-116).

3. Labyrinthine anomalies
Semicircular canal dysplasia – 40% of ears with a malformed cochlea will have an 
accompanying dysplasia of the lateral SCC (117).
Semicircular canal aplasia –Less common, also associated with cochlear anomalies.

4. Aqueduct anomalies
Enlargement of the vestibular aqueduct (EVA) – Relatively high incidence, mostly bilateral. EVA is 
diagnosed when the diameter of the aqueduct exceeds 2.0 mm.
Enlargement of the cochlear aqueduct – Not observed by Jackler, diameters highly variable, 
ranging from 0 to 11 mm with a mean of 4.5 mm (118).

5. Internal auditory canal abnormalities
Narrow internal auditory canal – IAC diameter less than 3 mm with normal nVII may indicate 
failure of the nVIII.
Wide internal auditory canal – IAC diameter larger than 10 mm, does not correlate with 
hearing level.
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the limited number of patients with IE malformations in each cochlear implant 
center, it is difficult to establish criteria for eligibility. At present, there is no IE 
malformation classification system that includes (dys)functionality criteria.

4. Aim and outline of this thesis

The overall aim of this thesis is to investigate and to evaluate the prognostic fac-
tors of cochlear implantation. The issues that have been addressed here include 
electrophysiology, anatomy and imaging techniques.

Chapter 2 investigates the long-term behavior of electrode impedance. The 
discussion relates impedance to electrically evoked stapedius reflex measure-
ments during surgery but also to some variables of the implant such as electrode 
design, stimulation mode, and threshold and comfort levels over a 9-month 
period after surgery.

In Chapter 3 the electrically evoked compound action potentials are compared 
in the intra- versus the postoperative setting. Considering the change in the 
electrical pathway after cochlear implantation, it is important to know how this 
change would affect the timing of the recordings of threshold levels for evoked 
compound action potentials.

Chapter 4 analyzes audiological performance after cochlear implantation. The 
findings refer to a group of children with radiographically detectable malforma-
tions of the inner ear. Their results are compared to performance in prelingually 
deafened children at large.

Chapter 5 formulates and tests a computer tomography imaging protocol for 
postoperative scanning of the temporal bone in cochlear implant subjects. The 
chapter then discusses the feasibility of imaging the electrode position of the 
cochlear implant within the intracochlear spaces. The CT protocol is illustrated in 
both the isolated temporal bone and in a complete cadaver head.

Chapter 6 investigates the relation between eletrophysiological data such as the 
electrical impedance and the electrically evoked action potentials and the posi-
tion of the electrode as assessed with high resolution CT-scanning.

Chapter 7 provides a summary of the thesis and offers some conclusions.
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CHAPTER 2

Intra- and postoperative electrode impedance of 

the straight and Contour arrays of the Nucleus 

24 Cochlear Implant; relation to T and C levels
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Abstract

Objective: The objective of this study was to investigate electrode impedance 
in cochlear implant recipients in relation to electrically evoked stapedius reflex 
measurements during surgery and to electrode design, stimulation mode, and T 
and C levels over a 9 month period after surgery.

Methods: Seventy-five implant recipients, implanted with a Nucleus straight 
electrode array or a Contour array, were included.

Results: The results show that 1) during surgery electrode impedance decreases 
markedly after electrically evoked stapedius reflex measurements, 2) after sur-
gery, during the period without stimulation until speech processor switch-on, 
impedance increases, 3) after processor switch-on impedance decreases.

Conclusions: The lower impedance values after a period of stimulation are found 
at the higher T and C levels. Impedances of the straight array electrodes are 
lower than those of the Contour array. The difference corresponds mainly to their 
respective surface areas. In addition, the straight array shows a larger increase of 
impedance in the apical direction than the Contour array, probably because of 
the larger fluid environment around the basal electrodes of the straight array.



Intra- and postoperative electrode impedance 31

Introduction

The design of the electrode is one of the most challenging issues in develop-
ing cochlear implants. The electrode is the all-important interface between the 
electrical stimulus and the auditory nerve fibers that need to be stimulated. 
An important aspect of its design is electrical impedance, which depends on 
electrode surface area, morphological processes and electrochemical processes 
initiated by electrical stimulation. Electrode impedance is an important consid-
eration in developing new electrode arrays because it is a major factor in power 
consumption (1). Reducing the amount of power used by the implant would 
allow for further miniaturization of the processors so that totally implantable 
devices can be produced (2). Measurement of electrode impedance provides an 
indication of electrode integrity, such as short or open circuits. It also provides 
an indication of the status of the electrode-tissue interface. Initial changes in 
electrode impedance, before electrical stimulation, may be expected due to 
morphological changes at the electrode-tissue interface (3). For example, it has 
been shown that after implantation the electrode array becomes encapsulated 
in fibrous tissue (4-7). High impedance is related to the presence of tissue and/
or bone growth near the electrode array. Chow suggested that intracochlear 
osteoneogenesis and fibrous tissue growth should be considered a pathological 
complication of cochlear implantation (8). A positive correlation between the 
grading of tissue around the electrode array and impedance was found by Clark 
(9). An elevation of the electrically evoked compound action potential (ECAP) 
threshold after implantation appeared to be associated with new bone formation 
and fibrous tissue growth within the scala tympani (3). Electrical stimulation may 
also affect electrode impedance. Pfingst demonstrated a short-term increase and 
subsequent decrease in threshold during the first few months after implantation 
in adult macaques (10). This was followed by periods of long-term threshold 
stability. In chronically implanted kittens, Ni et al. showed a steady increase of 
the electrical impedance over the first month post-implantation (11). The elec-
trode impedance correlated with the degree of tissue growth observed within 
the scala tympani. Electrode impedance seems to be primarily related to the 
resistive characteristics of the fluid and tissue surrounding the electrodes (12). In 
addition, a reduction in electrode impedance after electrical stimulation might 
be explained by the formation of a hydride layer on the surface of the electrodes. 
This hydride layer essentially increases the surface area of the electrode, thus 
reducing the impedance (13).

There have been few reports of changes in electrode impedance after implan-
tation. A recent retrospective study in 25 children using the Nucleus 24 straight 
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array electrode showed a decrease in impedance within a one-month period 
after electrical stimulation. Subsequently, a gradual but non-significant increase 
was evident (14).

In view of the limited amount of literature, the objective of the present study 
was to investigate short- and long-term impedance behavior and possible dif-
ferences between the Nucleus 24 straight electrode array and the Nucleus 24 
Contour array. The aspects considered are:

surgery on electrode impedance

reference electrode configuration) on electrode impedance
-

ing threshold and maximum loudness comfort levels (T and C levels) on the 
other hand.

Materials and Methods

Subjects

Seventy-five implant recipients were included in this study. All subjects were 
implanted between March 1999 and January 2002 at the University Medical 
Center Utrecht. Of these, 23 received a Nucleus 24 straight-array cochlear 
implant and 52 a Nucleus 24 Contour cochlear implant (Cochlear Corp., Lane 
Cove, Australia). In all subjects, the electrodes were fully inserted without surgical 
complications. Subject characteristics are shown in Table 1. The various causes of 
deafness are listed in Table 2.

Table 1 – Subject characteristics.

Contour (n=52) Straight array (n=23)
Male / Female 17 / 35 14 / 9
Children 29 9
- mean age implantation (range) 4.8 (2-12) 4.3 (2-15)
- mean age deafness 2.3 (0-15) 2.3 (0-15)
Adults 23 14
- mean age implantation (range) 57.8 (39-74) 49.8 (33-68)
- mean age deafness 36.0 (0-73) 38.9 (0-60)
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Implant design

The Nucleus 24 straight-array cochlear implant has 22 circular platinum band 
electrodes. Electrode width decreases from 0.62 to 0.40 mm in a basal to apical 
direction, with electrode 22 being the most apically positioned one. The diam-
eter of the electrode also decreases in an apical direction. Consequently, the 
geometric surface area decreases from 0.58 mm2 basally to 0.38 mm2 apically.

The Nucleus 24 Contour cochlear implant also has 22 platinum band 
electrodes, but each electrode spans only half a circle. The semicircular band 
electrodes are oriented toward the modiolus, thus minimizing current spread 
away from the target spiral ganglion cells (15). The Contour array is designed to 
assume a perimodiolar position after surgical insertion. The diameter decreases 
in an apical direction in a fashion similar to the straight electrode array, from 
0.62 mm to 0.40 mm. However, the geometric surface decreases much less, 
from 0.31 mm2 basally to 0.28 mm2 apically.

The Nucleus 24 multiple electrode cochlear implant system has a telemetry 
facility that can be used to measure electrode impedance. Impedance can be 
measured in a clinical setting to check for normal electrode functioning and to 
identify any electrodes with a short or open circuit (16). This is used in configur-
ing the electrode array.

Electrical impedance is expected to be lower for the straight-array electrode 
due to the larger surface area than for the Contour electrode. In addition, the 
strong reduction in the surface area of the electrodes in the straight array, when 
moving apically, will lead to a systematic increase in impedance in this direc-
tion.

Electrode impedance measurement

The device was activated using the Windows-based Diagnostic and Program-
ming System software (Win-DPS, release versions 116 and 126) provided by the 

Table 2 - Etiology of deafness.

Contour (n=52) Straight array (n=23)
Adults (n=23) Children (n=29) Adults (n=14) Children (n=9)

Congenital 2 17 1 3
Unknown 13 1 9 1
Meningitis 3 5 - 5
Hereditary 1 4 1 -
Chronic otitis 2 - - -
Otosclerosis 1 - 3 -
Radiotherapy 1 - - -
Enlarged vestibular aqueduct - 1 - -
Mondini dysplasia - 1 - -
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manufacturer (Cochlear Corp., Lane Cove, Australia). The stimuli consisted of 
biphasic current impulses presented at a level of 100 clinical current units, which 
is approximately 76 µA, and impulse duration of 25 µs/phase. In the present 
study electrode impedances was measured in common ground (CG) mode and in 
monopolar 1 (MP1) mode. In CG mode the impedance is measured between an 
intracochlear electrode and all other intracochlear electrodes coupled in parallel. 
In MP1 mode the impedance is measured between the intracochlear electrode 
and a reference ball electrode situated underneath the temporal muscle. Short-
cut or open-circuit electrodes were not considered for data analysis. According 
to the specifications of the manufacturer this implied the exclusion of data with 
impedances below 0.7 and above 20 kOhm, respectively.

Impedance was measured at the following points in time: M1, intraopera-
tively, immediately after electrode insertion; M2, intraoperatively after electrical 
stimulation to determine the ESR threshold (only in those subjects receiving the 
Contour electrode); M3, before the first fitting at six weeks after implantation 
without any prior electrical stimulation; and, M4, nine months after implanta-
tion (Table 3).

Visually determined threshold of the electrically evoked stapedius reflex

ESR thresholds were obtained by visual inspection of the reflex in only those 
subjects who received the Contour electrode. Thresholds were determined by 
the surgeon intraoperatively by watching the stapedius tendon under micro-
scopic view while stimulating four electrodes numbered 5, 10, 15, and 20. The 
stimulation was carefully adjusted to the current level at which the reflex was 
just visible.

Psychophysical measurements

Threshold (T) and maximum comfortable loudness (C) stimulation levels were 
measured with stimuli consisting of biphasic impulse trains and impulse dura-
tion of 25 µs/phase. Implant recipients using either SPEAK or ACE strategy 
were included. When using SPEAK strategy, T and C levels were measured at 
a stimulation rate of 250 impulses/s, when using ACE strategy the rate applied 

Table 3 – Time of impedance measurements.

Time interval Description Contour (n=52) Straight array (n=23)
M1 (implantation) After electrode insertion 52 23
M2 (implantation) After determining the ESR 

threshold
39

M3 (6 weeks) Before switch-on of the 
implant

49 23

M4 (9 months) Post fitting 30 11
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lay between 720 and 1200 impulses/s. The duration of the impulse train was 
500 ms, separated by silent intervals of about 500 ms. During the silent interval 
the subject could indicate the perception of a sound. With both strategies the 
stimulation mode in this psychophysical measurement was monopolar (MP1). 
The stimulation amplitude is expressed in current level (CL), a quantity defined 
by Cochlear Ltd. The CL ranges from 1 to 255 current units, which corresponds 
to electrical currents from 10 µA to 1.75 mA. The relation between current units 
and electrical current in mA is approximately logarithmic, with 34 current units 
corresponding to a factor 2 in electrical current or 6 dB. Measurements were 
performed at the third fitting within about two weeks after switch-on of the 
cochlear implant and at nine months post implantation, after stabilization of the 
T and C levels.

Statistical analysis

The data were subjected to analysis of variance (ANOVA) for repeated variables 
(Statistica V 6.1, Statsoft Inc.).

Results

Analysis of variance of the impedance data

Analysis of variance (ANOVA) covered three between-subject variables: AGE (child 
or adult); STRATEGY (either the SPEAK or ACE stimulation strategy, as defined for 
the Nucleus implant); and ELECTRODE (either the straight or Contour electrode). 
It also covered three within-subject variables: MODE (either Common Ground, 
CG, or monopolar using the reference ball electrode, MP1); NUMBER (electrode 
number); and TIME (time of measurement, M1-M4).

