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Introduction 

INTRODUCTION 

Sensorineural hearing impairment is one of the most prevalent disabilities in the 

world Millions of adults and children suffer from this handicap Hearing 

improvement can be achieved surgically m a limited number of cases As most 

hearing losses are of sensorineural origin, only a hearing aid can compensate for 

the deficit in hearing In cases with total hearing loss, a conventional hearing aid 

transmitting the sound by air or bone conduction, is of no benefit In the early 

sixties, experimental studies were performed in which the auditory nerve was 

stimulated directly by an electrical current In the investigational phase in the 

seventies, studies focused on exploring the efficacy and the safety of partially 

implanted hearing protheses which stimulated the cochlear nerve electrically ° 2) 

This prothesis has become known as the cochlear implant Later, in the early 

eighties, large-scale clinical application began Since then, owing to the evolution 

of modern electronic devices, a variety of new cochlear implants have been 

developed and applied all over the world In the initial phase, only (postlingual) 

deaf adults were implanted(3) A few years later, implantation programmes were 

initiated for children Nowadays, the youngest children implanted are between 

one and two years old ( 4 ) The results in these children are very promising 

Cochlear implantation has gained worldwide acceptance for the rehabilitation of 

profoundly hearing-impaired subjects and approximately 20,000 subjects have 

been implanted throughout the world with varying levels of success regarding 

their hearing improvement(5 7) 

Fundamentally, the cochlear implant is an electronic device, which 

transforms acoustic vibrations into an electrical current that directly stimulates the 

surviving cochlear neurons of the eighth cranial nerve These electrical 

stimulations evoke action potentials in the auditory nerve, which results in the 

auditory perception of sounds Owing to direct stimulation of the cochlear nerve, 

most cochlear implant users perceive hearing sensations that could not be 

produced even with the most powerful conventional hearing aids Currently 

available cochlear implants generally succeed in providing the deaf subject with 

relevant acoustic information However, the maximum result, ι e good open-set 

speech recognition without the help of lip-reading, cannot be achieved by all 
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cochlear implant users Moreover, many crucial parameters that might predict 

hearing performance are still unknown (8 n ) 

COMMON TYPES OF COCHLEAR IMPLANT DEVICE 

During the past three decades, different types of cochlear implant have been 

developed These types can be classified into different categories according to the 

following specifications 

1- Devices with intra versus extra-cochlear stimulation, based on electrode 

placement either m the cochlea or outside, in the latter case usually against 

the round window 

2- Devices with percutaneous transmission using a plug connected between an 

internal receiver and an external processor, versus transcutaneous 

transmission using an electro-magnetic coupling (Figure 1) 

3- Devices with single-channel stimulation using one electrode, versus 

multichannel stimulation using an array of electrodes 

ΓΊ-^ 
LJ 

ΓΊ— 
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Speech 

Processor 

Speech 

Processor 

Externol 

Encoder 

Externol 

Slimulc-tor 

ПГ) LUJ 

External Internal 

Implanted 
Receiver 
Decoder 
Shrrulator 

Array 

vj 

Array 

vj 

Fig. I. 
Cochlear implant systems A system with a transcutaneous transmission link ¡s 
illustrated m the top panel, and a system with a percutaneous connector in the 
bottom panel, (reprint with permission). 
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As a result of almost twenty years of experience, the transcutaneous ïntra-

cochlear multichannel system has become the most popular In all such cochlear 

implant systems, an external microphone receives the acoustic information, which 

is led to a so-called speech processor Then accordmg to the processing strategy, 

the signals are analysed, encoded and transferred via an external transmitter to the 

internal receiver implanted in the retro-auricular region This information is 

subsequently decoded, leading to activation of certain electrodes 

Single-channel intra-cochlear system 

The first commercially available single channel cochlear implant device was 

developed by House and his group(12) in Los Angeles In 1984 after several years 

of clinical trials, market approval was received from the FDA for clinical use in 

profoundly deaf adults 

This system uses a relatively simple form of speech processing The speech 

is amplified, filtered and modulated The entire signal is delivered to the single 

electrode located m the scala tymparu within the cochlea Therefore, place coding 

of spectral information is not possible Instead, the time intervals between the 

action potentials in the absence of tonotopical organization is the important 

parameter in the coding 

During the initial period of cochlear implantation, a large number of CI 

candidates (adults and children) have been successfully implanted with this 

device However, as electrical stimulation with one electrode seems to have 

limitations in properly activating auditory neurones at frequencies (rates) of above 

200-300 pulses,0314) this system is no longer employed at most cochlear implant 

centres 

Multichannel intra-cochlear system 

Since the early eighties, several multichannel cochlear implants have been 

introduced (e g Figures 2A and 2B) The number of channels vanes according to 

the system The main advantage of using more than one electrode is the ability to 

stimulate different sites of the cochlea within the tonotopical organization of the 

organ All contemporary multichannel system use non-simultaneous stimulation, 

17 



Introduction 

Fig. 2A. 
The external parts (microphone, spectra-22 speech processor and transmitting 
coil) and the implantable part (receiver-stimulator) of Nucleus 22 channel 
cochlear implant system (reprint with permission). 

to reduce channel interaction, only one (biphasic) pulse is delivered at a time to 

one channel in a non-overlapping sequence. 

Different speech processing strategies have been developed for these 

systems. The FDA approved the first generation of multichannel systems in 1985, 

namely, the 22-channel Nucleus system developed by Clark and co-workers in 

Melbourne, Australia (Figure 3). This was the Wearable Speech Processor (WSP) 

using a feature extraction strategy by means of the selection of certain 

characteristics of the speech signal: the fundamental frequency F0 and the second 

formant F2 information. The F0 frequency was used as the scanning frequency. 

The electrode near the basilar membrane region and most sensitive to the 

determined F2 frequency, was stimulated. Later on, the system was updated by 
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Fig. 2B. 
Complete Clarion multi-strategy cochlear implant system (reprint with 
permission). 

also extracting F, from the signal and adding it to the coding strategy. This 

resulted in the so-called ¥0fFl/F2 feature extraction strategy. It was also 

considered whether there was any benefit in extracting the third formant F3 in 

order to achieve better perception of the consonants which have high frequency 

energy. The addition of the F3 was not commercially implemented, but another 

alternative was used: in three frequency bands, above 2 kHz, the "high frequency 

spectral peaks" were determined and the three corresponding electrodes were 

stimulated/15' This combination of using F Q / F , ^ feature extraction plus high 

frequency information is known as the Multipeak (MPEAK) strategy which was 

introduced in 1989 with the Mini Speech Processor "MSP" (Figure 4). This 

MPEAK strategy produced better results in speech perception.05' Limitations of 

19 



Introduction 

Wearable 
Speech Processor M'unì 

Figure 3. 
Different types of multichannel cochlear implant devices developed by the 
Nucleus cochlear implant system, (reprint with permission). 

the feature extraction procedure led to developing a more effective Spectral Peak 

(SPEAK) coding strategy.04 Instead of using F0 as stimulation rate, the rate is 

kept constant, at 250 Hz. Continuously, the spectral maxima in the speech signal 

are determined. An average of 6 maxima (maximum 10) are selected during each 

scan rate and the corresponding electrodes are activated. The actual number of 

maxima chosen is related to the signal level and spectral composition of the 

acoustic input. Speech recognition seems to improve with the use of the SPEAK 

strategy, especially in noisy conditions, because the information can be 

distinguished better from noise than with the MPEAK strategy.04 

A new speech processing strategy, known as Continuous Interleaved 

Sampling (CIS),(17) provides a fixed high scan rate when delivering the signal, 
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Fig. 4. 
Block diagram of a Mini Speech Processor (MSP) running the MPEAK strategy. 

coded in a sequence of pulses to the implanted electrodes (Figure 5). It has been 

shown that a high update rate, much higher than the 250 Hz used in the SPEAK 

strategy results in better speech recognition This is achieved firstly by limiting 

the numbers of channels of the system to 8 to 12 and secondly by reducing pulse 

width to less than 80 цэ per pulse.(17) 

It has been suggested that a 6 to 8 channel system with a high update rate 

seems sufficient (Figure 6). Introduction of more channels did not have any 

significant effect on the studied speech measures (18) One CIS device is the 8-

channel Clarion system (from the Advanced Bionics Corporation), which is 
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Fig 5. 
Waveforms produced by simplified implementations of CA and CIS strategies. 
The top panel shows pre-emphasized speech inputs. Inputs corresponding to a 
voiced speech sound (aw) and an unvoiced speech sound (t) are shown in the left 
and nght columns, respectively. The remaining panels show stimulus waveforms 
for CA and CIS processors The waveforms are numbered by channel, with 
channel I delivering its output to the apicalmost electrode. To facilitate 
comparisons between strategies, only four channels of CIS stimulation are 
illustrated here. The pulse amplitudes reflect the envelope of the bandpass 
output for each channel, (reprint with permission) 

available with the CIS strategy, but with also a conceptionally much more 

straightforward processing, known as compressed analogue (CA), see Figure 5 

With this CA strategy, the input signal is band pass filtered (eight adjacent bands) 

and after scaling, directly presented to the corresponding electrodes The CA 
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Fig. 6. 
Block diagram of a CIS processor. A pre-emphasis filter (Preemp) attenuates 
strong low frequency components in the speech input signal that otherwise might 
mask important high frequency components. The pre-emphasis filter is followed 
by six channels of processing. Each channel includes stages of bandpass 

filtering (BPF), envelope detection, compression and modulation. The envelope 
detector consists of a rectifier (Rect.) followed by a lowpass filter (LPF). Carrier 
waveforms for two of the modulators are shown immediately below the two 
corresponding multiplier blocks. The outputs are directed to electrodes EL-1 
through EL-6. (reprint with permission). 

processing strategy is characterized by simultaneous electrode stimulation with 

some retainment of the temporal information of the acoustic signal. Therefore, 

this system can be compared to the initial one-channel system, with the main 

difference that now the speech signal is presented via 8 intra-cochlear electrodes 

with their own frequency range, instead of one. 
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COCHLEAR IMPLANT PROGRAMME IN THE NETHERLANDS 

In the mid eighties, two hospitals in the Netherlands (University Hospital Utrecht 

and University Hospital Nijmegen in cooperation with the Institute of the Deaf in 

St Michielsgestel) started a cochlear implant programme The programmes 

received financial support from the hospitals and the Research Fund for 

Investigative Medicine Both centres worked together in the period from 1991 till 

1994 on a project investigating the results of cochlear implantation in a deaf adult 

population, they then made suggestions for implementation in the Dutch health 

care system The benefit of using a 22-channel CI (Nucleus Mini System) was 

investigated in postlmgually deaf adults The mam outcome of this project was 

that there was significant improvement in auditory performance (9,9) Improvement 

in the quality of life was also found In 1993, the Nijmegen/St Michielsgestel 

team started a project involving cochlear implantation in children Auditory 

function, speech and language development of 20 children implanted with a 22-

channel CI (Nucleus Mim system) were evaluated Significant benefit was found 

in terms of speech perception and language development in these children (2021) 

Figure 7 shows the number of subjects (adults and children) in the 

Nijmegen/St Michielsgestel cochlear implant programme who have been 

implanted per calendar year since 1987, while Figure 8 shows two children with a 

cochlear implant Table I indicate the types of cochlear implant used 

COCHLEAR IMPLANT PROGRAMME IN SAUDI ARABIA 

All types of medical service including implantations are offered free of charge to 

all Saudi citizens and foreigners m need living in Saudi Arabia 

Cochlear implantation started in the early nineties in Saudi Arabia 

Presently, there are three government CI centres in the capital and western 

region, financially supported by the Royal Cabinet and Ministry of Health The 

largest centre is in King Fahd Hospital located in Jeddah 

Like the policy of other CI programmes throughout the world in the initial 
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Figure 7 
The number of subjects (adults and children) implanted in Nijmegen in the 
penodfrom 1987 to 1997. 

phase, the Saudi CI programme started with postlingual cases. Until now, the 

approximate number of implanted postlingual deaf subjects is 108 children and 

adults, in whom the results are satisfactory. The rehabilitation programme starts 

one month postimplantation with speech tests in an Arabic version, which has 

been standardized by the Cochlear Company/22' 

The first results revealed difficulties in continuing the CI programme in the 

Saudi society for several reasons The most impeding factor is the large distance 

between the main cities (hundreds, or even more than a thousand km) which 

makes it difficult for CI users to attend the rehabilitation programmes, especially 

children who need a parent attendant. Further, the absence of supporting services, 

such as audiology and speech therapy clinics, plays a role especially in small 
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Fig. 8. 
Two children with a cochlear implant from Nijmegen-St. Michielsgestel series. 

cities. In addition, some CI users seem to underestimate the lengthy rehabilitation 

procedures and lack home training by the relative (only relying on hospital 

training). 