AGE did not appear to be a statistically significant variable at the 5% level, 
neither as a main effect nor in any interaction with the other variables. Thus, the 
statistical model was redefined excluding this variable.

Likewise, STRATEGY did not show a significant main effect or first-order interac-
tions. Thus, the impulse rate (250 Hz for SPEAK and about 720-1200 Hz for ACE) 
had a limited effect on electrode impedance. The only significant interaction 
found for STRATEGY was in relation to NUMBER and TIME. After nine months in 
the ACE mode, the apical electrodes showed lower impedances (Figure 1). This 
could be a result of the higher impulse rate in the ACE mode. The two most basal 
electrodes showed rather high impedance after nine months, reflecting the fact 
that these electrodes often are not switched on.
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Figure 1 also shows a clear effect of the ESR measurement, particularly when 
using ACE mode. The impedances at electrodes 5, 10, 15, and 20 are markedly 
lower at M2, the impedance measurement made shortly after the ESR measure-
ment. This effect could be larger for ACE than for SPEAK because of the higher 
impulse rate used in the ESR measurement when ACE mode was the anticipated 
strategy.

However, ESR measurements were not conducted in all cochlear implant 
recipients. Thus, this difference between the SPEAK and ACE modes could be 
due to differences in the percentage of measurements preceded by an ESR 
measurement. Therefore, we selected only those M2 impedance measurements 
preceded by the ESR test and compared the impedance of the electrodes that 
were included in the ESR measurement (5,10,15, and 20) with the impedance 
of the two neighboring electrodes. After the ESR test we found an average 
decrease in the impedance of 1.5 kOhm for ACE and 1.1 kOhm for SPEAK. We 
also checked whether or not the larger decrease in impedance found for ACE 
could be due to possibly higher stimulation levels applied in the ESR measure-
ments when anticipating ACE mode. On average, however, the ESR thresholds 
were about equal in the two modes. In conclusion, the impulse rate during the 
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Figure 1 - Interaction for STRATEGY in relation to NUMBER and TIME. 

TIME*NUMBER*STRATEGY; LS Means
Current effect: F(63, 1575)=1.5709, p=.00324
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Figure 2 - Interaction for ELECTRODE in relation to NUMBER and MODE. 
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Figure 1 - Interaction for STRATEGY in relation to NUMBER and TIME.
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ESR measurement was probably the principal factor affecting the extent of the 
decrease in impedance measured shortly after the ESR test.

Highly significant (p<0.005) main effects were found for the third between-
subject variable ELECTRODE and the within-subject variables MODE, NUMBER, 
and TIME.

Moreover, ELECTRODE shows significant first-order interactions with NUMBER 
and TIME and second-order interactions with NUMBER*MODE and TIME*MODE. 
Figure 2 shows the means corresponding to ELECTRODE*NUMBER*MODE. The 
main effect of ELECTRODE is immediately apparent. On average, the Contour 
electrodes have higher impedances than the straight electrodes. The means are 
8.8 kOhm for the Contour and 6.2 kOhm for the straight electrode. The main 
effect of MODE is also very clear. In common ground (CG) we find smaller imped-
ances than in monopolar (MP1). The means are 6.2 kOhm in CG mode and 8.8 
kOhm in MP1 mode. The significant first-order interaction of ELECTRODE and 
NUMBER is interesting. The impedance of the electrodes of the straight array 
increases from base to apex (number 1 to 22), whereas the impedance of the 
Contours decreases in this direction. This will be discussed in the next section. 
There was no significant first-order effect of ELECTRODE*MODE. The difference 
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Figure 2 - Interaction for ELECTRODE in relation to NUMBER and MODE.
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between the impedances for CG and MP1, averaged across the electrode array, 
do not depend on the type of electrode. The significant second-order interaction 
ELECTRODE*NUMBER*MODE indicates that the impedance profiles across the 
electrode array depend not only on the electrode (straight or Contour) but also 
on the way the impedance was measured, in CG or MP1. However, Figure 2 
shows no marked effect of MODE on the profiles across the electrode array. 
Figure 2 suggests that the effect of MODE is largely a simple difference in imped-
ance of 2.6 kOhm for both electrode arrays and each individual electrode.

Figure 3 shows the means corresponding to the significant second-order 
interaction of ELECTRODE*TIME*MODE. As before, we note that the imped-
ances of the Contour electrodes are higher than those of the straight electrodes 
and that the impedances measured in CG are lower than those measured in 
MP1. With time, Figure 3 shows a small decrease of the impedance of the Con-
tour electrode, averaged across the electrode array, which is not found for the 
straight electrode.

Figure 3 - Interaction for ELECTRODE in relation to TIME and MODE. 

MODE*TIME*ELECTRODE; LS Means
Current effect: F(3, 75)=3.3220, p=.02421
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Figure 4 – Recalculated surface area for the straight array electrode directly post implantation (M1). 
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Figure 3 - Interaction for ELECTRODE in relation to TIME and MODE.
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Impedance in relation to electrode surface area

The area of the surface of the straight electrodes decreases from 0.58 mm2 
basally to 0.38 mm2 apically, whereas the surface of the Contour electrodes 
changes little: from 0.31 mm2 basally to 0.28 mm2 apically. Thus, the overall 
difference in impedance between these two types of electrodes and the different 
change in impedance with electrode number could well be related to these 
differences in electrode surface area. Figure 4 shows the impedance, averaged 
across subjects, of the straight and Contour electrodes measured at M1 in CG 
mode. A third curve represents the impedance of the straight electrode when it 
is adjusted assuming an inversely proportional relation between impedance and 
surface area. The result indicates that the differences in impedance are primarily 
due to differences in surface area. We used the data at M1 in order to avoid 
any effects of electrical stimulation on these impedance values. Moreover, the 
impedance was measured in CG mode in order to minimize the effect of the 
reference electrode.

Impedance in relation to T and C levels

A common question is whether or not impedance values are related to T and C 
levels. Therefore, we analyzed the correlations between the impedances mea-
sured at M1, M3, and M4 on the one hand and the T and C levels measured 
within two weeks after switch-on (thus shortly after M3, indicated by T3 and C3) 
and those measured after nine months (T4 and C4). We did not use the T and C 

Figure 3 - Interaction for ELECTRODE in relation to TIME and MODE. 
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Figure 4 – Recalculated surface area for the straight array electrode directly post implantation (M1). 
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levels from the first fitting but those measured within two weeks because it was 
not always possible to fit all the electrodes at the first fitting session. We used the 
impedances measured in CG mode because most data were available for that 
mode. The results showed no correlation between M3 and T3 or between M3 
and C3. Thus, the impedance measured shortly before the first measurements of 
the T and C levels cannot be used to estimate these levels. There was a positive 
correlation, although not statistically significant (r = 0.1-0.3), between M1 and 
T3 and, particularly, between M1 and T4. This is noted without further discus-
sion. A large negative correlation was found between M4 and T3 and C3 and 
an even stronger one between M4 and T4 and C4 (see Table 4). Thus, lower 
impedances are found with the higher T and C levels.

Discussion

The effect of electrical stimulation during surgery was immediately clear when 
we compared the impedances before (M1) and after (M2) the ESR threshold 
measurement. The electrodes used for this reflex measurement (5, 10, 15, and 

Table 4 – Correlation threshold / comfort levels and electrode impedance.

electrode T3/M4 n= C3/M4 n= T4/M4 n= C4/M4 n=
1 0.07 12 0.13 12 -0.72* 9 -0.41 11
2 0.13 18 0.03 18 -0.61* 13 -0.35 14
3 -0.36 30 -0.43* 30 -0.55* 36 -0.53* 38
4 -0.38* 30 -0.38* 30 -0.61* 41 -0.48* 42
5 -0.51* 34 -0.53* 34 -0.62* 43 -0.48* 43
6 -0.41* 31 -0.35 31 -0.60* 42 -0.46* 42
7 -0.34 32 -0.44* 32 -0.54* 42 -0.51* 42
8 -0.46* 38 -0.42* 38 -0.50* 42 -0.44* 42
9 -0.43* 30 -0.43* 30 -0.59* 43 -0.50* 43
10 -0.40* 34 -0.28 34 -0.52* 42 -0.38* 43
11 -0.50* 31 -0.48* 31 -0.65* 42 -0.45* 42
12 -0.54* 37 -0.50* 37 -0.56* 43 -0.39* 43
13 -0.48* 31 -0.45* 31 -0.58* 43 -0.40* 43
14 -0.36* 33 -0.29 33 -0.50* 42 -0.39* 42
15 -0.31 34 -0.31 34 -0.41* 42 -0.34* 42
16 -0.34 34 -0.37* 34 -0.46* 42 -0.43* 42
17 -0.21 32 -0.29 32 -0.46* 41 -0.44* 41
18 -0.14 36 -0.22 37 -0.37* 43 -0.25 43
19 -0.22 31 -0.30 31 -0.39* 43 -0.37* 43
20 -0.24 38 -0.32* 39 -0.40* 42 -0.30 42
21 -0.20 29 -0.31 29 -0.32* 40 -0.21 40
22 -0.30 36 -0.28 36 -0.33* 40 -0.28 40
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20) showed a decrease in impedance of 1.5 kOhm when using the ACE strategy 
and 1.1 kOhm using SPEAK. As mentioned in the introduction, this decrease in 
impedance could be attributed to the formation of a hydride layer on the surface 
of the electrodes during stimulation. This layer effectively increases the surface of 
the electrodes and consequently results in a lower impedance (13). The higher 
impulse repetition frequency used during the ESR test when ACE mode was the 
anticipated strategy probably explains the larger decrease in impedance found 
for ACE.

Impedance increased considerably during the six-week period after surgery 
in which there had been no stimulation, as shown in Figure 1. Also, the effect 
of previous stimulation during the ESR test disappeared. At M3 the impedances 
of the electrodes 5, 10, 15, and 20 are not any lower than those of the neigh-
boring electrodes. Thus, the effect of the electrolytic reaction at the surface of 
the electrodes during stimulation vanished after a period without stimulation. 
The increase in impedance across the whole array of electrodes is attributed 
to growth of fibrous tissue around the electrodes, as has been shown by other 
research groups and was mentioned in the introduction. In Figure 3 we note that 
the difference between the impedances measured at M1 and M3 is somewhat 
larger for the straight electrode than for the Contour. This may also be related to 
fibrous tissue growth. The electrodes in the straight array are mainly surrounded 
by conductive fluid. In contrast, the ‘modiolus-hugging’ Contour electrodes are 
situated close to bone and tissue with less space in between the electrodes and 
the tissue filled by fluid. Thus, growth of less conductive fibrous tissue into the 
fluid spaces will increase the impedances of the electrodes of the straight array 
to a larger extent than the impedances of the electrodes of the Contour array. 
Hughes reported different impedance changes over time for children versus 
adults, with increasing electrode impedances over time in the whole electrode 
array in children (3). Some authors have suggested that more bone and tissue 
growth along the entire electrode array in children could be responsible for 
the higher electrode impedance. It has been reported that excessive scarring 
after surgical procedures or injury is more common in children and adolescents 
than in adults (17;18). In our data, however, we did not find significant differ-
ences in impedance measurements between children and adults. AGE was not 
a statistically significant variable at the 5% level, neither as a main effect nor in 
any interaction with the other variables. Hence we assume that the amount of 
fibrous tissue growth after implantation is equal in both children and adults.

Figure 3 also showed that at any moment, from M1 through M4, we find 
considerably higher impedances for the Contour than for the straight electrode. 
This could be due to the fluid environment of the straight electrode, as discussed 
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above. However, most of the discrepancy is caused by the difference in surface 
area of the two types of electrodes. In the introduction we mentioned that the 
area of the straight electrodes changes from 0.58 mm2 basally to 0.38 mm2 
apically while the area of the Contour changes from 0.31 mm2 basally to 0.28 
mm2 apically. Figure 4 showed that when we adjust the impedances of the elec-
trodes of the straight array assuming that the change in impedance is inversely 
proportional to the surface area, we find for equal surface areas impedances that 
are close to but a little smaller than those of the Contour electrodes. Thus, the 
major part of the difference between the straight and Contour impedances is 
due to their respective surface areas. The remaining small difference between 
the adjusted values for the electrodes of the straight array and the Contour 
electrodes may be due to the fluid environment of the straight electrodes.

Figure 3 and Figure 2 show that the impedance measured in common ground 
(CG) mode is smaller than the monopolar measurement with the reference 
electrode situated underneath the temporal muscle. In CG mode the imped-
ance of a particular electrode is measured with respect to all other electrodes, 
thereby yielding a lower total impedance than when measured in series with the 
impedance of a single reference electrode (MP1). In the latter case the measured 
impedance reflects essentially the sum of the impedances of the electrodes of 
the array and the reference electrode. In CG mode one may expect an increase 
of the measured impedance for the most basally and apically placed electrodes 
because for those locations the current flows only to the middle of the array 
and not laterally. However, Figure 2 shows no clear change of impedance with 
electrode position in line with this assumption. Both graphs – the pair of curves 
for the straight and the pair for the Contour array – show a parallel shift when 
comparing CG to MP1 mode.