To improve the programme, it has been suggested that rehabilitation centres 

for CI users should be established throughout the Kingdom. Counselling of CI 

candidates about the importance of the rehabilitation procedures is needed in 

such cases.(22) 
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Iiitroduclioii 

AIM OF THE THESIS 

During the past 10 years a multitude of articles and books has been published on 

many different aspects of cochlear implantation The aim of the thesis was to 

review the results of the Nijmegen/St Michielsgestel cochlear implantation 

programme (Chapter 1) Further, several problems are addressed which are 

related to preoperative measurements for subject selection and prediction of the 

postimplant results both in prelingually and posthngually deaf subjects 

Maturation of the peripheral auditory system takes place during the first few 

years of life (23) Several studies have shown that post and prelingually deaf 

children can experience significant benefit from a cochlear implant(24 27) 

However, the progress of the prelingually deaf children seems to be slower than 

that of the posthngually deaf children (26) This may be explained by the lack of 

previous auditory experience, resulting in an immature neural system 

Furthermore, the long duration of deafness seems to have a negative effect on a 

child's performance(2427) Results of studies on congemtally deaf subjects 

implanted during adulthood showed that even in the long-term, they remained 

poor performers(28) Whether an upper age limit should be considered in 

congemtally deaf subjects is still unclear In relation with this, we performed a 

more detailed study on the speech perception performance of a group of 

congemtally deaf adults, adolescents and children whose age at the time of 

cochlear implantation ranged from 4 to 33 years (Chapter 2) 

One of the other problems encountered by cochlear implant teams is difficulty 

with programming the device in very young children, due to a lack of auditory 

feedback from the child Several investigators compared electrical auditory brain 

stem response (EABR) thresholds to behavioural thresholds and comfortable 

loudness levels in cooperative CI subjects (2930) Results showed wide variation 

across the subjects Further, the EABR is susceptible to contamination by 

nonauditory potentials, e g electromyogemc and stimulus artifacts (31) In some 

cases, an EABR was absent despite the fact that the cochlear implant user was a 

good performer In a previous study by Van den Borne02' on posthngually deaf 
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adults cochlear implant users, EABR thresholds were found to vary widely within 

the subjects' dynamic range, while electrical stapedius reflexes (ESR) were better 

grouped close to the comfortable loudness level To study the relationship 

between the ESR and the comfortable loudness level m children, it was decided 

to measure the stapedius reflex during surgery The ESR was evoked by electrical 

stimulation through the implant device This set-up was chosen to protect the 

child from possible overstimulation The relation between ESR thresholds and the 

comfortable loudness levels established later were studied, as well as the effect 

that different volatile anaesthetic agents had upon the ESR (Chapter 3) 

Auditory skills after cochlear implantation vary widely among users, thus the 

limited predictability of cochlear implantation efficacy m individual subjects 

continues to be a problem Loss of integrity of the auditory neural system due to 

the disease that caused the deafness, or due to auditory deprivation, may play a 

significant role in speech performance Objective electrophysiological 

measurements of auditory evoked potentials may help to explore the unresolved 

issues of auditory sensations from a peripheral bram stem level to a cognitive 

cortical level(33) Much progress has been made m research mto auditory evoked 

potentials in recent decades, while computerized equipment for recording these 

has made such measurements useful for clinical application Various 

electrophysiological auditory potentials have been mvestigated EABR, 

electrically evoked middle latency response (EMLR) and electrically evoked late 

latency response (EALR) In the literature, EABR and EMLR measurements have 

been applied preoperatively by using a temporary transtympanic electrode 

intraoperatively and postoperatively through the cochlear implant(293435) Only a 

few studies addressed the relation of such measurements and speech 

perception (8 36) 

Apart from auditory nerve survival and brain stem function, processing in the 

auditory cortex may play a role in the unexplained variability in CI benefit Some 

investigators proposed the use of event-related potentials (P300) for the 

evaluation of cochlear implant users (3738) To gain more insight, one of the main 

research efforts underlying this thesis was to investigate the relation between 
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evoked auditory potentials and postoperative speech perception performance 

Therefore, EABR and P300 responses were studied in experienced postlingually 

deaf adult multichannel CI users and related to their documented speech 

perception scores A distinction was made (based on speech perception results) 

between a group of good performers and a group of moderate performers 

(Chapter 4) 

Theoretically, it can be assumed that there is a relation between peripheral and 

central auditory pathways, which means that pronounced EABR may reflect 

pronounced EMLR and pronounced EALR, and therefore good speech 

perception In order to study this, correlations between EABR, EMLR and EALR 

measurements and speech perception results were evaluated (Chapter 5) 

Generally, significant relations were found between EALR and P300 on the one 

hand and speech perception on the other in our studies So far, several studies 

have been performed on P300 measurements using intracochlear stimulation in 

implanted subjects ( 3 7 3 8 ) The determination of EALR and P300 by means of extra-

cochlear stimulation remains questionable In an attempt to find out whether it is 

possible to record the P300 preoperatively by extra-cochlear stimulation through 

an electrode placed near the round window mche and to study P300 in relation 

with speech perception abilities, a group of 5 adults implanted with an extra-

cochlear implant device were investigated (Chapter 6) 

In chapter 7 the overall results of the investigations are discussed and some 

suggestions are made for future research 
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ABSTRACT 

The field of cochlear implantation is developing rapidly In 
subjects with bilateral profound deafness who gain no benefit 
from conventional hearing aids the aim of cochlear 
implantation is to provide a means for them to receive 
auditory sensations Throughout the world, most cochlear 
implant centres are still continuing their research efforts to 
improve the results with this technique. Although it is stül 
difficult to predict how an individual will perform with a 
cochlear implant, the success of cochlear implantation can no 
longer be denied In this paper, we review some recent papers 
and reports, and the results of the various Nijmegen cochlear 
implant studies Data about subject selection, examinations, 
surgery and the outcome are discussed Mostly, our results 
were in good agreement with those of other authors It can 
be concluded once again that cochlear implantation is an 
effective treatment for postlingually deaf adults and children, 
and for prelingually (congenital or acquired) deaf children 
with profound bilateral sensorineural deafness. 

Keywords: 
Cochlear implant, Adults, Children, Prelingual deafness, 
Postlingual deafness. 
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1.1 INTRODUCTION 

During the past three decades, remarkable progress has been made in the application 

of cochlear implantation, from a research stage to regular clinical application As a 

result of the pioneering work of House and coworkers, the American Food and Drug 

Administration (FDA) approved the single-channel 3M/House device in 1984 as a 

safe device tor implantation Later on, in 1985, the FDA also approved the 

multichannel device developed by Clark and coworkers at the University of 

Melbourne About 20,000 subjects have received a cochlear implant (CI) throughout 

the world up to the present time The main goal of CI application is to restore 

hearing in subjects with profound hearing loss and thus enhance their ability to 

participate in aural-oral communication 

Studies have revealed that the majority of CI users, with a prehngual or 

postlingual onset of deafness, obtain significant benefit from this prosthesis 

However, speech perception abilities vary widely, ranging from the simple detection 

of sounds to the recognition of normal open speech(l 2 3 " 5 ) Most users benefit more 

from their CI than from conventional hearing aids ( 6 7 8 9 ) The problem of variable 

speech perception abilities post-implant continues to challenge research teams and 

efforts are being made to find a means of predicting the result prior to cochlear 

implantation So far, no single preoperative factor has been found that can predict 

the outcome of cochlear implantation(1 B 10) However, it is known that some 

biographical factors, such as age at the onset of deafness and the duration of 

deafness, play a role ( 3 6 e " '2 ) To obtain a good result, it is generally reported that 

careful subject selection is necessary and that a rehabilitation programme should 

follow cochlear implantation Success in this field can no longer be denied in spite 

of initial scepticism in the scientific world and the deaf community l '3 H ) 

This paper presents an overview of the current concepts of cochlear 

implantation and reviews the results of CI studies at the University Hospital 

Nijmegen In Nijmegen, the cochlear implantation programme was initiated in 1987 

in close cooperation with the Institute for the Deaf in St Michielsgestel Initially, 10 

subjects received a single-channel device, later all subjects received a multichannel 

CI Until the end of July 1997, 105 profoundly deaf subjects have been implanted 

For more detailed data, see Table I 
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Table 1. 
Biographical data on the subjects who received a cochlear implant in Nijmegen till 
the end oj'July 1997. 

Number of subjects 

Sex Male 

Female 

Age at onset of deafness (range, yrs) 

Duration of deafness (range, yrs) 

Age at implantation (range, yrs) 

Prehngual No 

Mean age at onset of deafness (yrs) 

Mean duration of deafness (yrs) 

Mean age at implantation (yrs) 

Postlingual No 

Mean age at onset of deafness (yrs) 

Mean duration of deafness (yrs) 

Mean age at implantation (yrs) 

Adults and 

Adolescents 

57 

32 

25 

0 -62 

1 5-51 

14-68 

11 

04 

25 7 

26 1 

46 

27 8 

169 

44 7 

Children 

< 14 yrs 

48 

19 

29 

0 - 6.5 

1-13 5 

3 - 13 5 

39 

1 3 

53 

6 6 

9 

4 1 

4 2 

83 
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1.2 SELECTION CRITERIA AND PREOPERATIVE TESTS 

1.2.1 Preoperative assessments 

The field of cochlear implantation requires medical, audiological and 

psychological evaluation The principles of candidate selection are similar for adults 

and children A routine ENT examination forms the initial part of evaluation 

Previous radical mastoidectomy or tympanoplasty, without any long-term problems, 

are not considered as absolute contraindications ( l 5 1 6 ) 

In general, preoperative audiological assessment is considered as the major 

factor to determine the suitability of a subject for cochlear implantation The 

audiological test batteries for adults consist of audiometry, tympanometry and 

speech perception tests For younger children, play audiometry or visual 

reinforcement audiometry, tympanometry and speech perception tests are used 

Audiological assessment should confirm profound, bilateral sensorineural hearing 

loss, without useful residual hearing To determine the potential of any residual 

hearing, the use of powerful hearing aids with an appropriate auditory rehabilitation 

period is essential Generally, speech perception tests quantify a candidate's ability 

to use his/her residual hearing effectively Such data obtained preoperatively are also 

valuable as a reference for comparison with postimplant scores To confirm the 

results of behavioural hearing tests in children, objective electrophysiological tests, 

such as auditory brain stem response (ABR) and/or electrocochleography 

measurements, are often used ( n ,7) 

The radiologic evaluation includes high resolution computed tomography 

(HRCT) scanning which is a prerequisite to determine possible ossification of the 

cochlea and congenital anomalies as well as anatomical landmarks< 1 8 l 9 2 0 2 n 

Generally, ossification of the cochlea is not considered as a surgical contraindication 

for cochlear implantation (6 I 6 1 8 2 2 2 3) However, in such cases full insertion of the 

electrodes is not always possible and the results of implantation might be less 

optimal(24) Magnetic Resonance Imaging (МШ) has proved to be very useful for the 

preoperative evaluation of cochlear patency With this technique, it is possible to 

assess in more detail the inner ear spaces and fluids, and to image the cochlear nerve 

in its meatal portion ('9202125> Usually, in the younger children these measurements 

are performed under general anaesthesia 
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Subjects undergo psychological testing as part of the preoperative assessment, 

to rule out any severe problems The expectations and motivation of the subject and, 

m the case of children the parents, have to be realistic Parents and/or relatives share 

a major responsibility with regard to rehabilitation after implantation ( 6 2 6 2 7 ) 

1.2.2 Evolution in the selection criteria 

Over the years, the selection entena have changed as greater insight has been 

gained into the effect of several biographical factors upon CI performance Various 

studies have revealed that postlingually deaf adults perform better with their CI than 

prelmgually deaf adults °3) Therefore, nowadays prelingually deaf adults are usually 

discouraged from receiving a cochlear implant(1) 

The difference in performance between pre- and postlingually deaf children 

is far less pronounced (S 2δ 29) Prelingually deaf subjects who received an implant 

dunng childhood achieved a higher level of performance than those who received CI 

dunng adulthood(412) In deaf subjects, not only the time of onset of deafness has an 

effect on performance, but also the duration of profound deafness The shorter the 

duration of deafness, the better the auditory performance ( 8 1 2 n 1 5 2 9 ) 

Dowell et al(29) reviewed the speech perception results of all the children and 

adolescents (up to 19 years of age) implanted m Melbourne and Sydney In 

agreement with other authors, they observed that the range of speech perception 

performance was wide Their results mdicate that the age at onset of hearing loss and 

the age at the time of cochlear implantation do not have any significant effect on 

speech perception However, the duration of deafness and the duration of implant 

use had a highly significant effect A recent Dutch study on 34 postlingually deaf 

adults(10) has shown that all the subjects had better scores with their CI than with 

their previous conventional heanng aids Neither age at the onset of deafness nor the 

duration of deafness as such proved to be useful as predictors of success or for 

selection purposes However, the duration of deafness was related to the amount of 

rehabilitation that was needed after implantation 

Originally, the audiological criteria were defined by total deafness and 

absence of any discrimination of speech sound During the last years a shift is 

observed towards accepting subjects with limited speech discrimination (less than 
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30%) in their optimally aided condition(48) 

In the recent literature, the youngest children implanted were younger than 2 

years Implantation at such a young age is only feasible if profound bilateral 

sensorineural hearing loss can be diagnosed with complete certainty and the child 

has no benefit from conventional hearing aids Cochlear implantation at a young age 

will diminish the negative effect of auditory deprivation In the case of meningitis, 

if implanted very soon it might help to prevent labyrinthitis ossification which would 

impede later implantation Cohen and Waltzman(H) reported that eight children of 

younger than 2 years received a CI at their institute They all showed significant 

benefit The Hannover group has also implanted such young children, with 

encouraging results Nevertheless, more data are required to show the benefits of 

early implantation and these may help to guide future policy 

1.3 SURGERY 

1.3.1 Surgical technique 

CI surgery can be performed successfully in adults and children, in spite of 

some difficulties, particularly with an ossified cochlea (22233031> Access to the cochlea 

is obtained through a mastoid and facial recess approach, as is also used in surgery 

for chronic otitis media In adults, the receiver-stimulator is positioned just above 

and behind the pinna In young children, the position is moved slightly downwards, 

in order to reach a more suitable flat part of the skull The incision should be made 

at least 1 cm away from the planned site for the internal receiver Several types of 

skin flap design have been advocated, the basis for the designs is to maintain a good 

vascular supply to the flap 

In Nijmegen, two types of incision are used An endaural incision (Figure 1 A) 

or a retro-auricular incision (Figure IB), both curve upwards and backwards, high 

over the parietal region In children, the surgical procedure for cochlear implantation 

differs slightly (133032) This is due to the smaller dimension of a child's skull, the 

thinness of the skin and the later growth of the skull Therefore, the incision is made 

right down to the bone The temporal muscle is lifted from the parietal portion of the 
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(IA) 

I , ι· 
/ 

(IB) 

Figures IA and IB 
Diagram of an endaural incision (Fig l A) anda retro-auricular incision (Fig IB) 
employed for cochlear implantation Condensed dots indicate the site of placement 
of the receiver. 
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temporal bone with the subcutaneous tissue and skin as a single layer flap, rather 

than separating and removing the muscle from the tissues as is done in adults This 

surgical modification minimizes problems with wound healing and possible electrode 

extrusion 

After elevation of the skin flap, the dura mater is sometimes exposed when 

drilling the well for placing the receiver-stimulator, especially in young children It 

is usually necessary to gently push the dura mater down with a thin piece of bone to 

accommodate the receiver coil After mastoidectomy, a facial recess approach is 

used to gain access to the middle ear and round window ruche ( 3 0 3 1 3 2 ) The facial 

recess is opened, the facial nerve is skeletomzed avoidmg exposure of the nerve 

sheath Cochleostomy can be performed in two ways through the promontory 

anterior to the round window membrane or through the round window membrane 

itself(32) Care should be taken not to mistake a hypotympanic cells for the round 

window niche This is necessary to avoid insertion of the electrode array into a 

hypotympanic cells rather than into scala tympani, which is a unacceptable 

complication The electrode array should be inserted gently to prevent damaging to 

the delicate cochlear structures as much as possible Rogowski et al ( 3 3 ) introduced 

the technique of soft surgery minimizing the damage to the inner ear structures 

Ossification of the cochlea, as is often found in post-meningitis cases, needs 

drilling to open the scala tympam for electrode insertion In the majority of cases, 

limited drilling in the basal turn will result in an open scala tympani and full insertion 

of the electrode array In some cases the scala vestibuli will be open and allow a full 

insertion In some cases with severe ossification, extensive drilling is necessary If 

no lumen is found, only partial insertion will be possible (19) Hartrampf et aF23) 

reported that in cases with cochlear ossification, at least 7 electrodes of the Nucleus 

22-channel system can be inserted The problem of the completely obliterated 

cochlea has not been resolved Balkany et al ( 3 4 ) desenbed a technique using a 

complete drill out of the cochlea, however this does not seem to be the ultimate 

solution Recently, Med-El introduced a two-array system for the ossified cochlea 

After insertion, the cochleostomy is sealed with bone dust or soft tissue and 

glue In general, the electrode lead is placed in a grove created in the superior part 

of the mastoidectomy fossa and fixed in the fossa incudis This is because the 

distance from there to the round window does not change after birth The receiver-
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stimulator should be tied down securely 

1.3.2 Complications 

The surgical complication rate of the implant procedure is low, both in adults 

and children Largely, the complications are comparable with those of middle ear 

surgery In addition to surgical complications, device migration or failure may occur 

No major complications necessitating removal of the implant occurred in any of the 

105 subjects who received a CI in Nijmegen However, a few minor postoperative 

complications were found A mild postoperative wound infection occurred in one 

child, necessitating prolonged use of antibiotics, while another child had a surgical 

haematoma which was aspirated, one adult had a transient facial nerve palsy and two 

adults developed postoperative dizziness, one due to inadvertent anterior canal 

opening All these complications resolved satisfactorily by conventional medical 

treatment, the CIs were all functioning correctly In four children and one adult, only 

partial insertion of the electrode array was possible due to severe ossification of the 

cochlea 

Revision surgery can be performed either to upgrade the CI system or to replace a 

failing device Several studies have shown that it is possible to expiant and reimplant 

without damage to the cochlea or the auditory nerve (303235' 

In Nijmegen, four out of the 105 subjects were reimplanted one because the 

electrode was inadvertently placed m a hypotympanic cells and three to upgrade the 

system from a single-channel device to a multichannel one Duration between first 

and second implantation in the latter three patients was 4 to 6 years Reimplantation 

was uneventful and the speech perception performance was better than with the 

previous CI This is illustrated in Figures 2A and 2B which show the one-year 

follow-up speech perception results with the first and the second implanted devices 

One-year postoperative results were not yet available from the third reimplanted 

subject 
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Figures 2A and 2В 
The speech perception scores of two CI users who were reimplanted. The gray bars 
indicate the scores obtained with the previous system; the black bars indicate the 
scores obtained with the multichannel Nucleus system. The data were obtained one 
year after the implantation. 
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Table II. 

Preoperative high resolution computed tomography findings in 100 subjects (with 

different etiologies) for cochlear implantation related to the surgical findings 

HRCT 

True False True False 

Etiology positive positive negative negative Total 

Meningitis 9 19 0 17 45 
Otosclerosis 1 1 0 2 4 
Other etiologies 0 51 0 0 51 

Total number 10 71 0 19 100 

44 



CI A review or the literature 

2.3.4 Electrophysiological measurements 

To achieve the best results with a CI, it is important to adjust the processor 

output to the user's dynamic range This may be a problem in young children (37) To 

tackle this problem, several mvestigators performed measurements to assess 

threshold and comfortable levels directly after placement of the CI, while the child 

was still under general anaesthesia For this purpose, electrically evoked ABR 

measurements (EABR) and/or electrically evoked stapedius muscle reflex (ESR) 

measurements were preformed ('722373e> A study was performed in Nijmegen to find 

out which measurement was the most sensitive Therefore, postoperative EABR and 

ESR thresholds were determined It was found that the EABR thresholds vary 

widely within the subject's dynamic range, whereas the ESR thresholds lay m a more 

limited part of the subject's dynamic range (39> So, the determination of ESR 

thresholds seemed to be the better choice 

A technical restriction of the EABR measurement is that it is more susceptible 

to noise and electrical artifacts than the ESR measurement A specific problem with 

intraoperative ESR measurement is that anaesthetic agents influence the 

outcome (3840) To illustrate this, Figure 3 shows an example of ESR thresholds 

recorded mtraoperatively During the measurement, the concentration of an 

anaesthetic agent (Halothane) was increased and later readjusted to the original 

level A significant effect of the Halothane concentration was seen The Figure 3 also 

shows the postoperative value obtained at six months after device fitting In general, 

postoperative ESR thresholds were lower than those measured during surgery(38) 

Owing to the technical restrictions and the poor relationship with the behavioural 

results, intraoperative EABR and ESR data should be used with caution for device 

programming 

1.4 REHABILITATION 

The aim of the rehabilitation programme is to achieve optimal use of a CI 

New auditory abilities should be used to develop new auditory and communication 

skills Generally, speech perception skills improve after cochlear implantation 
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Continuation of learning in meaningful situations in daily life, also after the initial 

rehabilitation period, contributes to the optimal use of a CI.(27) 

Collaboration of the CI team with tutors in a setting for the deaf is essential 

especially for children. If a child does not receive rehabilitation and encouragement 

for spoken language, the outcome of cochlear implantation is likely to be 

disappointing. In cooperation with the Institute for the Deaf in St. Michielsgestel, the 

initial rehabilitation period in Nijmegen takes two weeks. After this period, CI users 

return once every month for tutoring for at least one year. After rehabilitation, they 

should be able to continue learning at home and at school, at their own speed and in 

their own manner. 

Measurement (% Halothane) 

Figure 3. 
A typical example of electrical evoked stapedius reflex thresholds (ESRT) recorded 
intraoperatively from electrodes 5 and 15, while the concentration of the 
anaesthetic agent (Halothane) was varied from 0.6% (IO J) to 2.0% (102) and back 
again to 0.6% (103). Postoperative results obtained 6 months after device fitting 
are also indicated. 
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1.5 EVALUATION 

1.5.1 Outcome of cochlear implantation in adults 

Summerfield and Marshall(8) found that the majority of posthngually deaf 

adults who received a 22-channel CI at several CI centres in the United Kingdom 

experienced significant benefit After two-years follow-up, the Iowa group0 υ found 

largely a comparable result in their study on 82 posthngually adults, with the greatest 

benefit in posthngually deaf adults with a short duration of deafness 

The Nijmegen CI team evaluated the speech performance of prehngually and 

postlingually deaf adults who had received either a single-channel or a multi-channel 

CI<3) Speech perception tests were performed at various intervals during a two-year 

follow-up period The most significant improvement in speech perception 

performance was observed in the postlingually deaf adults who were using a 

multichannel CI These users were the only ones to achieve open-set speech 

recognition Nevertheless, the average performance of the prehngually deaf CI users 

with either a multi or single-channel device was significantly above chance on both 

the pattern recognition and sound discrimination tasks Nowadays cochlear 

implantation m preluigually deaf adults is discouraged because of the limited benefit 

However, in special cases, for instance in prehngually deaf adults with impaired 

vision (Usher's syndrome) a CI may be an important supportive tool ( 3 ) In a second 

study on a larger number of postlingually deaf adult CI users (n=34), a sentence 

recognition test on a video was used All the subjects were examined at 6 and 12 

months postoperatively The scores were recorded m three modalities visual only, 

auditory only and audio-visually Preimplantation, the subjects were evaluated in 

visual mode only (The auditory and audio-visual mode tests were excluded because 

some of the subjects were not usmg appropriate hearing aids due to a lack of 

benefit) The results are shown in Figure 4, which clearly indicates the improvement 

in speech perception with increasing follow-up In summary, it can be concluded that 

adults with postlingual deafness experience significant benefit from cochlear 

implantation and they show better results than adults with a prehngual onset of 

deafness This is m agreement with the conclusion drawn in the NIH report (1995) 
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Figure 4. 
The 6 and 12 month postoperative mean speech perception scores of CI users 
implanted in Nijmegen. The white bar represents the speech recognition scores with 
lip reading (visual mode) only; the gray bar represents the scores with no lip 
reading (auditory mode) only; the black bar represents the auditory-visual mode 
scores. Scores in the visual condition only were also obtained before surgery. 

1.5.2 Outcome of cochlear implantation in children 

Several studies have focused on speech perception skills in children with a CI 

Gantz et al.(28) studied the benefit of the Nucleus multichannel CI in 54 children. 

They found that the speech perception skills of postlingually deaf children improved 

significantly in the first year after implantation. The prelingually deaf children 

progressed at a slower rate than their postlingual counterparts However, some of the 
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prehngually deaf children attained comparable and in some instances even better 

speech understanding than some of the posthngually deaf children These authors 

also observed that speech perception and production continued to improve over the 

5-year follow-up period Waltzman et al(2) analysed the postoperative speech 

performance of 14 congenially and prehngually hearing impaired children whose 

age at the time of cochlear implantation was younger than three years The results 

indicated that all the children developed good auditory skills In addition, they 

concluded that congenitally and prehngually deaf children should receive a CI at an 

early age, because it will be more beneficial for the development of speech 

perception and because there was no difference in performance between the 

congenital and prehngual groups It has become firmly established that the 

perceptual abilities of children with a CI continue to improve significantly over time 

This is in contrast with profoundly deaf children who use conventional hearing aids, 

as they show plateau scores(79) 

With regard to speech production, the earlier cochlear implantation is 

performed in children, the better their speech intelligibility Osberger et al<41) 

reported that children with early onset of deafness who were implanted before the 

age of 10 years demonstrated good intelligibility, whereas similar group of children 

who received a cochlear implant after the age of 10 years had the poorest speech 

intelligibility 

To achieve the best result, the electrode array should be inserted into the 

cochlea over its full length However, this cannot always be achieved in the case of 

severe ossification of the cochlea Nevertheless, Kemink et al(42) reported that the 

performance of children with partial insertion was comparable to that of children 

with full insertion However, other groups reported that partial insertion children had 

inferior results and required higher stimulation levels (13) Cohen et al(24) also found 

poor performance in most of their partial insertion subjects Nevertheless, in some 

of them, they found significant scores on the open-set speech recognition test 

Auditory skills of 20 children with acquired profound deafness caused by 

meningitis, implanted in Nijmegen with a Nucleus multichannel system were 

evaluated Four out of the 20 children had a partial insertion The other 16 children 

were divided into three groups according to age at the onset of deafness The first 

group comprised children who became deaf between 0 3 - 1 9 years, the second 
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group children who became deaf between 2 - 2.9 years and the third group 

comprised children who were 3 years or older at the onset of deafness. The scores 

obtained on a speech perception test battery were reduced to a single measure, called 

the "equivalent hearing loss" as described by Snik et al.(9) For this purpose, a large 

group of age matched severely and profoundly deaf children using conventional 

hearing aids were tested with the same speech tests Statistical methods were used 

to establish the relationship between the scores of the children using hearing aids and 

the degree of their hearing loss Then, this mathematical relationship was applied in 

reverse to convert the scores of a child with a CI into an "equivalent hearing loss" 

value.(9) Figure 5 shows the mean value of the "equivalent hearing loss" for the four 

groups of children with the CI Preoperatively, the "equivalent hearing loss" values 

were above 125 dB HL for all four groups, as is shown in the figure This indicated 

that on average, the children from all four groups were performing as poorly as the 

children in the reference group with hearing loss of above 125 dB HL During 

follow-up, remarkable improvements were observed in all four groups. 