Finally, we investigated whether or not there is a relation between and T and 
C levels. We found a slight, although statistically insignificant, trend of higher T 
levels for higher impedances measured during surgery. However, the principal 
finding was a strong negative correlation between the T and C levels measured 
either shortly after switch-on or nine months later and the impedance after nine 
months. We conclude that the higher stimulation levels during nine months 
result in lower impedances. The impedance reflects the stimulation. Early imped-
ance measurements cannot serve as an indicator of the T and C levels to be 
expected.
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Conclusions

The present study demonstrates that electrical stimulation results in a lower elec-
trical impedance, probably due to the formation of a hydride layer, effectively 
increasing the surface area of the electrode. During a period without stimulation 
we find an increase of impedance, probably due to fibrous tissue growth. This 
is found in particular for the straight electrode. A larger effect of tissue growth 
may be expected for the straight electrode because it is surrounded by a larger 
volume of fluid. The difference between the impedances of the straight array and 
the Contour array is primarily due to their respective surface areas. We found a 
significant correlation between the T and C levels and the electrode impedance 
nine-month post-implantation but no significant relation between the T and C 
levels and the impedance measured shortly after implantation. This shows that 
impedance cannot serve as an indicator of the T and C levels to be expected but, 
vice versa, after stimulation impedance reflects the stimulation levels.
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Abstract

Objective: The objective of this study was to compare the electrically evoked 
compound action potentials, intra- versus post-operatively, in cochlear implant 
patients.

Study design: Prospective study design.

Methods: Twenty-five consecutively implanted adult patients received a multi-
channel cochlear implant. In all patients, electrically evoked compound action 
potentials were recorded immediately after cochlear implantation and in a 
post-operative setting nine months later. The threshold of the electrically evoked 
compound action potential was determined in both settings.

Results: A high success rate (97.4%) was found in the intra-operative setting 
when recording the electrically evoked compound action potential threshold 
per patient. The success rate per patient was significantly lower (53.4%) in the 
post-operative setting. Correlations between the intra- versus the post-operative 
ECAP thresholds were statistically significant for all electrodes tested. The ECAP 
thresholds were not significantly different for the two settings.

Conclusion: The intra-operative setting is preferable for acquisition of the ECAP 
threshold.
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Introduction

The Neural Response Telemetry (NRT) system has become an easy-to-use tool 
for measuring the electrically evoked compound action potential (ECAP) gener-
ated by the auditory nerve following electrical stimulation of the cochlea via an 
electrode of the cochlear implant (1). The data it yields are currently applied in 
various methods of fitting speech processors (2-5). An interesting perspective 
is to what extent these objective measures are applicable when fitting chil-
dren. Children cannot make reliable assessments of subjective loudness, while 
such judgments are needed to set the Threshold (T) and Comfort (C) levels. 
Sometimes, clinicians let the children get used to their new hearing capacity by 
gradually increasing the stimulation levels over a number of sessions. The levels 
vary from soft to rather loud. If the level is too high, the stimulation could cause 
discomfort and thus induce rejection of the cochlear implant. A gradual adjust-
ment requires an extended fitting procedure in children. The ECAP thresholds 
determined with NRT software provide a good starting point for locating the 
behavioral T and C levels. This allows for a faster fitting procedure using higher 
stimulation levels than previously (4).

ECAP recordings can be made in different settings: directly after implantation, 
intra-operatively, or post-operatively. When done immediately after implanta-
tion, the subject is still under general anesthesia. This allows the clinician to 
apply high stimulation levels, which results in a high success rate of recording 
ECAP responses. However, this time-consuming procedure adds 40 minutes to 
the duration of general anesthesia. In the post-operative setting, high stimula-
tion levels might cause discomfort by exceeding the patient’s subjectively deter-
mined loudest acceptable level (6). This discomfort may lower the success rate 
of recording ECAP responses.

Changes in the electrical pathway can and do occur after cochlear implanta-
tion. Various authors have evaluated how such changes affect the function of the 
implanted electrodes (7-9). As yet, no studies have been done on how the tim-
ing of the recordings affects the ECAP threshold levels. We need to understand 
the role of time to assess the validity of intra-operatively acquired NRT data for 
setting the speech processor.

The aim of this study was to find out whether changes did occur in ECAP 
threshold levels after use of the cochlear implant, and whether there was a dif-
ference between the data acquired intra- versus post-operatively. To that end, 
we compared the ECAP measurements acquired intra-operatively and post-
operatively in a sample of patients. The ECAP measurements were obtained with 
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the NRT software and were judged by experts, who assessed the success rate of 
the recordings and determined their threshold level.

Patients and Methods

Patient characteristics

Twenty-five adult patients were included in this study. All were consecutively 
implanted between January 2001 and March 2002 at the University Medical 
Center of Utrecht. Two of these patients were implanted with a Nucleus 24 
straight-array cochlear implant. The other 23 were implanted with a Nucleus 24 
Contour array (Cochlear Corp., Lane Cove, Australia). In all 25, the electrodes 
were fully inserted without surgical complications. The patient characteristics are 
shown in Table 1, and the various causes of deafness are listed in Table 2.

Table 1 - Patient characteristics.

Male / Female 10 / 15
Mean age at implantation (age) 54 (31-74)
Years of deafness 19.8, SD 19.0 years
CI system Nucleus 24 straight array
Nucleus 24 Contour

2 (8%)
23 (92%)

Table 2 - Etiology of deafness.

Unknown 11
Meningitis 4
Otosclerosis 3
Chronic otitis 3
Congenital 2
Hereditary 1
Radiotherapy 1

Test procedure

The ECAP responses were recorded twice for each subject by the first author. 
The initial examination took place intra-operatively immediately after implanta-
tion. Nine months later, a subsequent examination took place in a post-operative 
setting. The ECAP responses were recorded using a portable personal computer 
equipped with NRT software, versions 2.04 or 3.0, distributed by the Cochlear 
Corporation. We used a modified version of the protocol described by Abbas et 
al. (10). Our test parameters are presented in Table 3. The stimulation mode was 
monopolar (MP1 mode, using the extra cochlear ball reference electrode). Masker 
advance, which is the masker-probe interval, was fixed at 500 µs. As a rule, the 
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sampling delay – i.e., the interval between stimulation and initiation of sampling – 
was set at 100 µs. In the event of amplifier saturation, the delay was adjusted until 
a satisfactory response was obtained. The amplifier gain was set at 60 dB but was 
decreased to 40 dB in cases of amplifier saturation. We set the number of sweeps 
at 100, whereas Abbas set it at 50. In conformance with the Abbas protocol, we 
set the pulse duration at 25 µs per phase. The stimulation levels are described in 
terms of Current Level (CL), a quantity defined by the Cochlear Company. The 
CL ranges from 1 to 255 Current Units (CU), which corresponds to electrical cur-
rents from 10µA to 1.75 mA. Our aim was to test 20 electrodes (electrodes 3-22) 
intra-operatively as well as post-operatively. The electrodes selected for recording 
were two positions above the stimulation electrode. Thus, for each patient, we 
selected the second electrode, N+2, from the stimulation electrode, N, in the 
apical direction. An exception was made for electrodes 21 and 22, for which the 
recording electrodes were 19 and 20, respectively.

In the intra-operative setting, the test stimulus was set at 200 CU or higher 
until a clear supra-threshold response was noticed. Since the patient was under 
anaesthesia, we did not have to worry about the subjective loudness of the 
stimuli. Then the CL was gradually decreased in steps of 5 CU until the threshold 
level was found. In the post-operative setting, stimulation started at a CL of 150 
CU and was gradually increased. To avoid a subjective loudness that was too 
high for the patients, we asked them to indicate the maximum stimulation level 
they could tolerate. In children, we would expect few responses and possibly 
some negative associations with cochlear implant use. Therefore, we chose to 
work with adult patients. To be able to compare the ECAP data intra- and post-
operatively, it was mandatory to keep the stimulation and recording conditions 
identical. Nonetheless, the delay and gain parameters were optimized for each 
recording session.

Response identification, amplitude growth function, and threshold

Interpretation of the ECAP recordings was based on subjective visual inspection 
by the first author. This entailed identifying a clear negative peak (N1) response 
followed by a positive peak (P1), as described by Killian (11). The amplitude 

Table 3 - Test parameters.

Stimulation rate 80 Hz
Pulse width 25 µs
Masker level +5 CL above probe level
Masker probe interval 500 µs
Gain / number of sweeps 60 dB / 100 or 40 dB / 200
Delay 100 µs
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growth function (AGF) was approximated as a straight-line function relating the 
neural response amplitude to the probe current level (6;8). The AGF for the ECAP 
at each electrode pair was determined by the N1-P1 peak-to-peak amplitude 
measured for at least 3 different current levels. Only those measurements with 
a clear N1 peak were included in the calculation of the AGF slope. Peak-to-peak 
amplitudes of less than 20 µV were considered to be likely within the noise floor. 
Therefore, they were excluded from the AGF calculation. The ECAP threshold, 
often referred to as ‘T-NRT’, was estimated by linearly extrapolating the AGF down 
to zero. An example is shown in Figure 1. There, on the left, the visual threshold is 
shown with all the N1-P1 peaks marked; on the right, the AGF is plotted.

Psychophysical measurements

The C level is defined as the highest electrical stimulation level per electrode that 
does not produce an uncomfortable loudness sensation. To measure C levels, we 
applied stimuli consisting of biphasic impulse trains with an impulse duration of 
25 µs/phase. The measurements were conducted on patients who use either the 
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Figure 1 - Examples of ECAP waveform shown in the left panel, ECAP threshold, AGF, and AGF slope. On the 

left side, an increasing negative N1 peak is shown with an increase in CL. On the right side, an example is 

shown of the AGF and the extrapolated ECAP threshold. 
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Figure 1 - Examples of ECAP waveform shown in the left panel, ECAP threshold, AGF, and AGF 
slope. On the left side, an increasing negative N1 peak is shown with an increase in CL. On the 
right side, an example is shown of the AGF and the extrapolated ECAP threshold.
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SPEAK or the ACE strategy. The C levels were used for the post-operative ECAP 
threshold measurement at nine months post-implantation.

Statistics

All analyses were carried out with SPSS statistical software (version 12.0.1). The 
Success Rate of recording per Patient (SRP) was defined as the percentage of 
electrodes on which an ECAP threshold could be calculated per patient. The 
Success Rate of recording per Electrode (SRE) was defined for each electrode as 
the percentage of patients for whom ECAP thresholds were successfully deter-
mined. A paired t test and correlations were used to compare ECAP threshold 
values obtained intra- versus post-operatively. Box plots were used to show the 
average differences in ECAP threshold values, calculated as the intra- minus the 
post-operative value.

Results

Success rate ECAP threshold per patient (SRP)

The SRP in the intra-operative setting showed a range of 65 to 100%. Out of 
a total of 500 electrodes tested intra-operatively, 473 were successfully tested 
(97.4%). The SRP in the post-operative setting showed a range of 0 to 100% per 
patient. Out of the 500 electrodes tested post-operatively, 267 were successfully 
tested (53.4%). Figure 2 shows the results for each patient. Note the strong 
variability in the SRP in the post-operative setting.
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Figure 2 - Percentage of valid ECAP threshold measurements over all patients.
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Success rate ECAP threshold per electrode (SRE)

The SRE in the intra-operative setting showed a range of 92 to 100%. In the post-
operative setting, a range of 44 to 60% was found. Figure 3 shows the results 
for each electrode. Note the small variability between the different electrodes 
post-operatively. There is no specifically worse electrode or group of electrodes 
within the array.

Figure 3 - Percentage of valid ECAP threshold measurements over the electrode array. 
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Figure 4 - Difference in current units of the ECAP threshold between the intra- minus the post-operatively 

recorded values. 
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Figure 3 - Percentage of valid ECAP threshold measurements over the electrode array.

Threshold difference of ECAP threshold intra- versus post-operatively

With an overall lower number of valid ECAP thresholds in the post-operative set-
ting, the number of valid paired comparisons is limited. On average, 13.1 valid 
pairs (range 11-14) were available for comparison. With paired sample t testing, 
the mean ECAP threshold in the intra-operatively setting was not significantly 
different from the post-operative result (mean difference 0.7 (SD 7)). This was 
valid for all electrodes. In Figure 4 the differences are shown in the box plot.

In Figure 5 the intra-operative result is plotted against the post-operative 
ECAP threshold for all electrodes. A strongly significant correlation of 0.88 was 
found. Also for each separate electrode, the correlation between the intra- and 
post-operative results was highly significant (range 0.84-0.94; for all electrodes 
p<0.05).
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Figure 3 - Percentage of valid ECAP threshold measurements over the electrode array. 

ECAP threshold

0

10

20

30

40

50

60

70

80

90

100

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Electrode

Su
cc

es
s r

at
e 

pe
r 

el
ec

tr
od

e 
(%

)

intraoperative
postoperative

 
 

Figure 4 - Difference in current units of the ECAP threshold between the intra- minus the post-operatively 

recorded values. 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 average

-30

-20

-10

0

10

20

30

Electrode
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operatively recorded values.