The greatest improvement was observed in the group of children who became 

deaf after the age of 3 years. At 3-years follow-up, their scores were as good as 

those of children from the reference group with a hearing loss of 72 dB HL Broadly 

speaking, the children who became deaf between 2 and 2.9 years of age showed a 

similar curve, however, with a delay of 1 year. In the groups with full insertion, the 

children who became deaf between birth and 2 years of age showed the poorest 

performance Nevertheless, there was constant improvement during the whole 

evaluation period, with no signs of plateau scores in any of the three groups. 

The children with partial electrode insertion were the poorest performers 

Three-year follow-up results were available for two out of the four children (not 

presented in the figure); these two children did not show any further improvement 

by this stage These results and those of other studies (2'7,8) showed that significant 

but variable cochlear implantation outcomes can be achieved in children. Age at the 

onset of deafness and whether the electrode array is fully or partially inserted, play 

a role. 
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Figure 5. 
The mean "equivalent hearing loss" of four groups of children with a CI as a 

function of follow-up. The mean scores of the children with partial insertion (n=4); 
those of the children with acquired deafness between 0.3 and 1.9 years of age 
(n=5); those of the children with acquired deafness between 2.0 and 2.9 years of 
age (n=6); and those of the children whose age at the onset of deafness was above 
3 years (n= 5) are presented. At a follow-up of two years, standard deviations are 
indicated. 
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1.6 COST-EFFECTIVENESS CONSIDERATIONS 

It is known that cochlear implantation is a very costly procedure The cost of 

cochlear implantation includes the cost of preoperative assessment, device, surgery, 

rehabilitation and maintenance of the device The cost-effectiveness analysis is based 

on the relation between the resources consumed (cost) and the quality of life 

outcome (effect) The outcome is expressed as Quality-adjusted life-years (QALYs) 

Mostly, the QALY is a numerical health-utility factor ranging in value from 

0 (representing death) to 1 (representing perfect health) The value of the QALY 

incorporates change in quality of life that occurs from the treatment, and life-

expectancy This means that if a medical intervention prevents death and provides 

a patient with one year of perfectly healthy life, 1 QALY has been gained In 

contrast, treatment that improves the patient's general health and resume normal life 

is expressed as a proportional increase in QALY (43) The lower the cost per QALY, 

the better is the cost-effectiveness 

Wyatt et a l m analysed the cost-effectiveness of 301 postlmgually deaf adults 

Nucleus 22-channel CI users, who had been using their device for at least 2 years 

They calculated the cost per QALY offered by multichannel CI and the result was 

approximately 9 325 US$ The two major cost factors were the device and the 

surgery They concluded that cochlear implantation provides significant 

improvements m the quality of life and is quite cost-effective when compared to 

other accepted medical interventions in US 

In United Kingdom, cochlear implantation cost-effectiveness was studied by 

Summerfield and Marshall<8) Their calculation revealed that about 50% higher costs 

per QALY compared to that reported by Wyatt et al They conclude that cochlear 

implantation m Umted Kingdom is cost-effective and likely the costs may decrease 

as the implanting teams become more experienced and procedures more 

standardized (8) 
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1.7 CONCLUSION 

Nowadays, cochlear implantation is generally considered to be of significant 

value for posthngually profoundly deaf adults and children and also for prehngually 

deaf children Adequate rehabilitation is important for posthngually deaf subjects, 

but it is most crucial for prehngually deaf children to maximize the benefits of 

cochlear implantation The application of cochlear implantation to prehngually deaf 

adults has often been debated Although they may make very slow progress in 

speech recognition skills, they nearly always experience other basic benefits, such 

as improved sound awareness that assist their psychological satisfaction and help to 

meet safety needs This is important for profoundly deaf subjects who suffer from 

a progressive visual impairment like subjects with Ushers Syndrome 

Many studies reported that auditory performance with a CI vanes among 

individuals Till now, there is no completely satisfactory explanation for this 

observation However, performance seems to be best in individuals with a short 

duration of deafness, who acquired speech and language before their deafness 

occurred 

The outcome of partial insertion of multichannel electrode arrays is generally 

poorer than that of full insertion This will depend on the position and number of 

active electrodes It is still questionable whether cochlear implantation in a severely 

obliterated cochlea is worthwhile New development in implant design and coding 

strategies can be important to improve these results 

Over the years, inclusion and exclusion criteria have gradually changed with 

growing knowledge Generally, etiology and age at implantation as such do not seem 

to affect the post-implantation auditory performance However, the earlier the 

implantation the better the result, especially in prehngually deaf subjects Nowadays, 

most groups only use a limited number of exclusion entena The most important 

exclusion cntenon is the ability to utilize any residual hearing with well-fitted 

conventional heanng aids 
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Audiological results are the primary basis for patient selection Preoperative 

HRCT scanning is valuable to detect any bony ossification and anatomical 

abnormalities However, if the result is ambiguous, MRI may supplement HRCT 

scanning Generally, the surgical procedure to place a CI is uneventful 

Reimplantation has proved to be possible with good results 

Owing to technological evolution and an increase in experience, the era of 

cochlear implantation is advancmg rapidly New techniques may enable wider 

groups of pre and postlingually hearing impaired individuals to benefit from cochlear 

implantation 
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ABSTRACT 

The issue of whether an upper age limit should he set for 
cochlear implantation in congenitally deaf subjects has 
often been debated To gain more insight, the speech 
perception abilities were analysed of 12 congenitally deaf 
subjects whose age at the time of cochlear implantation 
ranged from 4 to 33 years Subjects implanted during 
adulthood only showed progress during the first few 
months after the speech processor had been fitted and their 
long-term results were poor compared to those of children 
implanted early in life This latter group showed steady 
improvement over the whole evaluation period The 
present results support the notion that the earlier in life 
implantation is performed, the better the development of 
speech perception Based on the progress-over-time 
profiles and data on actual daily use of the cochlear 
implant, it can be suggested that implantation of 
congenitally deaf subjects during or after puberty offers 
only limited benefit. 

Keywords: 
Cochlear implantation, Speech perception, Equivalent 
hearing loss, Age at cochlear implantation, Congenital 
deafness-



Speech perception in CI users 

2.1. INTRODUCTION 

Several studies have shown that most postlmgually profoundly deaf children 

benefit significantly from cochlear implantation(12 3 4) Generally, prelingually 

profoundly deaf children also show significant benefit, although they progress at a 

slower rate than the postlmgually deaf children <2456> Compared to postlingual, 

the results of the prelingually deaf children with a cochlear implant showed a 

"delay" of between 0 5 and 2 years (3) It has also become apparent that in children 

with acquired deafness, the age at onset of deafness or, in other words, the degree 

of previous auditory experience, affects their performance with a cochlear 

implant Furthermore, a long duration of deafness (the period between the onset 

of deafness and cochlear implantation) seems to have a negative effect on the 

child's performance ° "' There is consensus about the best time to implant 

prelingually deaf candidates, namely early in life, but there is no consensus about 

whether an upper age limit should be set 

In children with normal hearing, maturation of the peripheral auditory neural 

system takes place during the first few years of life (7) Concerning a critical period 

for language acquisition, it has been found that if there is "sufficient exposure to 

language, children normally acquire a first language within a short period of time, 

attaining near-native competence by approximately age 6 "(8) The learning of a 

first language is accomplished approximately at puberty (8) 

Based on such knowledge, some cochlear implant groups have suggested or 

have been applying upper age limits to prelingually deaf candidates for cochlear 

implantation(910) 

The issue of whether congenially deaf children will receive the same benefit 

from cochlear implantation as children with acquired deafness, has often been 

debated Unlike children with acquired deafness children with congenital 

deafness have had no (beneficial) previous auditory experience Gantz et al<3) 

studied the influence of age at the time of cochlear implantation on the 

performance of congemtally deaf children (n=44) and children with acquired 

prelmgual deafness (n=10) They reported that at first, the congemtally deaf 

children showed results that were at least as good as those of their prelingually 

deaf children with acquired deafness In addition, the age at the time of 

61 



Clinplcr 2 

implantation of the prelingually deaf cochlear implant users only had a slight 

effect on their performance with the cochlear implant They also found that the 

children implanted at an older age required more time to develop appropriate 

auditory and linguistic skills Therefore, they speculated that the negative effect 

of a relatively late age at the time of cochlear implantation on speech perception, 

reported by some groups/4 "' might not sustain with longer duration of cochlear 

implant use Contrastingly, studies on congenitally deaf subjects implanted during 

adulthood showed that even in the long-term, they remained poor performers (1213) 

Thus, there are indications that cochlear implantation in congenitally deaf 

subjects may be less effective after a certain age However, so far, there are 

insufficient data to support the implementation of an upper age limit 

This paper presents the speech perception abilities, as a function of the 

duration of implant use, of 12 congenitally deaf cochlear implant users The effect 

of the age at the time of cochlear implantation, which ranged from 4 to 33 years, 

on speech perception was studied The speech perception data were analysed as 

described previously to reduce the scores on a battery of speech perception tests 

to one single measure, called the "equivalent hearing loss"(14) For this purpose, 

speech perception test results obtained from a large group of severely and 

profoundly hearing impaired subjects with conventional hearing aids were used as 

a reference With statistical procedures, the relations between the test scores and 

the degree of hearing loss were established These relations were used in reverse 

to transform the scores of subjects with a cochlear implant into an "equivalent 

hearing loss" value This measure turned out to be a very convenient means of 

summarizing progress monitored with a battery of different speech perception 

tests and effective in handling bottom and ceiling test scores which inevitably 

occur when a broad battery of speech perception tests is used (15) The concept of 

"equivalent hearing loss" has been used before(,6) 
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2.2 POPULATION AND METHODS 

2.2.1 Subjects 

The study group comprised 12 multichannel cochlear implant users with 
congenital deafness and at least 20 months of implant use No further selection 
criteria were used Seven of the subjects were suffering from the Usher syndrome 
type I In one child, high resolution CT scanning showed a Mondira dysplasia of 
the cochlea with a normal aspect of the internal auditory meatus The other three 
subjects had congenital hereditary deafness Age at the time of cochlear 
implantation varied from 4 to 33 years The duration of implant use varied from 
2 0 to 6 7 years with a mean of 4 0 years The subjects had been or still were 
pupils of schools at which oral/aural communication was the primary mode of 
communication, except for one child who was attending a school which used total 
communication 

For reference purposes, the average scores of 10 children with a cochlear 
implant were used These children had become deaf in early life and had an 
etiology of meningitis The results of this reference group have been described in 
more detail elsewhere (15) Their age at the onset of deafness ranged from 0 3 to 3 
years (mean 2 1 years) and their age at cochlear implantation ranged from 4 to 7 
years (mean 5 9 years) 

All the subjects of the study and reference group were profoundly deaf, with 
hearing thresholds at 1, 2 and 4 kHz that exceeded 120 dB HL Psychological 
testing performed as part of the selection procedure showed normal non-verbal 
intelligence for all of them They were using the Nucleus multichannel cochlear 
implant with an MSP processor and they all had full insertion of the electrode 
array in the cochlea The stimulation mode was common ground, except for the 
adults, in whom bipolar+1 was applied Aided thresholds were measured, the 
average aided threshold at 0 5, 1,2 and 4 kHz at 1-year follow-up, ranged from 
30 to 45 dB HL (mean 36 dB HL), which was considered to be adequate (4) 

The speech perception tests were administered before cochlear implantation 
while the subject was still using his/her own conventional hearing aids, and at 3, 
12 and 24 months after the cochlear implant speech processor had been fitted 
The children were also tested at 6 and 18 months follow-up and five of them also 
at 36 months follow-up 
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2.2.2 Measurement procedure 

The tests that produced the "equivalent hearing loss" values were word 

discrimination, vowel discrimination, supra-segmental speech identification, word 

identification and open-set speech recognition tests (14) The test scores were 

clustered into three "composite" scores the basal speech perception score which 

comprised the scores on the speech discrimination and supra-segmental speech 

identification tests, the word identification score, and the open-set speech 

recognition score The composite scores of a large group of severely and 

profoundly hearing impaired children with conventional hearing aids, were used 

for standardisation purposes (14) Their individual composite scores were plotted as 

a function of hearing loss Best-fit curves were derived and used in reverse to 

transform the test scores of a subject with a cochlear implant into an "equivalent 

hearing loss" value In this way, each follow-up evaluation produced three 

"equivalent hearing loss" values, one for each composite score A previous study 

revealed that simultaneously obtained "equivalent hearing loss" values were 

statistically indistinguishable (15) Therefore, the average value, called the "overall 

equivalent hearing loss" value, was introduced As a consequence of the tests 

chosen for the test battery, the "overall equivalent hearing loss" can have values 

of between 50 and 130 dB HL (M> 

Prior to implantation, poor scores were obtained from all the subjects, even 

on basal speech perception tests This was no surprise, because the absence of 

any useful residual hearing was one of the inclusion entena for cochlear 

implantation Some of the subjects had even been unable to complete a single test 

because of poor hearing In those cases, the "overall equivalent heanng loss" was 

taken as 130dBHL 

2.3. RESULTS 

Fig 1 shows the "overall equivalent heanng loss" values as a function of the 

follow-up period, Fig la shows the results of four subjects who were implanted 

during adulthood, Fig lb shows the results of three subjects who were implanted 

64 



Spcccli perception in CI users 

130' 

120 

5110 
m 

s юо 
_ l 

I 
LU „ „ 
О 90 

80 

Y_ ^_ 

-

a 
I I I 

H — " _ - - • * 

I I I I I l I I 

0 0.5 1 2 

Follow-up (years) 

0 0.5 1 2 

Follow-up (years) 

65 



Chapter 2 

120 

¿110 
m 
S 100 
_ l 

S 90 

80 

\ч гк\ 

-\V 

c 
I 

^ \ 

I I I I 

;-C\ 

1 1 1 1 1 1 

0 0.5 1 2 

Follow-up (years) 

Fig 1. 
"Overall equivalent hearing loss" (OEHL) values of the congenitally deaf 
subjects as a function of follow-up. Fig la shows the results of the subjects 
implanted during adulthood, Figs lb and 1c show the results of the children 
implanted between 11-13 years and 4-8years of age, respectively. 
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between 11 and 13 years of age and Fig. lc shows the results of five children 

who were implanted between 4 and 8 years of age. 