Figure 5 - Scatterplot of intra- against post-operative ECAP thresholds for all electrodes.  
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Figure 5 - Scatterplot of intra- against post-operative ECAP thresholds for all electrodes.
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Discussion

Intra-operative ECAP thresholds provide a good starting point for locating the 
behavioral C levels (4). At this moment though, fully automatic setting of speech 
processor maps based on intra-operative NRT data, without any behavioral 
feedback, is not recommended (8). In the present study, we compared the 
ECAP measurements acquired intra- and post-operatively by NRT software for 
25 patients. We showed a high success rate per patient (SRP) of 97.4% in the 
intra-operative setting. The SRP in the post-operative setting was much lower, 
at 53.4%. Thus, acquisition of the ECAP threshold in an intra-operative setting 
is preferable. This finding is supported by the larger inter- and intra-subject vari-
ability seen post-operatively. One explanation of this lower success rate in the 
post-operative setting is the high stimulation level required. The stimulation can 
produce too much subjective loudness in the patients, thereby causing the ECAP 
measurements to fail. A recent multi-center study by Cafarelli et al. showed a 
higher SRP, namely 87%. However, this multi-center study tested a minimum 
of only 5 instead of 20 electrode pairs per patient. Moreover, a large number of 
patients were excluded from the analysis (12). If we recalculate the SRP for only 
5 electrode pairs our success rate is 68%.

Recently, an automated ECAP recording system was introduced by Nucleus: 
the AutoNRT© system. Acquisition of data is faster with this system, and the ECAP 
recordings can be performed by less-skilled staff. These features will encourage 
more extensive use of ECAP recordings. As ECAP measurements are increasingly 
used to program speech processor settings, we felt it was important to demon-
strate the stability of intra-operatively acquired ECAP measurements compared 
to those obtained post-operatively. One possible difference would be in the 
changes to the auditory neural periphery resulting from the implant surgery. For 
instance, the electrode array might become encapsulated in fibrous tissue after 
implantation (13-15). Our study demonstrated the stability in ECAP measure-
ments by comparing the ECAP thresholds intra-operatively and post-operatively. 
We found highly significant correlations on all electrodes tested (see Figures 4 
and 5). Furthermore, we found small differences in ECAP thresholds intra- versus 
post-operatively, as shown in Figure 4. Overall, we did not find any systemic 
change in the ECAP threshold level in either setting. The effects of changes to 
the auditory neural periphery are not noticeable in the ECAP threshold level.

A limitation of our analysis was that we could not obtain ECAP measurements 
for all patients post-operatively. To ascertain the presence of biasing factors, we 
analyzed the differences between three subgroups as to the intra-operative ECAP 
threshold level and the post-operative C levels. The first group we defined was 
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the post-operative-fail group; no ECAP measurement could be recorded on any 
electrodes in patients in this group. Secondly, we defined the partial-fail group; 
an ECAP threshold could be recorded on a subset of electrodes in patients in this 
group. Finally, we defined the post-operative-success group; an ECAP threshold 
was successfully determined on all electrodes in patients in this group. For these 
three groups, as mentioned above, no significant differences were found in t 
testing on their mean respective C levels and their intra- and post-operative 
ECAP threshold level (p>0.05). Next we decided to exclude the partial-fail group 
from the complete dataset. We did this so we could compare the two most 
‘extreme’ groups: the post-operative-success and the post-operative-fail group. 
Again, no significant differences were found in t testing on their mean respective 
C and ECAP threshold levels (p>0.05).

In the most recent studies available, the results of the ECAP measurements 
might be of limited use. The problem lies in the poorer signal quality in the 
previous generation of amplifiers of the cochlear implant. This is due to the noise 
characteristics of the amplifier. In our study, we excluded peak amplitudes of 
less than 20 µV, since these were considered to be likely within the noise floor. 
They were excluded from the AGF calculation (12). With the availability of better 
quality electronics in the latest generation of cochlear implants, the noise floor 
has decreased significantly, as we have experienced with the results of the ECAP 
measurements in the Nucleus Freedom cochlear implants in our department. 
Because of this improvement, the non-linear part of the entire AGF curve may 
become visible at low current levels. Both the automated ECAP recording system 
and the new amplifier in the latest generation of Nucleus cochlear implants will 
lead to more precise data acquisition in the future. Whether this will affect the 
present results is not yet known. We doubt it, though, since the improvement 
will affect both the intra- and the post-operative measurements.

Conclusion

Acquisition of ECAP threshold measurements is preferable in the intra-operative 
setting, because of a higher success rate per patient and the equal outcome com-
pared to the post-operative setting. In view of the development of automated 
ECAP measurement systems, intra-operative use of this system is advised.
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CHAPTER 4

Audiological performance after cochlear 

implantation: a 2 year follow-up in children with 

inner ear malformations
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Abstract

Objective: The objective was to analyze audiological performance after cochlear 
implantation in a sample of children with radiographically detectable malfor-
mations of the inner ear compared to performance in prelingually deafened 
children at large.

Methods: Nine children with osseous inner ear malformations were compared 
to 22 congenitally deaf children, all of whom underwent cochlear implantation. 
All subjects were tested on their electrical compound action potential. Speech 
perception tests were performed using the monosyllabic trochee polysyllabic 
test without visual support and the open-set monosyllabic wordlist.

Results: Twenty percent of the congenitally deaf children in our center study have 
inner ear abnormalities. Inner ear malformations were limited to incomplete par-
tition of the cochlea, none of the subjects had common cavity malformations. 
Electrical compound action potentials were successfully recorded in both groups 
intraoperatively. Speech perception tests on open-set speech yielded an average 
of 48.8% (SD 21.2%) in the group of children with inner ear malformations vs. 
54.5% (SD 21.1%) in congenitally deaf children. In four out of nine cases with 
an inner ear malformation we encountered a minor CSF leak.

Conclusion: Open-set speech perception in children with an inner ear malforma-
tion is equal to that of congenitally deaf children after an average of 2 years 
follow-up.
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Introduction

Although early criteria for cochlear implantation had excluded children with inner 
ear (IE) malformations, presuming malperformance after implantation, recently 
published studies report satisfactory hearing results in this group of patients. 
Their audiological performance is comparable to that of other profoundly deaf 
children, with the exception of those with a common cavity malformation 
(1-3).

Abnormality of the IE has to be considered an important limiting factor for 
a successful cochlear implant outcome, but duration of deafness and preopera-
tive speech perception have been indicated to play major roles as variables (4). 
Since radiologically detectable IE malformations have been reported to occur in 
approximately 5-15% of cases of congenital sensorineural hearing loss (SNHL), it 
is of significant interest to investigate the audiological performance of this group 
of children (5).

Jackler et al. proposed a classification of congenital malformations of the IE 
based on embryogenesis, which is still widely accepted (5). According to that 
classification, IE malformations represent a continuum ranging from severe to 
mild, depending on the stage at which development is arrested. The membra-
nous malformations of this classification are based on histopathological changes 
of the inner ear, whereas the osseous or the combined osseous-membranous 
deformities are detectable by radiological techniques. Children with congenital 
SNHL and radiographically normal IE’s may be assumed to have anomalies lim-
ited to the membranous labyrinth or neural pathways.

The neural response telemetry (NRT) system has become an easy-to-use tool 
for measuring the electrically evoked compound action potential (ECAP) gener-
ated by the auditory nerve following electrical stimulation of the cochlea via an 
electrode of the cochlear implant (6). The data it yields are currently applied in 
various methods of fitting speech processors (7-10). NRT-assisted fittings are 
particularly helpful for very young implant users, as these children are unable to 
make reliable subjective loudness judgments for setting the map, threshold (T) 
and comfort (C) levels. Overall, the ECAP thresholds determined with the NRT 
software provide a good starting point for locating the behavioral T and C levels 
after switch on of the cochlear implant. This allows for a faster fitting procedure 
using higher stimulation levels than previously (9). When NRT data are collected 
directly after implantation, we are much better informed about the ability to 
stimulate spiral ganglion cells. This information might help us verify the position 
and function of the implanted electrodes in a malformed IE.
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The aim of our study was to analyze the audiological performance postopera-
tively and analyze the intraoperatively tested ECAP measurements in a sample 
of children with radiographically detectable malformations of the IE and to 
compare these findings with implantation results reported for other prelingually 
deafened children at large. The audiological performance was evaluated via 
speech discrimination tests, while the ECAP measurements were acquired by the 
NRT software.

Materials and Methods

Patient selection and characteristics

The database of our cochlear implant center of the Department of Otorhino-
laryngology of the University Medical Center of Utrecht included 51 congenital 
deaf children on a total number of 75 cochlear implantations in children between 
January 2001 and April 2004. Inner ear malformations were reported in 16 
congenitally deaf children; the other 35 congenitally deaf children served as 
controls. We systematically analyzed the clinical records, computer tomography 
(CT) scans, and NRT data. Of the group with suspected IE malformations in 
our database, seven children were diagnosed as normal on the grounds of CT 
scans and were thus excluded from the study. Of the control group, 13 were 
excluded because of incomplete NRT data. The children were either implanted 
with a Nucleus 24 Contour or Nucleus 24 Contour Advance cochlear implant 
(Cochlear Corp., Lane Cove, Australia). The patient characteristics are summa-
rized in Table 1.

Table 1. Patient characteristics.

With IE
malformations (n=9)

Without IE 
malformations (n=22)

p value

Male / Female 5 / 4 11 / 11
Mean age at implantation (age) 3.9 (2-6), SD 1.5 years 2.8 (1.5-6), SD 1.1 years 0.13
CI system Nucleus Contour 6 (66%) 20 (91%)
Nucleus Contour Advance 3 (33%) 2 (9%)
Average follow up-period (months) 23.3 (6-48) 28.6 (6-48) 0.28
Percentage of total number of children 
operated on (n=75)

12%

Percentage of total number of 
congenitally deaf children (n=35)

20%
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Classification system of congenital inner ear malformations

In 1987, Jackler proposed a classification of congenital malformations of the IE 
based on embryogenesis (5). Depending on the various stages when develop-
ment is arrested, IE malformations represent a continuum ranging from severe 
to mild malformation. In 2002, Sennaroglu and Saatci proposed a refinement 
of Jackler’s system (11). They suggested distinguishing between two types of 
incomplete partition (IP): cystic cochleovestibular malformation (IP-I), and the 
classic Mondini deformity (IP-II). All CT scans were reviewed blindly by an expe-
rienced otologist and neuroradiologist.

Imaging technique

As part of the standard evaluation for cochlear implantation, the patients had 
undergone high-resolution CT scanning. All CT scans were performed in the 
axial plane, in accordance with our protocol (12). Multiplanar reformatting 
(MPR) was used to visualize the semilongitudinal plane.

ECAP measurements

After introducing the electrode array into the cochlea, the integrity of the 
implant, the electrode array, and the reference electrode were tested by mea-
suring the electrode impedance, The ECAP responses were recorded using a 
portable personal computer equipped with NRT software, version 2.04 or 3.0, 
which is distributed by the Cochlear Corporation. We used a modified version of 
the protocol described by Abbas et al. (13).

The stimulation mode was monopolar (MP1 mode, using the extra cochlear 
ball reference electrode). Masker advance, which is the masker-probe interval, 
was fixed at 500 µs. As a rule, the sampling delay -i.e., the interval between 
stimulation and initiation of sampling - was set at 100 µs. If amplifier saturation 
occurred, the delay was adjusted until a satisfactory response was obtained. The 
amplifier gain was set at 60 dB but it was decreased to 40 dB in cases of amplifier 
saturation. The number of sweeps was set at 100, instead of 50 as in the protocol 
of Abbas. In conformance with Abbas, the pulse duration was set at 25 µs per 
phase. The objective parameter in this study is the NRT threshold (TNRT). This is 
estimated by linearly extrapolating the amplitude growth function (AGF) down 
to zero. The AGF plots the neural response amplitude as a function of the probe 
current level, which is approximated as a straight-line function (14).

Speech discrimination tests

For each child a battery of speech perception tests was selected on the basis of age, 
language ability, and participation level. Postoperative testing was administered 
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at 6 and 12 months and annually thereafter. The maximum follow-up period 
was 48 months after implantation (range 12-48 months). The closed-set tests 
included the monosyllabic trochee polysyllabic test (MTP, 12 words), without 
visual support. The open-set tests included a monosyllabic word test by means 
of a Dutch phonetically balanced monosyllabic word test (NVA wordlist) (15).

Data analysis and statistical processing

Statistical analysis with a paired t test was performed using Statistica v 6.1 (Stat-
soft Inc., Tulsa, OK, U.S.A.).

Results

Classification of inner ear malformations

After reviewing the CT scans the following IE malformations according to the 
classification system were observed: one case of IP-I, 5 cases of IP-II, 5 cases 
of enlarged vestibular aqueduct (EVA), 3 cases of semicircular canal dysplasia 
(SCD), and 2 cases of widened internal auditory canal (WIAC) were found. Most 
deformities were associated with another and only a minority was isolated (see 
Table 2 and Figures 1 and 2).

Table 2. Speech perception tests and NRT measurements in children with IE malformations.