The subjects implanted during adulthood showed obvious progress during 

the first few months of cochlear implant use, but it levelled off between 6 and 12 

months Initially, the children implanted between 4 and 8 years of age progressed 

more slowly; however, their progress continued over the whole evaluation period 

and there was no evident sign that any of them had reached a plateau score 

Although the scores of these two subgroups were comparable at 1 -year follow-

up, the scores of the subjects implanted during adulthood were noticeably poorer 

at 2-years follow-up. 

The results of the children implanted between 11 and 13 years of age, were 

in between. Two of these children showed improvement that continued after the 

1-year follow-up evaluation However, all three children had reached a plateau 

score (defined as less than 3 dB per year improvement in "overall equivalent 

hearing loss") during the follow-up period 

In Fig. 2, the average score of the congenitally deaf children implanted 

between 4 and 8 years of age and that of the children implanted between 11 and 

13 years of age are compared to the average score of the reference group In 

general, the congenitally deaf children implanted at a relatively young age 

performed just as well as the reference group. Contrastingly, the congenitally deaf 

children implanted at a somewhat older age progressed initially in a comparable 

way, but their average score seemed to level off after about the first one and a 

half years of implant use. 

Fig. 3 presents the improvement in the "overall equivalent hearing loss" for 

each individual congenitally deaf subject. The change over the first and second 

years after fitting of the speech processor are indicated, ranked according to age 

at the time of cochlear implantation. During the first year, most of the subjects 

showed a 15 to 30 dB HL improvement in their "overall equivalent hearing loss" 

value The child implanted at the youngest age showed the poorest rate of 

improvement. Poor linguistic abilities may have played a role. During the second 

year, no further progress was observed in any of the four subjects implanted 

during adulthood, nor in the subject implanted at the age of 13 years The other 

children showed continuing progress 
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Fig. 2 
The mean "overall equivalent hearing loss" (OEHL) of the group of congenitally 
deaf children implanted between 4 and 8 years of age (con 4-8) and between 11 
and 13 years of age (con 11-13) and the mean results of the reference group 
(refi versus follow-up. At two years follow-up, standard deviations are indicated. 

The results of the child implanted at an age of 8 years, the only child who 

was attending a school that used total communication, were well m line with 

those of the others 

Fig 4 presents the individual "overall equivalent hearing loss" values 

obtained at 2-years follow-up as a function of age at the time of cochlear 

implantation An obvious relation is present, the correlation coefficient is 0 73 

which is significant (P < 0 01) As the "overall equivalent hearing loss" had a 
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Fig. 3. 
Individuai change in the "overall equivalent hearing loss" (OEHL) over the first 
and second years of follow-up. The subjects are ranked according to their age at 
the time of cochlear implantation. 

maximum value, regression analysis was performed with a logarithmic 

expression, y = a log(x)+b was used as a first order approximation Fig 4 

presents the regression curve calculated m this way The regression analysis 

showed that age at the time of cochlear implantation accounted for 70% of the 

variance in the "overall equivalent hearing loss" value at 24 months follow-up 

When the two independent variables age at cochlear implantation and the 

average aided free-field threshold with the cochlear implant were combined, 77% 

of the variance was accounted for 
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Fig. 4. 
The individual "overall equivalent hearing loss" values obtained at 2-years 

follow-up (OEHL24), presented as a junction of age at the time of cochlear 
implantation. The broken line represents the calculated regression line. 

2.4. DISCUSSION AND CONCLUSIONS 

Compared to the subjects implanted during childhood, the results of the subjects 

implanted during adulthood were poor The "overall equivalent hearing loss" in 

the latter group one year after fitting the speech processor, was between 105 and 

115 dB HL, with no further improvement at the later evaluations The progress 

made was achieved during the first few months after implantation and 

surprisingly, all four subjects showed some deterioration during the second year 

of implant use Less intensive guidance by the cochlear implant team may have 

played a role Comparing these results to those of the subjects implanted during 
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childhood, it seems that a more advanced age at the time of cochlear implantation 

was unfavourable. Another factor that may have influenced this outcome is the 

mode of stimulation, which was common ground in the children and bipolar+1 in 

the adults However, research has shown that the mode of stimulation has no 

significant effect on speech perception performance,0·1 m addition, bipolar+1 

provides more local stimulation of the cochlea than common ground and is 

therefore considered to be more beneficial Therefore, if the stimulation mode 

played a role, it would have been to the advantage of the subjects implanted 

during adulthood. 

An important finding in the children implanted between 4 and 8 years of age 

was that their auditory skills continued to improve over a long period of time 

There were no evident signs of plateau scores, even after two years of cochlear 

implant use. This is in accordance with the results reported by Gantz et al °\ but 

in contrast with the results of pre and posthngually deaf adults who generally only 

showed improvement during the first year after implantation(13) 

When the average results of the children implanted between 4 and 8 years of 

age were compared to those of the reference group (children with acquired 

deafness, Fig 2), only minor differences were seen. This means that the 

hypothesis that children with acquired deafness may obtain better results because 

of previous auditory experience, was not supported by the present results. Similar 

findings have been reported by others (3,6,17) The fact that the results of the 

congenitally deaf children were better than expected, may be explained by the 

integrity of the peripheral auditory neural system.(18) In children with meningitis as 

etiology, the auditory neural system will be compromised as a direct side-effect 

of the disease, while this is not the case in children with congenital deafness 

Evidence to support this statement is found in measurements of electrically 

evoked compound action potentials085 and the stapedius reflex,(19) which suggest

ed that congenitally deaf children may have better eighth nerve survival than deaf 

children with an etiology of meningitis. 

Although the results of the congenitally deaf children implanted between 4 

and 8 years of age were generally comparable with those of the reference group, 

this was not the case in the children implanted at an older age (see Fig. 2) This 

finding is in contrast with the suggestion made by Gantz et al.(3) that the age of 
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prelingually deaf subjects at the time of implantation only has a minor effect on 

their performance with the cochlear implant. They speculated that although the 

children implanted at an older age may experience less benefit initially than 

children implanted at a younger age, the poorer performance might not be a 

permanent feature after a longer period of cochlear implant use This line of 

thought is not supported by the present results; Fig. 1 shows that the scores of the 

subjects implanted during adulthood and those of the three children implanted 

between 11 and 13 years of age reached a plateau score within the evaluation 

period. 

What about setting an upper age limit? As the scores of the poorer perfor

mers levelled off within two years of cochlear implant use, the "overall equivalent 

hearing loss" value obtained from the 2-years follow-up data seems to offer a 

means of answering this question After two years of implant use, nine out of the 

ten children in the reference group had an "overall equivalent hearing loss" of less 

than 100 dB HL. Miyamoto et al.,(5) who also compared the speech perception 

results of prelingually deaf children to those of hearing aid users, found that the 

speech perception of prelingually deaf children after 2 5 years of implant use was 

comparable to that of a group of "golden" hearing aid users "Golden" hearing aid 

users are subjects who use hearing aids and have hearing thresholds of between 

90 and 100 dB HL. Therefore, the choice of an "overall equivalent hearing loss 

value" of 100 dB HL or less at 2-years follow-up seems reasonable If, with the 

aid of the regression line in Fig. 4, we transform the 100 dB value into the "age at 

the time of cochlear implantation", then this age is approximately 12 years Some 

additional support for this age criterion lies in the actual use of the cochlear 

implant. At the latest evaluation, three out of the five subjects implanted after the 

age of 12 years were using their device occasionally, while the seven subjects 

who were implanted before that age were using their device on a daily basis for at 

least 8 hours per day. Furthermore, the age of 12 years seems to be in agreement 

with the end of the period in which children with normal hearing learn a first 

language(8) Nevertheless, this age limit should be considered with caution, 

because of the scarce data Implantation at an early age, e.g., at 5 or 6 years, as 

has been advocated by some groups, (9,10) is preferable, but there is insufficient 

evidence to justify excluding all the older congemtally deaf children 
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In conclusion, the "overall equivalent hearing loss" of congenially deaf 

cochlear implant users plotted as a function of follow-up showed intenndividual 

variance Age at the time of cochlear implantation and the level of the aided 

hearing thresholds accounted for most of this variance In agreement with other 

studies, our results showed that the earlier implantation is performed, the better 

the speech perception results The congerutally deaf subjects implanted during or 

after puberty experienced only limited benefit from their cochlear implant 
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ABSTRACT 

Objective : The goal of this study was first, to determine 

the effect of the concentrations of volatile anaesthetics 

(Halothane and Isoflurane) on the intraoperative elicited 

electrical stapedius reflex threshold (ESRT) and, second, 

to evaluate the relation between the ESRTs and 

postoperative C-levels. 

Study design: This was a prospective clinical study, in a 

single subject design. 

Setting: University Hospital Nijmegen, which is a tertiary 

care and advanced cochlear implant centre in the 

Netherlands 

Subjects: The study population comprised 13 deaf 

children (six males and seven females) undergoing cochlear 

implantation. 

Results: In most of the children, increasing the 

concentration of volatile anaesthetic agent resulted in 

higher stapedius reflex threshold. After correction for this 

effect, a good relation was found between ESRT and C-

level in all children, except one. 

Conclusion: The outcome of this study support the 

determination of intraoperative electrical stapedius reflex 

thresholds for programming of the speech processor, post 

surgery. 

Key Words: 

Stapedius reflex, C-levels, Cochlear implant, Halothane, 

Isoflurane, Anaesthetic gas concentration. 



Stapedius reflex measurement 

3.1 INTRODUCTION 

With a cochlear implant the auditory nerve is stimulated electrically As the 

response to electrical stimulation is different among subjects, it is important to 

adjust the stimulation level to the subject's dynamic range Therefore, the 

subjective behavioural threshold (T-level), the most comfortable loudness level 

(C-level) and eventually, the uncomfortable loudness level (U-level) should be 

known Usually, the application of psychoacoustical tasks to obtain T-, C- and U-

levels in adults does not give any problems However, in children it may be 

troublesome, or even impossible especially in very young children who are not 

able to perform such tasks appropriately Consequently, the utilization of 

objective measurements seems to be worthwhile in children to estimate the T-

and C-levels 

Several objective measurements have been developed and utilized with 

cochlear implant (CI) subjects One of these measurements is the electrically 

evoked stapedius reflex (ESR) measurement(15) Various studies have been 

performed either intraoperatively or postoperatively to establish the relation 

between the electrically evoked stapedius reflex thresholds (ESRT) and T- and/or 

C-levels (23678) 

Jerger et al ( n were the first to report that it is possible to elicit a stapedius 

reflex from a profoundly deaf subject with mtracochlear electrical stimulation 

They concluded that the electrode position and stimulation mode affected the 

stapedius reflex amplitude, but the latency was independent of electrode position 

and stimulus mode The Hannover group(2) investigated ESRs in the ear 

contralateral to the implant in 25 CI users with different etiologies of deafness 

ESRs could be elicited m 19 (76%) of their subjects When analysing the site of 

stimulation in the cochlea, they found that more pronounced ESRs could be 

elicited at the apical electrodes and with less stimulation current than at the basal 

electrodes The ESRs obtained in this way were between 70 to 80% of the 

subject's electrical dynamic range The reason why an ESR could not be elicited 

in 6 (24%) of the subjects was ascribed to the limitation of the stimulation 

intensity, which was limited to the known C-level plus 10% of the subject's 

dynamic range 1 hey concluded that the ESRT can be used for programming the 
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speech processor Spivak and Chutem also studied the relation between the 

postoperative contralateral ESRTs and C-levels in 35 (16 adults and 19 children) 

CI users with different etiologies They could not elicit an ESR in seven children 

and four adults Absence of the reflex ш five children was ascribed to cochlear 

ossification However, they did not find any obvious reason for the absence of the 

reflex in the remaining two children and four adults In the other CI users, the 

ESRTs were close to the C-levels, with a large spread in the results In 

conclusion, a moderate relation was found between C-levels and postoperative 

ESRTs Although the ESRTs were not accurate enough to predict the C-levels, 

they suggested that ESRT data might be useful for speech processor fitting 

purposes in children, provided they are applied with caution A moderate relation 

was also found between postoperative ESRTs and C-levels by Van den Borne et 

al ( 6 ) On average, ESRTs were found at 68% of the dynamic range between the T-

levels and U-levels However, in several of their cases the ESRT overestimated 

the subjective C-level 

It has been suggested to measure the ESR under anaesthesia<2) These 

intraoperative values might be useful as predictors for the postoperative C-levels 

However, anaesthetic agents can affect the intraoperative ESR Owing to the 

properties of anaesthetics and muscle relaxants, it seems reasonable to assume 

that the intraoperative ESRT may be increased or even sometimes blocked Some 

studies have been carried out to determine whether such an influence exists in 

subjects with normal hearing'910> and m subjects undergoing surgery for cochlear 

implantation ( , , 7 8 ) Farkas(9) found that after the administration of some intravenous 

anaesthetic agents like Ketamin-hydrochlonde and Alphaxalone-alphadalone 

acetate, the acoustic stapedius reflex could be elicited without any change m the 

reflex threshold However, after the intravenous administration of anaesthetic 

agent such as Propanidid and Tiobutabarbital, the reflex was absent In contrast 

with this, Dine and Nagel(,0) found that the anaesthetic agent Ketamin-

hydrochlonde in combination with Halothane raised the acoustic stapedius reflex 

threshold However, Propanidid and Alphaxalone-alphadalone acetate have been 

withdrawn from the market and Ketamin-hydrochlonde is rarely used for 

anaesthesia in most western countnes Gnadeberg et al ( 4 ) investigated the 

influence of seven anaesthetic agents, without muscle relaxants in adults with 

normal hearing and in subjects who were undergoing CI surgery They compared 
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the intraoperative reflex thresholds to data obtained postoperatively The results 
of the comparison showed that after the intravenous administration of the 
anaesthetic agents Midazolam and Methohexital, the postoperative stapedius 
reflex thresholds either did not change or they increased slightly However, after 
the administration of Isoflurane and the anaesthetic agents Propofol and 
Thiopental, the ESRTs increased They suggested that with the accurate selection 
of anaesthetic agents, ESR data obtained intraoperatively can be used for later 
speech processor adjustment An intraoperative ESR study on 13 children who 
were undergoing CI surgery was earned out by the Nottingham CI team (7) 

However, the influence of the anaesthetic agents was not studied Out of the 121 
electrodes tested, an ESR could be elicited at 100 electrodes (83%) In each 
child, the average C-level of first mapping across the electrodes was between 47 
and 90% of the ESRT level, with a mean of 75% They reported that ESRT 
values were helpful during the initial fitting of the device 

In the early nineties, a paediatnc intraoperative measurement protocol was 
established in Nijmegen This comprised ESR and electrically evoked auditory 
brain stem response (EABR) measurements, which were performed immediately 
after cochlear implantation These measurements were taken, first, to conform the 
integrity of the device and second, to obtain information which might be useful 
for later speech processor programming In a previous paper, Van den Borne et 
al(8) reported on the intraoperatively measured ESRTs in 19 children who were 
receiving Halothane or Isoflurane It was suggested that the concentration of 
these anaesthetic agents had a significant impact on the ESRTs 

In the present study ESRs were obtained intraoperatively from 13 children 
who were undergoing surgery for cochlear implantation ESRTs were recorded at 
least three times with different concentrations of the volatile anaesthetic agents 
(either Halothane or Isoflurane) As volatile anaesthetic agents have a depressive 
effect on the central nervous system, it was expected that the stapedius muscle 
response would be affected Moreover, it was expected that the higher the 
concentration of these agents, the more pronounced the effect on muscle activity 
If there is a relation between the different concentrations and the ESRT, then the 
ESRT at the "0% concentration level" might be estimated by extrapolation The 
value of the "ESRT at the 0% level" for speech processor programming was 
evaluated 
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3.2 POPULATION AND METHODS 

3.2.1 Subjects 

The study group comprised 13 consecutive children who received a Nucleus 22-

channel cochlear implant Before surgery, there were no signs of middle ear 

dysfunction according to tympanometry The age at cochlear implantation ranged 

from 2 9 to 7 8 years, with a mean age of 5 3 years, while the duration of 

deafness ranged from 1 8 to 7 8 years, with a mean of 4 2 years In Table I, an 

overview is presented of various subject characteristics All the children had been 

using the CI on a regular basis for at least 6 months During this period, the initial 

fitting had taken place, plus two check-up fitting sessions The C-levels obtained 

from the third fitting session were used for analysis m this study and, according to 

the audiologist, could be considered reliable 

Based on the volatile anaesthetic agent used, the children were divided into 

two subgroups a Halothane subgroup comprising six children and an Isoflurane 

subgroup comprising seven children The anaesthetic agent used was chosen at 

random 

In all the children, the electrode array was inserted over its full length in the 

cochlea through cochleostomy fenestration Intraoperatively, the integrity of the 

CI device was checked according to the method described by Mens et al l l l ) and 

no dysfunctioning electrodes were found in any of the children EABRs were also 

determined at the end of surgery for at least two electrodes In 12 children 

reproducible EABRs were found In child C7, the EABR responses were not 

reliable because of excessive myogenic activity 

3.2.2 Anaesthesia protocol 

Apart from Halothane or Isoflurane, the intraoperative drug regime used for all 

the children was almost the same Anaesthesia was induced by the intravenous 

administration of Thiopental or by mask inhalation of the volatile anaesthetic 

agent according to the preference of each child At the beginning of surgery, a 

small dose of muscle relaxant was given once to facilitate endotracheal 

intubation Anaesthesia was maintained by either Halothane or Isoflurane During 
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surgery, the children were mechanically ventilated with a mixture of oxygen and 

nitrous oxide (1 2) The end tidal carbon dioxide was kept at 4.5% For analgesia, 

Fentanyl was administered intravenously according to haemodynamic responses 

to noxious stimuli Prior to the measurements, neuromuscular activity in the limb 

muscles was checked by the "train of four" stimulation method This is a standard 

method for the clinical monitoring of muscle activity (12) 

Table I. 
Some biographical data on the children and the volatile anaesthetic agent used. 

Child 

No 

CI 

C2 

C3 

C4 

C5 

C6 

C7 

C8 

C9 

CIO 

Cl l 

C12 

C13 

Sex 

F 

M 

M 

M 

M 

M 

F 

F 

F 

F 

F 

F 

M 

Age at onset 

of deafness 

(Yrs) 

1 0 

1 5 

0 

5 2 

10 

0 

0 

0 3 

0 

0 

0 

0 

4 7 

Cause of Duration Age at 

deafness of deafness surgery 

(Yrs) (Yrs) 

Meningitis 1 9 

Meningitis 2 2 

Congenital 5 1 

Meningitis 2 5 

Meningitis 2 1 

Congenital 6 6 

Congenital 7 8 

Unknown 7 0 

Congenital 7 1 

Congenital 3 6 

Congenital 2 9 

Unknown 5 1 

Hereditary 1 8 

2 9 

3 7 

5 1 

7 7 

3 1 

6 6 

7 8 

7 3 

7 1 

3 6 

2 9 

5 1 

6 5 

Type of 

Volatile 

CI 

usage 

anaesthetic (Yrs) 

Isoflurane 

Halothane 

Halothane 

Isoflurane 

Halothane 

Isoflurane 

Halothane 

Halothane 

Isoflurane 

Isoflurane 

Isoflurane 

Isoflurane 

Halothane 

1 6 

1 5 

1 5 

1 3 

1 3 

1 2 

1 1 

1 

1 

0 9 

0 9 

0 7 

0 7 
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3.2.3 Instrumentation 

To elicit an ESR, bursts of biphasic pulses of 1 second duration were used. The 

pulse width was 20 цБ/рІіазе presented in monopolar mode with the housing of 

the receiver as the reference electrode (MP2). The repetition rate was 250 pps. 

The stimuli were generated by the Nucleus Diagnostic Programming Interface 

(DPI), connected to a computer using the Cochlear Diagnostic and Programming 

Software (DPSvó 100) Stimuli were presented via a Nucleus Mini Speech 

Processor (MSP) linked to the DPI interface The same mode of stimulation 

(MP2) was used later for programming the children's speech processors 

3.2.4 Procedure 

The ESRs were measured prior to wound closure. This was done after complete 

insertion of the intracochlear electrode array and after fixation of the receiver. 

Several electrodes were stimulated, namely electrodes E22, El 7, E12, E7 and E3 

Muscle relaxant was only applied at the beginning of surgery, approximately two 

hours before the ESR measurements. Nevertheless, muscle activity was checked 

by neuromuscular monitoring of the limb muscles prior to ESR measurement The 

concentrations of volatile anaesthetic agents (measured in expiration) were 

changed from 0.3 to 0 6 to 0 9 and 1 2% for Halothane and from 0.5 to 1.0 to 1.5 

and 2 0% for Isoflurane, always in the same order These concentrations 

represent 0 5, 1, 1.5 and 2 times the so-called MAC value. The MAC value is the 

minimum alveolar concentration of a volatile agent (in combination with nitrous 

oxide) that prevents a response to skin incision in 90% of the population An 

interval of at least five minutes was included after the expiratory concentration 

was shown to be stable before the next ESR measurement was performed The 

concentrations were controlled by Modulus CD (ohmeda) anaesthesia equipment 

and were checked by the anaesthetist A video camera with monitor connected to 

the operation microscope was used for visually observing the contraction of the 

stapedius muscle at the moment of stimulation In our previous study it was found 

that visual determination was just as reliable as ESR determination by middle ear 

impedance measurement in the contralateral ear at the end of the surgery(8) 

Electrical stimulation started at a current level of 120 at the most apical 
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electrode, E22, using the lowest concentration of volatile anaesthetic agent The 

stimulation level was then increased by 10 current level steps until a stapedius 

reflex was detected Next, the stimulation level was decreased by 20 current 

levels and the threshold was determined with a step size of 5 current levels The 

same measurement procedure was used for electrodes El7, El2, E7 and E3 

respectively All ESRTs were re-measured at least once In consultation with the 

anaesthetist, the measurements were continued at the four different 

concentrations, unless it was not thought to be feasible ESRTs were determined 

for at least three different concentrations 

To study stapedius muscle fatigue, ESR measurements were repeated at the 

lowest concentration in three of the children after completing the whole 

measurement protocol 

3.3 RESULTS 

3.3.1 Halothane subgroup 

ESRs were determined in all six children in this subgroup at the four different 

Halothane concentrations In most of them, an increase in the Halothane 

concentration resulted in higher ESRTs Three children, C2, C5 and C7, showed 

an ESR for all 5 electrodes tested Because of time constraints, electrodes El7 

and E7 were not tested in child C2 No ESR was found at the basal electrode 

(E3) in children C3 and C8 and also at electrodes E22, El 7 and E3 in child C13 

Figures 1A and IB show examples of ESRTs obtained for two electrodes 

the most apical electrode, E22, and a medial electrode, El2 It can be seen that in 

three children, C2, C5 and C7, an increase in the Halothane concentration 

resulted in an increase in the ESRT However, the ESRTs of children C3 and C8 

did not show such dependence As a first order approximation, the relation 

between the ESRT and Halothane concentration in the range studied, seems to be 

linear This was also concluded from the graphs for electrodes E17, E7 and E3, 

which are not shown in the figures 
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Figure I. 
Electrical stapedius reflex thresholds in all six children in the Halothane 
subgroup recorded at electrode E22 (Fig. 1A) and at electrode E12 (Fig. IB) as 
a function of the Halothane concentrations. The arrows indicate that ESRTs 
could not be elicited even at the maximum stimulation level. 
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3.3.2 Isoflurane subgroup 

Two children in the Isoflurane subgroup were excluded from the analysis: one 

child (C4) was excluded because the ESRT recordings were not consistent and 

the stapedius muscle contraction was considerably delayed, the cause for this 

observation was not found. The other child (C6) was excluded due to insufficient 

time to perform the whole measurement protocol. 

An ESR could be elicited in all five remaining children in this subgroup. 

Increasing the Isoflurane concentration resulted in higher ESRTs in all of them. 

An ESR could be obtained at all the electrodes tested in children CI 1 and С12. In 

children CI and C9, the reflex was absent at the basal electrode (E3), while in 

child CIO, no ESR was obtained at electrodes El7 and E3 Fig 2A shows the 

ESRTs at the most apical electrode (E22), while Fig. 2B shows the ESRTs at the 

medial electrode (El 2) for all the children in this subgroup The figures suggest 

that the relation between the ESRT and the concentration of Isoflurane is 

exponential in this concentration range. 

In three children (one from the Halothane and two from the Isoflurane 

subgroup) the ESRT measurement was repeated after completing the whole 

measurement protocol. This retest was performed at the lowest (initial) expiratory 

concentration. The maximum difference between the test and retest ESRTs never 

exceeded 10 current levels, thus no evidence for muscle fatigue was found. 

3.3.3 Comparison between ESRTs and subjective postoperative C-levels 

To study the relation between ESRTs and subjective postoperative C-levels, 

we calculated the ESRTs after extrapolation towards the concentration 

percentage of 0%. For the children in the Halothane subgroup, as is shown in Fig. 