Patient
Implant 
type

Malformation

MTP test, 
auditive 
response 
(%)

Auditive 
response, open-
set speech, NVA 
wordlist (%)

Valid number of 
NRT measurements 
on electrodes tested 
(%)

Follow 
up 
(months)

1 Contour IP-II / EVA 89 38 3/5 (60) 24
2 Contour IP-II 100 67 11/11 (100) 24

3
Contour 
Advance

WIAC Not testable 22/22 (100) 24

4 Contour EVA 75 21 22/22 (100) 12

5 Contour
IP-II / EVA / 
SCD

Refused to 
use CI

18/18 (100) 36

6
Contour 
Advance

IP-II / EVA / 
SCD

100 80 19/22 (86) 12

7 Contour
IP-I / SCD / 
WIAC

33 Not tested 36

8
Contour 
Advance

IP-II 75 45 22/22 (100 6

9 Contour EVA 80 42 20/22 (91) 24

NRT, neural response telemetry; IE, inner ear; MTP, monosyllabic trochee polysyllabic; IP I, 
incomplete partition type I (cystic cochleovestibular malformation); IP-II, incomplete partition type 
II (Mondini dysplasia); EVA, enlarged vestibular aqueduct; SCD, semicircular canal dysplasia; WIAC, 
wide internal auditory canal.
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ECAP measurements

NRT responses in the group of children with IE malformations were measured in 
eight of the nine patients. The success rates of the NRT responses on the tested 
electrodes are shown in Table 2. Of the 144 electrodes tested intraoperatively, 
137 electrodes (95.1%) showed a valid TNRT. The success rates varied from 60 
to 100%. In the case of patient no. 1, no valid NRT responses were found in 
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Figure 1. Enlarged vestibular aqueduct and semicircular canal dysplasia. 
 

 
 

Figure 2. Incomplete partition type II (Mondini dysplasia). 

 

Figure 1. Enlarged vestibular aqueduct and semicircular canal dysplasia.
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Figure 1. Enlarged vestibular aqueduct and semicircular canal dysplasia. 
 

 
 

Figure 2. Incomplete partition type II (Mondini dysplasia). 

 
Figure 2. Incomplete partition type II (Mondini).
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the apical part of the electrode array. However, it should be noted that only five 
electrodes were tested across the electrode array. NRT responses were measured 
in all of the congenitally deaf children. Of the 412 electrodes measured, 402 
electrodes (97.6%) showed a valid TNRT (Table 3).

Speech discrimination tests

Depending on the stage of development, different audiological tests were used 
to measure the speech perception. Soon after implantation, these were mainly 
closed-set tests such as the MTP test. With the MTP, the auditory response 
without visual support was variable, ranging from 33 to 100% (average 80.0%, 
SD 35.0%) word recognition in children with IE malformations. We could not 
perform a standardized test on patient no. 3, even though the child seemed to 
have some auditory response. Patient no. 5 refused to wear the cochlear implant 
and instead used a contralaterally positioned conventional hearing aid. As the 
children started to develop their speech abilities, we switched to the open-set 
test, the NVA wordlist. The results in children with IE malformations varied from 
21 to 80% (average 48.8%, SD 21.2%). No results of this test were obtained for 

Table 3 – Speech perception tests and NRT measurements in children without IE malformations.

Patient Implant type
MTP test, 
auditive 
response (%)

Auditive response, 
open- set speech, 
NVA wordlist (%)

Valid number of NRT 
measurements on no. 
of electrodes (%)

Follow up 
(months)

1 Contour 100 84 11/11 (100) 48
2 Contour 100 85 22/22 (100) 48
3 Contour 22/22 (100) 6
4 Contour 100 49 22/22 (100) 36
5 Contour 100 39 20/20 (100) 36
6 Contour 50 5/5 (100) 24
7 Contour 11/11 (100) 24
8 Contour 75 45 11/11 (100) 24
9 Contour 100 48 11/11 (100) 24
10 Contour 100 39 16/20 (80) 24
11 Contour 33 22/22 (100) 24
12 Contour 42 21/22 (95) 24
13 Contour 75 30 22/22 (100) 12
14 Contour Advance 42 15/15 (100) 12
15 Contour Advance 75 45 22/22 (100) 12
16 Contour 89 21 22/22 (100) 36
17 Contour 100 73 22/22 (100) 36
18 Contour 100 73 22/22 (100) 36
19 Contour 24 22/22 (100) 24
20 Contour 61 22/22 (100) 24
21 Contour 100 76 22/22 (100) 48
22 Contour 100 82 17/22 (77.3) 48
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3 children. Besides the 2 patients described above (no. 3 and no. 5), another one 
(no. 7) received very little auditory support from the cochlear implant.

The results on the MTP test for the congenitally deaf group are comparable 
to those for the group with IE abnormalities. The responses by the congenitally 
deaf children ranged from 33 to 100% (average 81.5%, SD 23.7%). There were 
some dropouts. Patient no. 3 had moved abroad, so no speech test could be 
performed. Patient no. 7 is spastic and reacts to auditory input but is not test-
able.

The results of the NVA wordlist testing showed performances ranging from 
21 to 85% (average 54.5%, SD 21.1%). Patients 3 and 7, as mentioned above, 
could not be tested. Nor could patients 11, 12, and 14 (only using the cochlear 
implant during school hours); in all three cases, the speech development was 
very limited.

Surgical complications

No insertion problems were encountered after cochleostomy. The electrode 
array was fully inserted in all children. In four out of nine patients with IE malfor-
mations, complications arose during surgery. In all 4, there was minor leakage 
of cerebrospinal fluid (CSF). These leaks were successfully managed intraopera-
tively by applying conservative packing. No further treatment was needed. The 
CSF leaks occurred in two patients with a wide internal auditory canal and two 
with an EVA. No complications were found in the control group. Neither group 
showed any other postoperative complication such as meningitis.

Discussion

We determined the results in audiological performance after cochlear implan-
tation in a group of children with IE abnormalities compared to a group of 
congenitally deaf children without radiologically detectable malformations. 
In our cochlear implant program the group of children with IE malformations 
comprised 20 % of the total number of congenitally deaf children. This share is 
slightly larger than that reported by Jackler et al., whose figures ranged from 5 
to 15% (5). There was a relatively high incidence of incomplete partition in our 
series, mainly concerning IP-II. In the majority of the IP-II there was an associa-
tion with another deformity, such as an EVA or SCD. We did not find the more 
severe malformations of the inner ear, such as the common cavity.

Studies published on this subject are rare and mostly based on small series. The 
definition of radiographically detectable IE abnormalities has not been applied 
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strictly by other investigators. Luntz et al. and Arnoldner et al., for instance, 
included subjects with clinically determined malformations such as CSF leaks 
in the group of children with IE abnormalities (1;3). In contrast, Eisenman et al. 
only included patients whose malformations were limited to the cochlea (2).

The audiological performance in this study is described by postoperative 
speech discriminations tests. There is a substantial variability in these tests in 
patients with IE abnormalities, but overall results are encouraging. Several fac-
tors are critical to the success of cochlear implantation. Thee factors include the 
age at implantation, the duration of deafness, the mode of communication, and 
the participation and support of the child’s family during rehabilitation(16-19). 
In our study six out of nine children with an IE malformations really benefited 
from cochlear implantation, demonstrated by their ability to develop open-set 
speech perception skills. In the group of congenitally deaf children, at least 18 
out of 22 children showed positive results in this regard. Performance of open-
set speech perception skills varied strongly among the patients. Overall, the 
variance among the group of children with IE malformations is comparable to 
the variance in performance by congenitally deaf children.

The intraoperatively tested ECAP measurements were described by the NRT 
software with a high success rate. In our series, we found a rate of 95.1% in 
the group with IE malformations and 97.6% in the group of congenitally deaf 
children. We should expect a much lower percentage of valid TNRT responses 
in the postoperative setting due to unacceptable subjective loudness for the 
patient. Besides the high success rates, this gives us valuable information on the 
amount of functioning electrodes directly after implantation.

Conclusion

Audiological performance after cochlear implantation in radiographically mal-
formed inner ears is comparable to that found in other congenitally deaf patients. 
However, the inner ear malformations were limited to incomplete partition of the 
cochlea, whereas none of the patients had common cavity malformations. The 
ability to develop open-set speech perception is equal after an average follow-up 
period of 2 years. The risk of a CSF leak is associated with IE abnormalities and 
should be anticipated during surgery.
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CHAPTER 5

Intracochlear assessment of electrode position 

after cochlear implant surgery by means of 

multislice computer tomography



C
ha

pt
er

 5

74

Abstract

Objective: In this study we formulated and tested a CT imaging protocol for 
postoperative scanning of the temporal bone in cochlear implant subjects.

Methods: Both a fresh human temporal bone and a fresh human cadaver head 
were implanted with a cochlear implant. Multislice CT was performed for 
adequate depiction of the cochlear implant. All scans were analyzed on a view-
ing workstation.

Results: After mid-modiolar reconstruction we were able to identify the intraco-
chlear electrode position relative to the scala tympani and scala vestibuli. This 
was possible in both the implanted isolated temporal bone and the fresh human 
cadaver head.

Conclusion: The feasibility of imaging the electrode position of the cochlear 
implant within the intracochlear spaces is shown with multislice CT. An imaging 
protocol is suggested.
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Introduction

Cochlear implants (CI) are widely used for auditory rehabilitation in congenital 
and acquired deafness. Research in the field of speech processing and electrode 
design has resulted in better speech quality after implantation. Over the past 
few years, the literature has drawn attention to the importance of intracochlear 
positioning and diminishing intracochlear trauma after insertion of the implant 
(1).

The position of the electrode array close to the modiolus, the inner wall of 
the cochlea, is presumed to lead to a better-localized neural stimulation. The 
advantages of these so-called perimodiolar designs include lower stimulation 
levels, a larger dynamic range, better channel separation and increase of speech 
understanding (2-4). Despite the advantages of perimodiolar designs, the recent 
concern about post-implant meningitis has prompted studies on reassessment 
of the electrode position after implantation (5).

Since 1999 a new treatment modality has been introduced for patients with 
preserved low-frequency hearing: combined electric and acoustic stimulation 
(EAS) (6). To ensure hearing preservation during implantation, an atraumatic 
electrode insertion is fundamental (7). New electrode carriers have been tested, 
and the electrode positions were histologically evaluated. Intracochlear position-
ing of the individual electrodes by radiological techniques has not yet been 
shown.

Several radiological techniques are available to assess the position of the 
electrode array after cochlear implantation, the main ones being 2-D X-ray 
approaches, rotational tomography (RT), and computer tomography (CT). Xu 
has demonstrated the utility of the plain cochlear view in a 2-D setting for evalu-
ating the depth and angle of insertion (8). Rotational tomography is a relatively 
new technique. A feasibility study by Aschendorff et al. showed that RT permit-
ted a definite allocation of electrodes. The high resolution and the low impact 
of the electrode artifact, compared to single- and older multislice CT scanners, 
allowed RT images to be matched with histological slices. However, Aschendorff 
et al. have questioned its status as the definitive standard for evaluating newly 
developed electrode arrays. They recently found a higher rate of dislocation 
of the Contour electrode array from scala tympani to the scala vestibuli than 
expected on the grounds of various studies of the human temporal bone (9). CT 
is an important tool in temporal-bone imaging (10). By now, conventional CT 
has been replaced by helical or spiral CT, which allow rapid acquisition of volu-
metric data set as 2-D or high-quality 3-D reformations (11;12). The advantages 
of spiral CT include the elimination of respiratory misregistration, decrease of 
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motion artifact, and an obvious improvement in patient comfort by shortening 
the examination time (13). With the recent introduction of the 64-slice CT scan, 
thin-slice coverage has improved the quality of the diagnostic image, with a 
possible smaller electrode artifact.

We performed a feasibility study using a fresh human temporal bone and a 
fresh human cadaver head to determine the minimum dose required to examine 
the implanted patients in the future.

Materials and methods

Material

Both a fresh human temporal bone and a fresh human cadaver head were 
implanted with a Nucleus 24 Contour and a Nucleus 24 Contour Advance 
cochlear implant (Cochlear Corp., Lane Cove, Australia). The fresh temporal 
bone was fixed in a 4% phosphate buffered formaldehyde solution directly after 
electrode insertion. It was then dehydrated using an ascending alcohol series 
(70-100% ethanol). Afterwards the temporal bone was embedded in methyl-
methacrylate (MMA). The fresh cadaver head was implanted with a cochlear 
implant within 24 hours postmortem. Directly after cochlear implantation it was 
transported to the CT scanner.

Imaging

Multislice CT was performed using the Philips Brilliance 64-slice CT (Philips 
Medical Systems, Cleveland, OH, USA). The temporal bone was scanned with 
the following parameters: 140 kV; effective tube current–time product of 260 
milliamperes per seconds (mAs); rotation time 0.5 second. In order to maximize 
spatial resolution the collimation was reduced to 2 x 0.5 mm. To reduce aliasing 
artifacts a low pitch factor of 0.35 was used. The cadaver head was scanned 
with the same settings except for effective mAs. In order to evaluate the minimal 
dose required for adequate depiction of the cochlear implant, we chose the 
mAs settings that were increased and decreased stepwise by approximately 30% 
starting at 260 mAs. As a result, we obtained a total of seven datasets at the 
following settings: at 62, 89, 127, 182, 260, 338 and ending at 413 mAs due to 
the technical limitations of the CT scanner. The corresponding measures of local 
exposure dose (CT dose indices, CTDI) varied between 58 and 136 mGy.

An ultrahigh resolution mode was used for image acquisition. A correspond-
ing ultrahigh resolution filter was applied for image reconstruction. In order to 
further optimize resolution, a field of view of 51 mm was chosen, resulting in 
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a pixel size of 0.1 mm. Datasets were transferred to a workstation (Easyvision; 
Philips, Best, The Netherlands) where 3-D reconstructions were created using 
multiplanar reformation (MPR), i.e. calculating slices along arbitrary sections.