1, the relation between the ESRTs and the concentration seems to be linear. In 

contrast, several children in the Isoflurane subgroup showed an exponential-like 

relation. Therefore, it was decided to apply exponential extrapolation using 

ESRT= a χ exp (con) +b, where con is the concentration of the volatile agent For 

some electrodes, the ESRT value could not be determined at 0% concentration 

because of insufficient data points This mainly happened for the basal electrode 

(E3). 
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Fig. 2. 
Electrical stapedius reflex thresholds in all five children in the Isoflurane 
subgroup observed at electrode E22 (Fig. 2A) and at electrode El2 (Fig. 2B) at 
different Isoflurane concentrations. The arrows indicate that ESRTs could not be 
elicited even at the maximum stimulation level. 
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For the two children who did not show any obvious increase in ESRTs with 

increasing concentrations of the volatile agent (children C3 and C8), it was 

decided to take the mean ESRT value as an estimated value at 0% concentration. 

The range of the estimated ESRTs at 0% concentration was between 135 

and 195 current levels while the C-levels obtained 6 months after the initial fitting 

of the CI were also found between 135 to 190 current levels Table 2 present the 

data of the comparison between the C-level and estimated ESRT at 0% level in 

more detail for both subgroups of children It shows the difference (estimated 

ESRT minus C-level) calculated for each electrode A negative difference 

indicates that the estimated ESRT is below the C-level The difference values 

varied amongst the children, but they did not exceed +20 current level steps, 

except in child C3. In this child the estimated ESRTs were found to be 30 current 

levels or more above the C-level for all the electrodes. Figure 3 shows 

graphically the estimated ESRT values and the T- and C-levels of all children for 

electrode 12. 

3.4 DISCUSSION 

The main object of this study was to evaluate intraoperative ESRT values. ESRTs 

were recorded from five electrodes with four different concentrations of two 

types of volatile anaesthetic agent In nine out of the eleven children, an increase 

in the ESRT values coincided with an increase in the anaesthetic agent 

concentration 

In several children, at least one electrode did not show an ESR at the higher 

volatile anaesthetic concentrations, even with the application of the maximum 

stimulation current. This was mainly observed at the most basal electrode, E3. 

Good ESRTs were found in all the children at the medial electrode, E12. This 

might be explained by current flow: because of the position of the reference 

electrode (outside the cochlea), currents generated at the extremes of the 

electrode array may stimulate a smaller portion of the modiolus than the medial 

electrodes which are, seen from the reference electrode, positioned behind the 
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Figure 3. 
Τ- and C-levels, and the estimated ESRTs at 0% concentration of the volatile 
anaesthetic for all the children at electrode E12. 

modiolus From measurements in subjects with normal hearing, it is known that 

the acoustic stapedius reflex thresholds obtained with pure tones, stimulating the 

basilar membrane very locally, are much higher (20 to 30 dB) than those evoked 

with broad band noise, stimulating the whole basilar membrane °3) In their study 

on CI users, Battmer et al ( 2 ) reported that a broad stimulation mode gave lower 

ESRTs than a more local stimulation mode. So, the broader stimulation of the 

modiolus, in our CI users whenever the medial electrodes were used, may be 

more effective for the generation of ESRs and this might explain the absence of 

ESRs at the electrode extremes, as was observed in several of our patients Tbs 

suggests that for study purposes, the medial electrodes are a better choice 
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Table II 
Differences in current level steps between the most comfortable level (C-level) 
obtained 6 months after fitting of the speech processor and the calculated ESRT 
at 0% concentration in the Halothane and Isoflurane subgroups. A negative 
difference means that the estimated ESRT was lower than the C-level. NR 
indicates that no ESRT could be calculated at 0% concentration; NT indicates 
that the electrode was not tested. 

Child 

Halothane 

C2 

C3 

C5 

C7 

C8 

C13 

Isoflurane ι 

Cl 

C9 

CIO 

СП 

C12 

subgroup 

subgroup 

E22 

-20 

+35 

+20 

+5 

+20 

NR 

-3 

-20 

+15 

-6 

-15 

Electrode 

E17 

NT 

+35 

+10 

+5 

+20 

NR 

-15 

-15 

NR 

-11 

-10 

E12 

-40 

+35 

-10 

+10 

+15 

+10 

-10 

-5 

+14 

-8 

+2 

E7 

NT 

+30 

-10 

+20 

+20 

+5 

NR 

+5 

+20 

-5 

-28 

E3 

-5 

NR 

-10 

+20 

NR 

NR 

NR 

NR 

NR 

-10 

-28 

In several of the children in the Isoflurane subgroup, no ESR or high ESRTs 

were found at higher concentrations This phenomenon was not observed in the 

Halothane group, and may be ascribed to the greater muscle relaxation effect of 

Isoflurane than Halothane(U) 

Comparison between the estimated ESRT at 0% concentration and the C-

level indicates obvious variation, see Fig 3 and Table II However, m all the 
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children except for C3, the estimated ESRT was no more than 20 current levels 

above the C-level for the tested electrodes The estimated ESRTs for child C3 

were 30 or 35 current level steps above the C-levels For child C8, this difference 

was +20 level steps Children C3 and C8 were to be the two cases with no 

dependence of the ESRT on the concentration of volatile anaesthetic agent (see 

Fig 1) So, these children (C3 and C8) showed any clear dependence of the 

ESRT on the concentration and their estimated ESRTs were clearly above the C-

levels The biographical data (see Table 1) and the intraoperative drugs used m 

these two children were no different from the other children Another possible 

explanation might be that the muscle relaxant administered at the beginning of 

surgery was still active, but that its activity was decreasing during the ESR 

measurements This may explain first, the relatively high ESRTs (compared to the 

C-levels) and second, the possible cancellation of the effect of increasing the 

concentration of Halothane on the ESRT However, only a low dose of muscle 

relaxant was applied at the beginning of surgery (0 05 mg Vecuronium and 0 4 

mg Rocuronium per kg body weight respectively in C3 and C8), and the ESRT 

measurements were earned out more than 2 5 hours later This makes it unlikely 

that muscle relaxants played a role as the time interval between administration 

and the ESR measurements was long compared to the wash-out time of these 

muscle relaxants In addition, the anaesthetist checked the muscle activity by 

neuromuscular monitoring of the limb muscles prior to the measurements and 

found no abnormalities Therefore, at present we do not have any explanation for 

the deviating results in these two children 

In summary, although the number of the children in this study was limited, it 

can be concluded that after extrapolation to the 0% level of anaesthetic agent 

concentration, the ESRTs obtained intraoperatively may provide valuable 

information for adjusting C-levels, but this is not always a safe means In some 

cases, the intraoperative ESRTs overestimated the C-levels by up to 35 current 

level steps Thus, the first setting of the C-levels should be conservative and no 

higher than the ESRT-35 current level The results suggest that for future research 

it is advisable to select the medial electrodes to study ESRs (not the extreme 

ends) and to use at least three (low/moderate) concentration levels of the volatile 

agents 
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ABSTRACT 

Electrically evoked brainstem responses (EABR) and 
event-related cortical potentials were recorded in seven 
postlingually deaf adults who were experienced users of a 
Nucleus multichannel cochlear implant The patients were 
divided into two subgroups good performers and 
moderate performers Poor EABR were found in two of 
the moderate performers The latencies and amplitudes of 
the cortical N1-P2 complex in the good performers were 
within the same range as those of subjects with normal 
hearing, but were deviant in the group of moderate 
performers This may indicate disturbed cochleotopical 
organization of the auditory cortex in the latter group 
P300 measurements in the good performers showed normal 
latencies, whereas in the moderate performers they were 
prolonged The results suggest that the outcomes of 
electrophysiological measurements to assess the integrity 
of a patient's auditory neural system on a brainstem and a 
cortical level, are related to the patient's performance with 
the cochlear implant 

Key words: 
ABR, ALR, auditory evoked potentials, cochlear 
implantation, P300, speech perception 
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4.1 INTRODUCTION 

One of the challenges m cochlear implant (CI) research is to explain the 

variability in the results of subjects with a CI In general, the performance of 

patients with a CI range from simple sound detection to the perception of open 

speech It has been argued that the loss of integrity of the auditory neural system 

may play a significant role One of the variables on a peripheral level, is eighth 

nerve survival The number of surviving spiral ganglion cells in profoundly deaf 

patients varies widely, even in patients with a similar cause and duration of 

deafness l '2) Large variation in neural cell degeneration has also been found on a 

central auditory pathway level(3) 

In several animal studies, the number of surviving spiral ganglion cells has 

been related to the outcomes of electrically evoked brainstem response (EABR) 

measurements The rationale was whether or not nerve survival in man can be 

assessed with (non-invasive) EABR measurements In animals, several authors 

found a relation between EABR measurements and spiral ganglion cell survival, 

while others did not("5) There is conflicting evidence regarding the value of 

EABR measurements to assess eighth nerve survival However, EABR 

measurements remain indispensable, as they reflect the integrity of the entire 

auditory brainstem region 

EABR studies on man have shown a waveform morphology which is 

comparable with that found during acoustic stimulation, but with shorter 

latencies <46 '01 In most studies, EABRs were determined to assess their value as 

an estimator of subjective thresholds in CI subjects °10) Very few studies have 

related EABR measurements with subjects' performance with a CI Abbas and 

Brown(9) reported poor, non-sigruficant correlations between EABR 

measurements and speech recognition scores in CI subjects 

Apart from eighth nerve survival and brainstem integrity, processing in the 

auditory cortex may play a role in the unexplained variability in CI benefit 

Cortical processing of sounds by CI users has been studied using 

electrophysiological measurements The morphology and latencies of the 

endogenous cortical peaks N1 and P2 in CI subjects were found to be within the 

same range as those in subjects with normal hearing(6n 12) Ponton et al(,3) show-
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ed that the N1/P2 complex yielded information about the site of cortical 

activation. Using spatio-temporal source modelling, sources for the N1/P2 

complex were found to be "distributed in an orderly pattern along the superior 

surface of the temporal lobe". They reported that two subjects who were using a 

multichannel CI, had similar source activity as subjects with normal hearing 

during acoustic stimulation. The source activity of a CI subject with non-auditory 

sensations was quite different.(13) 

Task-related P300 measurements using tone bursts in subjects with a CI 

were performed by Kaga et al(14) and Oviatt and Kileny.(,1) It was argued that the 

P300 latency might be related to the phonemic and linguistic discrimination 

abilities of CI patients00 In CI subjects who had problems discriminating 

between the two test tones in a psychophysical experiment, they found 

significantly prolonged P300 peaks The more problems the subject had 

discriminating between the two test sounds, the more the P300 latency was 

prolonged. Compared to subjects with normal hearing, P300 latencies in CI users 

were reported to be prolonged from 70 msec for very distinct stimuli (0.5 and 3 

kHz tone bursts) to 130 msec for less distinct stimuli (0.5 and 1 kHz tone 

bursts).00 

P300 measurements using speech in successful CI patients were performed 

by Micco et al.°5) They found no significant differences in N1 and P2 latency and 

P300 amplitude and latency between the group of CI patients and a group of age-

matched subjects with normal hearing. The N1 amplitude was significantly 

smaller in the CI patients. They did not compare the electrophysiologic results to 

behavioural results of speech perception 

In the present study, the EABR threshold was determined from the EABR 

measurements. Prior to EABR testing, the subjective threshold of the EABR 

clicks was also determined. It was hypothesized that the bigger the difference 

between the subjective threshold and EABR threshold, the poorer the quality 

(synchronization) of neural activity, with obvious consequences for speech 

recognition In addition, EABR input-output functions were determined. The 

working range of the auditory neural system and the slope of the input-output 

function are known to be related to speech recognition abilities. It has been 

assumed that poor growth of output with increasing input, indicates that very few 
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neurons are active, which suggests global transmission of the information to the 

auditory cortex 

As suggested by Oviatt and Kileny00, P300 measurements may reflect the 

subject's auditory discrimination abilities We did P300 measurements using tone 

burst and compared P300 latency and amplitude to speech perception data 

EABR and cortical evoked responses were measured in experienced 

postlingually deaf CI subjects and related to their well-documented long-term 

speech perception abilities A distinction was made (based on speech perception 

results) between a group of good performers and a group of moderate performers 

4.2 POPULATION AND METHODS 

4.2.1 Subjects 

Seven adult postlingually deaf subjects with a Nucleus multichannel CI with an 

MSP processor participated in the experiments Audiological measurements prior 

to implantation showed total deafness in all cases which meant the hearing 

thresholds at 0 5 kHz exceeded 110 dB HL and at 1, 2, 4 and 8 kHz they 

exceeded 120 dB HL Some subject data are presented in Table I In all the 

subjects, the electrode array was inserted into the cochlea over its full length The 

subjects were experienced and successful users of the CI, they had been using it 

all day for more than 3 years 

For comparison, event-related potentials evoked with acoustic stimulation 

were also measured in a control group of 11 subjects with normal hearing 

(hearing thresholds at 0 25-8 kHz were 20 dB HL or less) with no known 

neurological or otological diseases or complaints The age of the control subjects 

varied from 22 to 57 years, with a mean of 33 years 

4.2.2 Material 

The measurement of EABRs has been described in detail in a previous paper(10) 

Biphasic pulses "clicks" of 400 цз/рЬаэе were used at a repetition rate of 12 5 

pulses per second Relatively broad clicks and a broad bipolar +3 stimulation 
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Table I 
Some CI user characteristics 

No Age at onset 
(Years) 

Duration of Etiology 
deafness1 (Years) 

Composite 
score2 (%) 