Results

The results for the scanned temporal bone gave a good overview of the insertion 
depth of the implanted electrodes, all of which were inserted completely. With 
our multislice CT scanning technique, we were able to identify each electrode 
individually. Because the electrode artifact was small, we were able to identify the 
intracochlear electrode position relative to the scala tympani and scala vestibuli. 
This was possible after mid-modiolar reconstruction (Figure 1).

The overview of the electrodes implanted in the cadaver head was also good. All 
electrodes were inserted completely. Two observers (GvW, MP) independently 
judged the most acceptable thresholds of image quality with a variable mAs 
setting. A setting of 260 mAs was judged to give the best image quality, with 
a CDTI of 136. The electrode artifact in the cadaver head was slightly larger 
than the one in the smaller temporal bone. Nonetheless, the individual electrode Chapter 5 

 

 
 

 
Figure 2. Mid-modiolar reconstruction showing the position of the Contour Advance array in the cadaver head. 

 

Figure 1. Mid-modiolar reconstruction showing the position of the Contour array in the human 
temporal bone, IAM = internal auditory meatus.
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position could still be visualized after mid-modiolar reconstruction within the 
cochlea (Figure 2).

Discussion

This study demonstrates the feasibility of imaging the electrode position within 
the intracochlear spaces with multislice CT scanning, as shown in both the 
isolated temporal bone and in the complete cadaver head. In earlier studies the 
postoperative use of CT scans for this purpose has been questioned by some 
authors (14;15). The electrode artifact in this latest generation of CT scanners 
is much smaller than in previous single-/multislice CT scanners which enables a 
good visualization of the individual electrode within the cochlea.

The new generation of multislice CT scanners may be used in future assess-
ments of the electrode position in patients. Because multislice CT scanning gathers 
more detailed information on intracochlear electrode positioning, it may assist in 
estimating intracochlear trauma after implantation, which can severely damage 
the modiolar wall (16;17). Multislice CT scanning can also play a role in the 
development of new electrodes, as the devices must not only allow for atraumatic 
insertion and positioning but also for safe explantation and reimplantation (18).

These results provide a baseline for a subsequent study to verify the estimated 
electrode positioning.

Chapter 5 

 

 
 

 
Figure 2. Mid-modiolar reconstruction showing the position of the Contour Advance array in the cadaver head. 

 
Figure 2. Mid-modiolar reconstruction showing the position of the Contour Advance array in the 
cadaver head.
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IAbstract

Objective: To assess the electrode position in cochlear implant patients and to 
evaluate the extent to which the electrode position is determinative in the elec-
trophysiological functioning of the cochlear implant system.

Methods: Five consecutively implanted adult patients received a multichannel 
cochlear implant. In all patients, the electrical impedance and the electrically 
evoked compound action potentials were recorded immediately after implanta-
tion. Multislice computer tomography was performed six weeks postoperatively 
before switch-on of the cochlear implant. The electrode position relative to 
the modiolus was assessed and correlated to the electrophysiological measure-
ments.

Results: All electrodes were fully inserted; this was confirmed by computer tomog-
raphy. The individual electrode distance towards the modiolus could be most 
precisely analyzed for the basal part of the electrode array. It was thus decided 
to study the data of electrodes one, four, and seven. No correlation was found 
between electrical impedance and electrode distance. A significant correlation 
was found between electrode distance and the electrically evoked compound 
action potentials, with a 96% probability using Kendall’s rank correlation.

Conclusion: The electrode – modiolus distance is of importance to the stimulation 
of auditory nerve fibers. Future developments in imaging will further improve 
and refine our insight in the relation between electrode positioning and electro-
physiological functioning.
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Introduction

In cochlear implant patients a large proportion of the success or failure depends 
on the transfer of stimulating signals from the electrode towards the auditory 
nerve fibers. An important aspect of the electrode design is electrical impedance, 
which depends on electrode surface area, morphological processes, and electro-
chemical processes initiated by electrical stimulation. The development of a new 
generation of cochlear implant devices as well as modern surgical techniques has 
to a great extent been aimed at improving stimulus-transferring mechanisms. In 
line with this trend, in the past years the development of electrode arrays has 
been focused on the ‘modiolus-hugging’ type of electrodes. The advantages of 
these so-called perimodiolar designs include lower stimulation levels, a larger 
dynamic range, better channel separation, and improvement of speech under-
standing (1-3). Despite the advantages of perimodiolar designs, concern about 
post-implant meningitis has prompted studies reassessing the electrode position 
after implantation (4). Thus, there are multiple incentives to strive for an exact 
documentation of the position of the individual electrode in relation to cochlear 
structures and the insertion depth of the electrode array (5).

The aim of this study is first to meticulously assess the electrode position in 
cochlear implant recipients. Formerly the plain X-ray Stenvers projection was 
used, but for obvious reasons this method has been abandoned (6;7). The study 
considers the benefits of high-resolution CT (HRCT) scanning as a more exact 
method to visualize the structures of the temporal bone. The advantages of 
HRCT include the elimination of respiratory misregistration, decrease of other 
motion artifacts, and an obvious improvement in patient comfort by reducing 
the examination time (8). The main disadvantage of HRCT in the postoperative 
assessment of a cochlear implant is image degradation, due to partial voluming 
and the metallic artifacts that may interfere with the visibility of individual elec-
trodes (9-11). We recently demonstrated the feasibility of imaging the electrode 
position within the intracochlear spaces on both an implanted temporal bone 
and a fresh human cadaver head (12). So we assume that locating the electrode 
will be possible with HRCT and that this visualization will allow us to measure the 
distance to important landmarks in the cochlea, such as the modiolus. Therefore 
this study was expected to achieve a standardized HRCT-based assessment of the 
distance between the electrode and the modiolus.

The second aim of this study is to investigate the possible relations between 
this morphological parameter and electrophysiological characteristics, that is the 
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electrical impedance (EI) and the electrically evoked compound action potential 
(ECAP), as measured with neural response telemetry (NRT). The NRT system 
has become an easy-to-use tool for measuring the ECAP generated by the audi-
tory nerve following electrical stimulation of the cochlea via an electrode of the 
cochlear implant (13). The data it yields are currently applied in various methods 
of fitting speech processors (14-17). When NRT data are collected directly after 
implantation, we are much better informed about the ability to stimulate spiral 
ganglion cells. This information might help us verify the position and function of 
the implanted electrodes.

The main question that is addressed in this study is to what extent the electrode 
position is determinative in the electrophysiological functioning of the cochlear 
implant system.

Materials and Methods

Subjects

Five adult patients were included in this study. All of them were subsequently 
implanted with a Nucleus Contour cochlear implant (Cochlear Corp., Lane Cove, 
Australia) between October 2005 and November 2005 at the University Medical 
Center Utrecht. In all patients, the electrodes were inserted as planned, that is 
according to the insertion depth that had been set out. There were no surgical 
problems or complications. The patient characteristics are shown in Table 1. The 
causes of deafness in these patients were meningitis, a congenital and hereditary 
etiology, and trauma. In one patient no etiology could be identified.

Table 1 – Patient characteristics.

Male / Female 2 / 3
Mean age at implantation (range) 58.8 (45-75)
Mean age of deafness (range) 28.3 (4-45)

Electrode impedance measurement

The device was activated using the Windows-based Diagnostic and Programming 
System software (Win-DPS, release version 126) provided by the manufacturer 
(Cochlear Corp., Lane Cove, Australia). The stimuli consisted of biphasic current 
pulses presented at a level of 100 clinical current units, which is approximately 
76 µA, and an impulse duration of 25 µs/phase. In the present study the EI 
was measured in common ground (CG) mode intra-operatively. In this mode 
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the impedance is measured between an intracochlear electrode and all other 
intracochlear electrodes coupled in parallel. Shortcut or open-circuit electrodes 
were not considered for data analysis. According to the specifications of the 
manufacturer this implied the exclusion of data with impedances below 0.7 and 
above 20 kOhm, respectively.

ECAP measurement

The registration procedure of the ECAP responses was identical to the one we 
used in previous experiments (18). The initial examination took place intra-
operatively immediately after implantation. The ECAP responses were recorded 
using a computer equipped with NRT software, version 3.0, distributed by the 
Cochlear Corporation. We used a modified version of the protocol described 
by Abbas et al. (19). Our test parameters are presented in Table 2. The stimula-
tion mode was monopolar (MP1 mode), using the extra cochlear ball reference 
electrode. Masker advance, which is the masker-probe interval, was fixed at 500 
µs. As a rule, the sampling delay – i.e., the interval between stimulation and 
initiation of sampling – was set at 100 µs. In the event of amplifier saturation, 
the delay was adjusted until a satisfactory response was obtained. The amplifier 
gain was set at 60 dB but was decreased to 40 dB in cases of amplifier saturation. 
We set the number of sweeps at 100, whereas Abbas set it at 50. In conformance 
with the Abbas protocol, we set the pulse duration at 25 µs per phase. The 
stimulation levels are described in terms of Current Level (CL), a quantity defined 
by the Cochlear Company. The CL ranges from 1 to 255 Current Units (CU), 
which corresponds to electrical currents from 10µA to 1.75 mA. Our aim was 
to test 22 electrodes (electrodes 1-22) intra-operatively. The electrodes selected 
for recording were two positions above the stimulation electrode. Thus, for each 
patient, we selected the second electrode, N+2, from the stimulation electrode, 
N, in the apical direction. An exception was made for electrodes 21 and 22, for 
which the recording electrodes were 19 and 20, respectively.

Table 2 – ECAP test parameters.

Stimulation rate 80 Hz
Pulse width 25 µs
Masker level +5 CL above probe level
Masker probe interval 500 µs
Gain / number of sweeps 60 dB / 100 or 40 dB / 200
Delay 100 µs
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Imaging

Multislice CT was performed six weeks after implantation but before the first 
fitting of the speech processor, using the Philips Brilliance 64-slice CT (Philips 
Medical Systems, Cleveland, OH, USA). The patients were scanned with the 
following parameters, according to the imaging protocol we used in previous 
experiments (20): 140 kV; effective tube current–time product of 260 milliam-
peres per seconds (mAs); rotation time 0.5 second. In order to maximize spatial 
resolution the collimation was reduced to 2 x 0.5 mm. To reduce aliasing arti-
facts a low pitch factor of 0.35 was used. The corresponding measures of local 
exposure dose (CT dose indices, CTDI) was 136 mGy. An ultrahigh resolution 
mode was used for image acquisition. A corresponding ultrahigh resolution filter 
was applied for image reconstruction. In order to further optimize resolution, a 
field of view of 51 mm was chosen, resulting in a pixel size of 0.1 mm. Datasets 
were transferred to a workstation (Easyvision; Philips, Best, The Netherlands) 
where 3-D reconstructions were created using multiplanar reformation (MPR), 
i.e. calculating slices along arbitrary sections. In our study an MPR was made 
parallel to the basal turn of the cochlea and perpendicular to the modiolus and 
thus in the plane of the electrode array. Window width and window level were 
adjusted until both the cochlear tissues and the individual electrodes could be 
visualized.

Statistical analysis

All analyses were carried out with Wessa statistical software (21). The Kendall tau 
rank correlation was used analyzing the correlation between the ECAP, electrode 
impedance versus electrode distance.

Results

In all five patients the electrode arrays were fully inserted, and this was confirmed 
by HRCT (Figure 1). After initial data analysis the distance of the apical electrodes 
to the modiolus could not be visualized. The distance of the more basally located 
electrodes could be reliably assessed, however. In general, about half of all the 
electrodes inserted could be identified separately (range: eight to fourteen). 
With the limitation of not being able to analyze the more apical part of the array, 
it was decided to restrict our investigation to the data of electrodes one, four, 
and seven, as these electrodes could be clearly distinguished in all five patients. 
Moreover, possible differences between electrophysiological parameters presum-
ably are more apparent with a larger inter-electrode distance.
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Figure 1 –  HRCT image with an MPR in the plane of the electrode array.  

 
 
Figure 2 – Distance electrode – modiolus. 
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The distance from the three examined electrodes towards the modiolus is illus-
trated in Figure 2. Note that in all five patients a decrease in electrode distance 
is clearly visible.

Secondly we investigated the relationship between the electrode position, the EI, 
and the ECAP. No shortcut or open-circuit electrodes were measured. In Patient 
3, no ECAP recordings could be obtained on the study electrodes since the 
surgical procedure had to be shortened for various reasons. No correlation was 
found between the EI and electrode position. A correlation was found between 
the electrode distance and the ECAP with a 96% probability using Kendall’s rank 
correlation. In Figure 3 the electrode – modiolus distance is plotted against the 
ECAP levels.

Discussion

In this study we examined the value of HRCT in assessing the electrode position 
of cochlear implant recipients. Using an MPR in the plane of the electrode array 
enabled us to count the number of implanted electrodes in all patients. HRCT 
seems to have a clear advantage over the previously used plain film radiography 
with the standard Stenvers projection. With modern multislice CT scanning, 
more detailed information can be gathered on the intracochlear electrode posi-
tion. Thus it may be helpful in the assessment of intracochlear damage after 
implantation, such as degradation of the modiolar wall (22). When determining 
the exact position of the electrode in the cochlea, it was difficult to identify the 
separate electrodes in relation to the modiolus. This was mainly due to image 
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degradation caused by partial volume effects, but metallic artifacts of the elec-
trode array also posed a problem (23-25). The window depth in our software 
configuration limited us in visualizing the three extreme contrasts we wanted 
to investigate: the fluid compartment of the cochlea; the bony structures of 
the cochlea and modiolus; and the radiopaque electrode array. In the future, 
technical improvements in both soft- and hardware will further improve the 
spatial resolution in HRCT under such extreme contrast conditions.

The second part of this study addressed the relation between electrode distance 
and electrophysiological parameters. First of all we evaluated the possible rela-
tionship between the EI and the electrode – modiolus distance. We could not 
demonstrate such a relationship. A limitation of our study was the small number 
of electrodes that we measured. In an earlier study we analyzed the electrical 
impedance in 52 Nucleus Contour electrode arrays. This showed us a small 
decrease in electrical impedance in the apical direction. This decrease was espe-
cially notable in the first five electrodes (26). One explanation of this observation 
is that the more basally located electrodes are less ‘modiolus-hugging’ than the 
apical ones. The higher electrical impedance can be explained by the larger fluid 
compartment, which leads to the growth of less conductive fibrous tissue.

A significant correlation was found between the electrode – modiolus distance 
and the ECAP. Our data suggest that a higher electrode – modiolus distance 
leads to a higher ECAP. Again the small number of electrodes that could be 
investigated was a limitation in our analysis. Electrode stimulation led to selective 
triggering of auditory nerve groups. In this process, many factors are important; 
the electrode – modiolus distance is just one part of this complex process.

In conclusion, the results of this study suggest that electrode – modiolus distance 
is of importance in the stimulation of the auditory nerve fibers. In the develop-
ment of new cochlear implant systems, optimizing the electrode positioning in 
relation to the modiolus may influence the functional outcome. Further develop-
ment in HRCT will help us analyze the electrode positioning postoperatively. This 
should further improve and refine our insight in the importance of electrode 
positioning in relation to aspects of electrophysiological functioning.
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Cochlear implantation (CI) has become an increasingly accepted and effective 
treatment for profoundly pre- and postlingually deaf patients. The outcomes 
of CI have improved significantly over the last two decades. This is especially 
due to technical improvements such as the refinement of electrode designs and 
speech-processing strategies. The problem of predicting outcomes in CI has pre-
occupied many researchers. In this thesis we focus our attention on prognostic 
factors related to electrophysiology, anatomy, and imaging techniques.

Chapter 1 presents an overview of the history of CI and its ongoing devel-
opment, emphasizing the latest generation of multichannel CI systems and CI 
candidacy.

Secondly, electrophysiological measurements such as the electrical impedance 
and the electrically evoked compound action potential (ECAP) are discussed. 
The electrode is the all-important interface between the electrical stimulus and 
the auditory nerve fibers that need to be stimulated. The importance of elec-
trode impedance is explained; it provides an indication of electrode integrity 
and reflects the status of the electrode-tissue interface. Post-implantation effects, 
such as intracochlear osteoneogenesis or fibrous tissue growth, can negatively 
influence electrical impedance and thereby increase power consumption. The 
ECAP came into use with the introduction in 1998 of telemetry in cochlear 
implants. Nowadays, this method of intracochlear recording is implemented in 
some speech-processor fitting procedures. It can speed up the fitting procedure 
by allowing higher stimulation levels than previously applied. This chapter 
explains the ECAP recording procedure and expands on its possible application 
in clinical practice.

Thirdly, an overview of the imaging modalities available in the pre-operative 
work-up for CI is given. High resolution computed tomography (HRCT) provides 
an exquisitely detailed image of all bony anatomy, including the mastoid, middle 
ear, cochlea, tegmen, and otic capsule, but also pertinent vascular structures of 
the temporal bone. However, the cochlear patency may not be as reliably appar-
ent as in magnetic resonance imaging. Radiologically detectable inner ear (IE) 
malformations have been reported to occur in approximately 5 to 15% of the 
cases of congenital sensorineural hearing loss. With improvements in HRCT and 
a better understanding of cochlear malformations, more IE malformations have 
been identified over the past decade, and in these cases CI has been performed. 
This development contrasts starkly with previous indications for CI: children with 
IE malformations used to be excluded on the assumption that they would not 
perform adequately after implantation. To correlate certain types of IE malforma-
tions with surgical aspects of cochlear implantation and rehabilitation outcomes, 
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most reports use the embryogenesis-based classification system described by 
Jackler et al. Some aspects of classification systems used on IE malformations 
are described in relation to CI. Unfortunately, hardly any information is available 
on the relation between the nature of IE malformation and the degree of (dys)
function.

At the end of the chapter the overall aims of this thesis are described.

Chapter 2 focuses on various factors influencing electrode impedance. These 
include the electrically evoked stapedius reflex measurement during surgery, 
electrode design, stimulation mode, and T and C levels over a nine-month post-
operative period. The study includes seventy-five implant recipients, implanted 
with either a Nucleus straight array or a Contour array. The results show that, 
during surgery, electrode impedance decreases markedly after electrically evoked 
stapedius reflex measurements. After surgery, impedance increases in the period 
without stimulation prior to speech-processor switch-on but decreases after 
switch-on. The lower impedance values recorded after a period of stimulation 
are found at the higher T and C levels. This study shows that electrical stimula-
tion results in a lower electrical impedance. This is probably due to the formation 
of a hydride layer, which effectively increases the surface area of the electrode. In 
periods without electrical stimulation, we find an increase of impedance, prob-
ably due to fibrous tissue growth. The difference in electrical impedance between 
the two types of implants used in this study corresponds to their respective 
surface areas. In addition, the Nucleus straight array shows a greater increase of 
impedance in the apical direction than found for the Contour array, probably as 
a result of the larger fluid environment around the basal electrodes.

Chapter 3 evaluates the ECAP, which is currently applied in various methods 
of speech-processor fitting. The ECAP measurements can be performed intra- or 
postoperatively. To find out whether changes had occurred in ECAP threshold 
levels after use of the cochlear implant, we compared the ECAP data acquired 
intra- versus postoperatively. Twenty-five adult patients were included in this 
study. A high success rate (97.4%) was found when the ECAP threshold was 
recorded per patient in the intra-operative setting. Measured post-operatively, 
the success rate per patient was significantly lower (53.4%). Correlations between 
the intra- versus post-operative ECAP thresholds were statistically significant for 
all electrodes tested. The ECAP thresholds were not significantly different for 
the two settings; the effects of changes to the auditory neural periphery are not 
noticeable.
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A limitation of our study was that we could not obtain results in ECAP measure-
ments in all patients postoperatively. To ascertain the presence of biasing factors, 
we analyzed the differences between three subgroups as to the intra-operative 
ECAP threshold level and the post-operative C levels. Again, we found no sig-
nificant differences between these groups. Because the highest success rate for 
obtaining results of ECAP measurements was in the intraoperative setting, we 
recommend this setting for acquisition of the ECAP threshold.

Chapter 4 describes a group of children with radiographically detectable IE 
malformations. Their audiological performance, as assessed by speech-reception 
tests and ECAP measurements, is compared to the performance of prelingually 
deafened children at large. At our center, 20% of the congenitally deaf children 
have IE abnormalities, whereas Jackler et al. report between 5 and 15%. The IE 
abnormalities include one incomplete partition (IP) type 1, five cases of IP-2, five 
cases of enlarged vestibular aqueduct, three cases of semicircular canal dyspla-
sia, and two cases of widened internal auditory canal. None of the subjects had 
the more severe common cavity malformations. The ECAP measurements were 
successfully recorded in both groups.

The results for open-set speech perception did not differ significantly across 
the groups, although the variance within both groups differed considerably. 
Electrode insertion problems were not encountered after cochleostomy in any 
of these patients. In four out of nine patients with IE malformations, there was 
minor leakage of cerebrospinal fluid (CSF). Among the children whose inner ear 
malformations were limited to the IP type, the ability to develop open-set speech 
perception, as determined after an average follow-up period of two years, was 
equal to that of prelingually deaf cochlear implant recipients. Intraoperatively, a 
CSF leak can be expected and managed adequately.

Chapter 5 focuses on postoperative imaging of the temporal bone and the 
cochlear implant. Recent literature has drawn attention to the importance of 
intracochlear positioning and reducing intracochlear trauma during insertion of 
the electrode array. Several imaging modalities are available to assess the posi-
tion of the electrode array, the main ones being 2-D X-ray approaches, rotational 
tomography, and HRCT. With the introduction of the 64-slice HRCT scan, thin-
slice coverage has improved the quality of the diagnostic images, possibly due 
to smaller electrode artifacts. We examined a fresh human temporal bone and a 
fresh human cadaver head, both of which were implanted and then immediately 
scanned. We were able to identify each electrode individually. Because the elec-
trode artifact was small, after mid-modiolar reconstruction we could locate the 
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intracochlear electrode position relative to the scala tympani and scala vestibuli. 
This study demonstrates the feasibility of visualization of the electrode position 
within the intracochlear spaces by means of multislice HRCT scanning.

Chapter 6 investigates the relation between electrophysiological data and the 
electrode position after cochlear implantation. The development of a new gen-
eration of cochlear implant devices as well as modern surgical techniques has 
to a great extent been aimed at improving stimulus-transferring mechanisms, 
for example in the modiolus hugging design of the electrode array. In this study 
we analyzed five adult cochlear implant recipients. In all patients, the electrical 
impedance and the ECAP were recorded immediately after implantation. The 
electrode position relative to the modiolus was assessed by means of HRCT, 
and correlated to the electrophysiological measurements. With HRCT full inser-
tion of all electrode arrays could be visualized and confirmed. The individual 
electrode distance towards the modiolus could be most precisely analyzed for 
the basal part of the electrode array. The electrodes in the more apical part of 
the electrode array could not be identified separately due to image degradation 
caused by partial volume effects and metallic artifacts of the electrode. We did 
not find a correlation between the electrical impedance and electrode distance. 
However, a significant correlation was found between electrode distance and the 
ECAP. We conclude that the electrode – modiolus distance is of importance in 
the stimulation of auditory nerve fibers. In the future, further developments of 
imaging techniques will improve and refine our insight in the relation between 
electrode positioning and electrophysiological functioning.

General conclusions

1. Electrical stimulation results in a lower electrode impedance.
2. The major difference in electrode impedance between the Nucleus straight 

and the Contour array electrode is mainly due to their diverse surface areas.
3. The electrically evoked compound action potential is preferably acquired in 

the intra-operative setting.
4. Improvements in high resolution computed tomography has led to an 

increased identification of congenital inner ear abnormalities, in cochlear 
implant candidates.

5. After cochlear implantation, open-set speech perception in congenital inner 
ear abnormalities is comparable to that found in congenitally deaf patients.
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6. Intra-operative complications, such as a cerebrospinal fluid leakage, can be 
expected in inner ear abnormalities during cochlear implantation.

7. Multislice computed tomography scanning can demonstrate the intraco-
chlear position of the cochlear implant electrode relative to the scala tympani 
and scala vestibuli.

8. The electrode – modiolus distance is of importance in the stimulation of audi-
tory nerve fibers.

Future developments

During the last two decades, research and development in cochlear implantation 
has resulted in new implant designs, electrode array configurations and miniatur-
ization of electronics. Besides, great progress has been made in the development 
of new speech encoding strategies, which has led to a tremendous rise in speech 
perception scores. Developing a good fitting procedure will be a focus of future 
research. The conventional fitting procedure, in which behavioral responses are 
used will be supported by ECAP based fitting procedures. This suggests increas-
ing importance of the routinely use of automated ECAP measurement systems.

Multislice CT scanning has greatly improved the imaging of the inner ear 
anatomy. With the latest generation HRCT more detailed information on intra-
cochlear electrode positioning has become available as well. Technical improve-
ments in both soft- and hardware will further improve the spatial resolution in 
HRCT under these extreme contrast conditions.
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Cochleaire implantatie (CI) is een gangbare en effectieve behandeling voor 
ernstig pre- en post-linguale slechthorende- en dove patiënten. De resultaten 
van CI zijn de afgelopen 20 jaar sterk verbeterd. Dit is voornamelijk te danken 
aan technologische vernieuwingen, bijvoorbeeld op het gebied van elektrode 
ontwerp en spraakprocessor strategieën. Het voorspellen van resultaten na 
CI heeft veel onderzoekers bezig gehouden. In dit proefschrift kijken we naar 
prognostische factoren gerelateerd aan elektrofysiologie, anatomie en beeldvor-
mende technieken.

Hoofdstuk 1 begint met een beknopt overzicht van de geschiedenis van CI en 
van de voortdurende technologische ontwikkelingen, zoals die van de laatste 
generatie multikanaals CI systemen.

Het belang van de elektrode impedantie wordt toegelicht; dit geeft een 
indicatie van de integriteit van de elektrode en reflecteert de status van de over-
gang van elektrode naar weefsel. Post-implantatie effecten, zoals intracochleaire 
osteoneogenesis of groei van fibreus weefsel kunnen de elektrische impedantie 
negatief beïnvloeden en zorgen voor een verhoogd stroomgebruik van het 
implantaat. De ECAP is sinds de introductie van telemetrie in 1998 een veel-
gebruikte meetmethode. Tegenwoordig is deze intracochleaire meetmethode 
geïmplementeerd in een aantal spraakprocessor afregelprocedures. Met de ECAP 
kunnen deze procedures worden bespoedigd, vergeleken met de conventionele, 
subjectieve afregelprocedure. In dit hoofdstuk wordt de ECAP procedure uitge-
legd en worden toepassingen uit de dagelijkse praktijk beschreven.

In het derde deel van dit hoofdstuk wordt een overzicht gegeven over de ver-
schillende beschikbare beeldvormende technieken in de preoperatieve voorberei-
ding voor CI. Hoge resolutie computer tomografie (HRCT) is uitermate geschikt 
om de benige anatomie van het os temporale te bekijken, zoals het mastoid, 
middenoor, cochlea, tegmen, maar ook die van de grote vaten. De cochleaire 
doorgankelijkheid kan echter beter worden gevisualiseerd met magnetische 
resonantie beeldvorming. Radiologisch detecteerbare binnenoor malformaties 
(IE) hebben een prevalentie van 5 tot 10% in de gevallen van een congenitaal 
perceptief gehoorverlies. Met verbeteringen in HRCT en een beter begrip van 
deze cochleaire malformaties worden meer IE malformaties geïdentificeerd in 
de laatste decade, en in veel gevallen CI uitgevoerd. Deze ontwikkeling staat 
in scherp contrast met eerdere indicaties voor CI; kinderen met IE malformaties 
werden voorheen geëxcludeerd op grond van de verdenking van een slechte 
uitkomst na implantatie.

Het grootste deel van de literatuur betreffende IE malformaties en chirurgi-
sche aspecten bij CI is gebaseerd op het classificatie systeem van Jackler. Dit 
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is gebaseerd op embryologische aspecten. Sommige aspecten hiervan worden 
beschreven in relatie tot CI. Helaas is tot op heden weinig informatie beschikbaar 
over de relatie tussen het type IE malformatie en de mate van dysfunctie.

Hoofdstuk 2 beschrijft verschillende factoren die van invloed zijn op de elek-
trode impedantie, te weten het testen van de elektrisch opwekbare stapedius 
reflex tijdens chirurgie, elektrode ontwerp, stimulatie modus, het drempel 
niveau (T-level) en aangenaam luidheidsniveau (C-level) in een negen maanden 
durende postoperatieve fase. Deze studie bevat de gegevens van vijfenzeventig 
patiënten, geïmplanteerd met een Nucleus straight elektrode of een Contour 
elektrode. De resultaten laten zien dat tijdens chirurgie de elektrode impedantie 
afneemt na de elektrisch opwekbare stapedius reflex testen. Na chirurgie neemt 
de elektrode impedantie toe, zonder elektrische stimulatie, totdat de spraakpro-
cessor wordt aangezet en de impedantie afneemt. Lagere impedantie waarden 
worden gevonden bij hoge stimulatiewaarden van de T en C niveaus. Deze studie 
toont dat elektrische stimulatie resulteert in een lagere elektrische impedantie. 
Dit komt waarschijnlijk door de formatie van een hydride laag, die het elektrode 
oppervlak effectief vergroot. In periodes zonder elektrische stimulatie wordt een 
toename van de elektrische impedantie gevonden door de formatie van fibreus 
weefsel. Het verschil in elektrische impedantie tussen de twee type implantaten 
correspondeert met hun afzonderlijk elektrode oppervlak. Daarnaast zien we bij 
de Nucleus straight elektrode een grotere toename in elektrode impedantie in 
the apicale richting dan bij de Contour elektrode, als gevolg van een groter 
vloeistofcompartiment rondom de basale elektrodes.

Hoofdstuk 3 evalueert de ECAP, die wordt toegepast in verschillende spraak-
processor afregelprocedures. De ECAP-metingen kunnen zowel intra- als post-
operatief worden verricht. Om drempelverschuivingen van de ECAP te evalueren 
na gebruik van de CI hebben we de ECAP data intra- en post-operatief met elkaar 
vergeleken. Vijfentwintig volwassen patiënten werden geïncludeerd. Een hoog 
succespercentage (97.4%) werd gevonden bij het meten van de ECAP drempel 
intra-operatief per patiënt. Het succespercentage post-operatief was beduidend 
lager (53.4%). Correlaties tussen de intra- en post-operatieve ECAP metingen 
waren statistisch significant in alle geteste elektrodes. De drempel ECAP was niet 
statistisch verschillend op de twee meetmomenten; veranderingen in de perifere 
banen van de gehoorzenuw zijn niet meetbaar.

Een beperking van onze studie was dat we niet in alle patiënten postope-
ratief een ECAP drempel konden meten. Om bias factoren in deze groep uit 
te sluiten hebben we drie verschillende subgroepen gedefinieerd in relatie tot 
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een meetbare ECAP drempel en de postoperatieve C levels. Opnieuw kon geen 
statistisch significant verschil tussen deze groepen worden gevonden. Omdat 
het grootste percentage goed meetbare ECAP drempels wordt gevonden in de 
intra-operatieve groep adviseren wij dit meetmoment om de ECAP te bepalen.

Hoofdstuk 4 beschrijft een groep kinderen met radiologisch detecteerbare 
IE malformaties. Hun audiologische prestaties, in dit geval gedefinieerd in de 
vorm van spraaktesten en ECAP metingen, zijn vergeleken met de prestaties 
van een groep prelinguaal dove kinderen. In onze studie werd een percentage 
van 20% IE malformaties gevonden in de groep congenitaal dove kinderen. In 
de literatuur van Jackler wordt een prevalentie van 5-15% beschreven. De IE 
afwijkingen in deze studie zijn één incomplete partitie (IP) type 1, twee maal een 
IP-2, vijf maal een vergroot vestibulair acquaduct, drie maal een semicirculair 
kanaal dysplasie en twee maal een verwijde meatus acusticus interna. Geen van 
de kinderen in deze studie had de meer ernstige common cavity malformatie. 
De ECAP metingen waren succesvol in beide groepen.

De resultaten voor de open-spraak testen verschilden niet significant tussen 
de twee groepen, alhoewel de variabiliteit in beide groepen aanzienlijk was. Pro-
blemen bij de elektrode insertie werden niet gezien na de cochleostomie. In vier 
van de negen patiënten met IE malformaties trad een kleine liquor lekkage op. 
In onze studie groep, gelimiteerd tot de IP malformatie, vonden we een gelijke 
spraakontwikkeling na een follow-up periode van twee jaar in vergelijking met 
een groep prelinguaal dove CI gebruikers. Op de mogelijkheid van intraopera-
tieve liquorlekkage bij een IE malformatie moet worden geanticipeerd.

Hoofdstuk 5 is gericht op post-operatieve beeldvorming van het os temporale 
en het cochleaire implantaat. De recente literatuur benadrukt opnieuw het belang 
van de intracochleaire positie en het verminderen van intracochleair trauma na 
insertie van de elektrodedraad. Er bestaan verschillende beeldvormende tech-
nieken om de intracochleaire elektrode positie te bepalen. De belangrijkste zijn 
de conventionele 2-D röntgen opnames, rotatie tomografie en HRCT. Met de 
introductie van de 64 slice HRCT scan lijkt het mogelijk om ultradunne coupes te 
maken met een hogere resolutie, mogelijk door verminderde elektrode artefac-
ten. In deze studie hebben we een vers humaan os temporale en een humaan 
kadaver hoofd geïmplanteerd en direct hierna gescand. Het bleek goed mogelijk 
ieder afzonderlijke elektrode individueel te identificeren met HRCT. Door de kleine 
elektrode artefacten konden we, na mid-modiolaire reconstructie, de intracoch-
leaire positie van de elektrode bepalen ten opzichte van de scala tympani en de 
scala vestibuli. Een scanprotocol wordt dan ook beschreven.



106

Sa
m

en
va

tt
in

g

Hoofdstuk 6 onderzoekt de relatie tussen elektrofysiologische testen en 
de elektrode positie na cochleaire implantatie. De ontwikkeling van nieuwe 
implantaten en moderne operatiemethoden zijn voornamelijk gericht voor het 
optimaliseren van de signaaloverdracht. Dit wordt bijvoorbeeld gezien bij de 
zogenaamde modiolus hugging implantaat ontwerpen. In deze studie hebben 
we vijf volwassen patiënten geïncludeerd. Zowel de elektrische impedantie als 
de ECAP werd bepaald direct na implantatie. De elektrode positie relatief ten 
opzichte van de modiolus werd vastgesteld middels HRCT en gecorreleerd aan 
de eerder verkregen elektrofysiologische data. Met HRCT bleek het goed moge-
lijk de volledige insertie van de elektrodedraad te visualiseren en te bevestigen. 
De individuele elektrode afstand tot de modiolus kon met name in het basale 
deel van de elektrodedraad worden bepaald. De meer apicaal gepositioneerde 
elektrodes konden niet afzonderlijk worden geïdentificeerd door beeld degrada-
tie als gevolg van het partial volume effect en metaal artefacten van de elektrode. 
We hebben geen corelatie kunnen vinden tussen de elektrische impedantie en 
elektrode afstand. Wel konden we een significante correlatie vinden tussen elek-
trode afstand en de ECAP. We concluderen dat de elektrode – modiolus afstand 
van belang is in de stimulatie van de gehoorzenuwvezels. In de toekomst zullen 
verdere ontwikkelingen in beeldvorming een beter beeld brengen van de relatie 
tussen elektrode positie en de elektrofysiologische functie.

Conclusies

1. Elektrische stimulatie leidt tot een lagere elektrode impedantie.
2. Het verschil in elektrode impedantie tussen de Nucleus straight elektrode 

en de Contour elektrode is voornamelijk het gevolg van hun verschillende 
elektrode oppervlakte.

3. Het meten van de ECAP dienst bij voorkeur plaats te vinden in de intraopera-
tieve fase.

4. Technologische ontwikkelingen in HRCT hebben geleid tot een verhoogde 
incidentie van het aantal IE malformaties, in cochleair implantaat kandida-
ten.

5. Na cochleaire implantatie is het spraakverstaan bij patiënten met een IE 
malformatie grotendeels vergelijkbaar met congenitaal dove patiënten.

6. Op intraoperatieve complicaties bij patiënten met een IE malformatie, zoals 
liquorlekkage, dient te worden geanticipeerd.
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7. Met HRCT is het mogelijk de intracochleaire positie van de cochleair implan-
taat elektrode te bepalen ten opzichte van de scala tympani en de scala 
vestibuli.

8. De elektrode – modiolus afstand is van belang in de stimulatie van de gehoor-
zenuwvezels.

Toekomstige ontwikkelingen

Gedurende de afgelopen twee decades heeft onderzoek op het gebied van 
cochleaire implantatie geleid tot nieuw vormgegeven implantaten, elektrode 
arrays en verdere miniaturisatie van elektronica. Daarnaast hebben verbete-
ringen in spraakprocessor strategieën geleid tot een grote vooruitgang in de 
spraakverstaan scores van CI gebruikers. De ontwikkeling van nieuwe spraakpro-
cessor afregelprocedures zal een belang onderzoeksdoel zijn. De conventionele 
aanpassingsprocedure, met subjectieve responsies, zal worden aangevuld met 
op ECAP gebaseerde afregelprocedures. Hiervoor zal de ontwikkeling van een 
geautomatiseerd ECAP meetsysteem noodzakelijk zijn.

Ontwikkelingen in HRCT hebben geleid tot een verbeterde beeldvorming van 
het binnenoor. Met de laatste generatie HRCT scanners blijkt het zelfs mogelijk 
de intracochleaire elektrode positie te bepalen. Met ontwikkelingen zowel op 
het gebied van hard- en software zal de spatiële resolutie verder verbeteren 
onder deze extreme contrast condities.
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Abbreviations

ACE Advanced Combination Encoder speech coding strategy
AGF Amplitude Growth Function
BTE Behind The Ear speech processor
C level Most Comfortable Loudness level
CG Common Ground stimulation mode
CI Cochlear Implant
CL Current level
CSF Cerebrospinal Fluid
CTDI Computed Tomography Dose Indices
CU Current Unit
EABR Electrically evoked auditory brainstem response
EAS combined Electric and Acoustic Stimulation
ECAP Electrically evoked compound action potential
EI Electrical Impedance
ESR Electrically evoked Stapedius Reflex
EVA Enlarged Vestibular Aqueduct
HRCT High Resolution Computed Tomography
IE Inner Ear
IP Incomplete Partition
MP1 Monopolar stimulation mode against submuscularly placed reference 

electrode
MPR Multi Planar Reformation
MRI Magnetic Resonance Imaging
MTP test Monosyllabic Trochee Polysyllabic test
NRI Neural Response Imaging
NRT Neural Response Telemetry
NVA test ‘Nederlandse Vereniging voor Audiologie’ open monosyllable test
RF Radio Frequency
SCD Semicircular Canal Dysplasia
SNHL Congenital Sensorineural Hearing Loss
SPEAK Spectral peak speech coding strategy
T level Threshold hearing level
WIAC Widened Internal Auditory Canal