1 
2 
3 
4 
5 
6 
7 

27 
7 
37 
7 
37 
44 
36 

11 
20 
7 
39 
26 
15 
21 

Unknown 
Meningitis 
Mumps 
Meningitis 
Unknown 
Otosclerosis 
Meningitis 

90 
88 
85 
76 
75 
74 
67 

' Duration of deafness is the difference in years between the onset of deafness 
and cochlear implantation 
2 A composite score for speech perception was obtained, which was the average 
score for a monosyllable test, a spondee test, a long-vowel recognition test, and 
a short-vowel recognition test (see Material under Population and Methods) 

mode were chosen in order to minimize the number of instances that no EABR 

would be obtained due to insufficient stimulation Recording electrodes were 

placed on the mastoid contralateral to the stimulation (reference) and on the 

forehead (Fz, active) The earth electrode was connected to the wnst The band

pass filter settings of the registration system (Medelec ER94) were 0 1 and 3000 

Hz For each measurement condition, 1024 averages were applied To minimize 

the effect of stimulation artifacts, recordings were obtained on the side 

contralateral to the stimulation 

Prior to EABR testing, the subjective threshold, Most Comfortable Level 

(MCL) and Uncomfortable Loudness Level (ULL) of the EABR clicks were 

determined in a psychophysical experiment The EABR clicks were presented at 

an identical stimulation rate as that used in the EABR measurements This was 

done for the same three pairs of electrodes that were used for EABR testing, 
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namely the basal pair 1-5, the medial pair 9-13 and the apical pair 18-22 ULL 

determinations were not obscured by maximum output levels of the CI in any of 

the subjects 

The first measurement was obtained at the MCL. The level of the clicks was 

decreased in steps of about 10% of the subjective dynamic range to determine the 

EABR threshold Subsequently, measurements were performed with the 

stimulation levels increasing stepwise up to the ULL In this way, input-output 

(I/O) functions were obtained, Fig. 1 shows a typical example. "Input" concerns 

the stimulation level (in current level steps or CLS), while "output" concerns the 

amplitude of wave V. From the I/O functions, three measurements were derived: 

(i) the difference between the EABR threshold and the subjective threshold (TD 

threshold difference in CLS), (n) the dynamic range (DR, also expressed in CLS), 

i.e , the range in which growth of output was found with increasing input; and (in) 

the slope of the I/O function. To calculate the slope according to Abbas and 

Brown(9), the input was expressed in mA and the slope in ц /тА. 

If the output was saturated, the DR was determined by fitting two lines 

through the I/O data points, as indicated in Fig. 1 for electrode pair 18-22 The 

intersection of the two lines was considered to represent the upper limit of the 

DR, with the EABR threshold as the lower limit When no saturation occurred, 

the DR was the difference between the ULL and EABR threshold In the case of 

saturation, the slope of the I/O function was the slope of the steepest part, prior to 

saturation 

P300 measurements were carried out with tone bursts, using an oddball 

paradigm. (16) A 0.5 kHz tone burst (20 msec linear rise and fall time, 80 msec 

plateau time) was used as the frequent stimulus, while a 1 kHz tone burst (with 

the same envelope) was used as a rare stimulus The stimuli were presented by a 

loudspeaker placed 1 m in front of the CI subject. The frequent stimuli occurred 

at a probability rate of 85% (about 200 times); the rare stimuli occurred at a 

probability rate of 15% (30 times per measurement) The presentation level at the 

position of the CI subjects' ears was approximately 70 dB(A) (measured with 

Bruel and Kjaer 2203 soundlevel meter). The inter-stimulus interval was 2 sec 

Prior to testing, the subject was asked to adjust his/her speech processor to a 

comfortable listening level 
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Characteristic input-output function of one of the patients. The input is the 
stimulation current (CLS or current level steps), output is the amplitude of peak 
V. 
The result of electrode pair 18-22 shows saturation. The subjective thresholds 

for the EABR clicks for electrode pairs 18-22 and 9-13 were 70 CLS and 72 
CLS, respectively. 

The subjects were instructed to count the rare stimuli The number counted 

was verified after the measurement Six out of the seven subjects found it easy to 

discriminate between the two tone bursts. One patient had some problems. 

The recording of two frequent stimuli following a rare stimulus was not 

included in the average. Recording electrodes were placed on the contralateral 

mastoid (reference), on the parietal midline (Pz, active) and on the wrist (ground). 

The band-pass filter settings of the registration system (Medelec ER94) were 1 
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and 125 Hz The measurements were low-pass filtered digitally off-line, with a 

cut-off frequency of 25 Hz. Measurements contaminated by eye movements were 

detected and excluded from the average The measurement was repeated once 

and the results were averaged. The latency and amplitude of peaks N1, P2 and 

P300 were determined by eye. 

At 2 years postimplant, several speech perception tests are administered to 

CI users as part of the evaluation procedure in the Nijmegen CI programme The 

procedure and the tests were described by Hindennk et al(,7) Speech recognition 

at this evaluation moment is used as reference. A composite score is obtained, 

which is the average score for a monosyllable test (4APC), a spondee test 

(4AFC), a long-vowel recognition test (5AFC) and a short-vowel recognition test 

(4AFC). Averaging occurs after correction for different chance levels.07' The 

composite scores (CS) in our group of patients varied from 67 to 90%, see Table 

I. Based on these scores, the CI subjecs were divided into two subgroups one 

group comprised the good performers (CS between 85 and 90%, patients 1 to 3) 

and the other group composed the moderate performers (CS between 67 and 

76%, patients 4 to 7) 

4.3 RESULTS 

4.3.1 EABR measurements 

Reproducible EABRs were measured in six of the CI subjects (see Table II). 

Typically, two to three peaks were found, the most dominant peak (resembling 

acoustic peak V) was found between 3.6 and 4 0 msec In subject 5, a 

reproducible response could only be detected at the apical pair of electrodes In 

the other five subjects, responses were detected at all three pairs of electrodes. In 

the remaining patient (subject 6), no reproducible EABR could be recorded, not 

even at stimulation levels close to his ULL. From the EABR I/O functions, the 

TD, DR and the slope were calculated. Saturation of the output was found in two 

of the patients; a typical example is given in Fig. 1. A one-way analysis of 

variance did not show any significant differences in the TD, DR or the I/O slope 
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Table II. 
Individual EABR results of the CI patients subdivided into group A (good 
performers) and group В (moderate performers) according to their speech 
recognition scores. 

Sub

group 

A 

В 

No 

1 

2 

3 

4 

5 

6 

7 

Present 

+2 

+ 

+ 

+ 

+/-

+ 

TD 

(CLS1) 

25 

10 

40 

35 

25 

DR 

(CLS) 

50 

65 

50 

90 

50 

I/O slope 

(ц /шА) 

29 

1.3 

5.0 

1.7 

3.5 

' CLS: current level steps, * +.· present, -: absent. 

between the three stimulation sites within the subjects with reproducible EABR 

recordings Therefore, these parameters were pooled per subject; the mean TD, 

DR and slope values per subject are presented in Table II All three good 

performers had reproducible EABR Only three out of the four moderate 

performers had good EABRs The TD, DR and slope values were within the 

same range in the two patient groups All the slope values were well within the 

range of those reported by Abbas and Brown(9) 

4.3.2 P300 measurements 

A reproducible P300 peak was found in six out of the seven subjects. The P300 

of the remaining subject was absent. This subject (subject 4) was the only one 

who had problems identifying the rare stimuli correctly, so an additional P300 

measurement was earned out with 0.5 kHz tone bursts as the frequent stimuli and 
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Fig 2 
Typical example of a P300 measurement in one of the CI users The cortical 
peaks N1, P2 andP300 are indicated. 

3 0 kHz tone bursts as the rare stimuli This time, the patient had no problems 

identifying the rare stimuli and a clear P300 was produced 

A typical example of a P300 measurement obtained from one of the CI users 

is presented m Fig 2 The cortical peaks N1, P2 and P300 are indicated The 

latencies and amplitudes of the P300 peak in the standard measurement condition 

are presented in Fig 3 The latencies and amplitudes of the N1 and P2 peaks 

taken from the average trace of the 0 5 kHz frequent tone burst are also presented 

in this Fig As a reference, the results of control subjects with normal hearing are 

presented as well (median values and range) 

The N1 latency, N1 amplitude and P2 amplitude of the CI subjects as a 

group, did not differ significantly from those of the control subjects However, the 

CI subjects did demonstrate significantly prolonged P2 latencies (t(16)=2 66, 

p<0 05) 
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Fig.3 
Latencies and amplitudes derived from the P300 measurements. The N1 and P2 
values were obtained from the average trace of the frequent stimuli (0.5 kHz 
tone bursts). The results are indicated by circles for the good performers and by 
triangles for the moderate performers For reference purposes, the results of a 
control group (subjects with normal hearing stimulated acoustically) are also 
shown; the median values and the ranges of the amplitudes and latencies of the 
three peaks are indicated by lines. 
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The CI subjects were divided into two subgroups according to their speech 

perception scores. In Fig. 3, the results of the good performers are indicated by 

dots, while those of the moderate performers are indicated by triangles. There 

were minor differences in peak N1 between both subgroups, whereas larger 

amplitudes were found for peak P2 in the good performers The P300 latencies of 

the three good performers were on average 90 msec shorter than those of the 

moderate performers Most of the amplitudes and latencies of peaks N1, P2 and 
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P300 of the good performers were within the normal range (except for the N1 

latency in one patient and the P2 m another patient) In all of the moderate 

performers, the amplitude of the P2 peak and the P300 latencies were outside the 

normal range 

The N1/P2 complex is endogenous, just like the brainstem response It 

should be mentioned that the two subjects who had either no reproducible EABR 

or a reproducible EABR for only one electrode pair, had the two poorest 

amplitude values in the N1/P2 complex 

4.4 DISCUSSION 

In one of the CI subjects, no reproducible EABR was found, while in a second 

subject, reproducible EABR were only found at one electrode pair This implies 

that the auditory potentials were absent or unrecognizable As these two patients 

could definitely perceive sound, it means that either too few neurons were 

activated or the synchrony of the firing neurons was poor When EABR were 

present, the level of the threshold was always well above the subjective threshold 

of the EABR clicks (positive TD values, see Table II) In subjects with normal 

hearing, the objective EABR threshold and the subjective thresholds, generally 

coincide during acoustic stimulation (16) The experimental condition may have 

played a role Poor signal-to-noise conditions do not seem to be a major factor, 

because extrapolation of the supra-threshold data (with good signal-to-noise 

ratios) as shown in Fig 1, indicated that the EABR threshold occurred at values 

exceeding the subjective threshold The width of the relatively broad pulse 

applied in this study may have been responsible Systematic discrepancies 

between the EABR threshold and the subjective threshold using the same stimuli 

(clicks) have been reported by Van den Honert and Stypulkowski(4) and by Allum 

et al ( 8 ), who obtained their results with shorter pulse widths (50 and 200 

цзес/рііазе, respectively) Therefore, it can be concluded that at relatively low 

but effective stimulus levels, distinct compound action potentials were not 

recognizable This may reflect poor synchrony of the firing nerve fibres 
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Comparable findings have also been observed in patients with normal hearing 

who have spiral ganglion neuropathies °8) 

The DR values of the subjects were fairly homogeneous, no discernable 

differences were seen between the two subgroups (Table II) Measurement of the 

dynamic range has often been debated because its determination is highly 

dependent upon the patient's concept of ULL It was not possible to detect a 

relation between the slope of the EABR I/O function and the composite speech 

recognition score in the present study This is in accordance with the findings of 

Abbas and Brown (9) 

The amplitudes and latencies of the N1/P2 complex measured m the total CI 

group were m accordance with the values in subjects with normal hearing, except 

for the small but significant difference m P2 latency This result confirms the 

findings by Pelhzone et al(6), Oviatt and Kileny(,1) and Bnx and Gedlicka(12) 

In order to evaluate the overall effect, a distinction was made between good 

and moderate performers The amplitude of the endogenous cortical N1/P2 

complex of the moderate performers, was poorer than that of the good 

performers This suggests that the cochleotopical organization of the auditory 

cortex is less distinct in moderate performers, as can be deduced from the N1/P2 

complex (13) 

The moderate performers obtained poorer results in the electrophysiological 

experiments on a brainstem level and/or on a cortical level It is not clear from the 

present study whether the results on a brainstem and a cortical level are directly 

related, but the presence of EABR and the amplitude of the N1/P2 complex 

suggest a possible relation 

The P300 measurements showed that the characteristics of the good 

performers were within the same range as those of subjects with normal hearing 

when stimulated acoustically, while the latencies of the P300 peak were 

significantly prolonged in the moderate performers The latter indicates that these 

patients had more problems discriminating between the two tones than the others, 

although they did count the number of rare stimuli correctly Generally, as it 

becomes more difficult to discriminate between two sounds, the P300 peak 

becomes more prolonged(16) When we compared our results to those of Oviatt 

and Kileny(11) who used the same set-up as the present one, we found that our 
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latencies were shorter in the subjects with normal hearing and in the CI subjects 

At present we have no explanation for this difference Furthermore, they found 

that the P300 latency of all the CI subjects was longer than normal, by an average 

of approximately 60 msec In the present study, similar observations were only 

made in the group of moderate performers 

4.5 CONCLUSIONS 

Although the number of CI subjects was small, some conclusions can be drawn 

Distinct differences were found in the electrophysiological measurements 

between the subjects on a brainstem and a cortical level The best CI performers 

had good EABR and more pronounced endogenous cortical peaks than the 

moderate performers The latter fact suggests that they have better cochleotopical 

organization of the auditory cortex P300 latencies were shorter in the best 

performers, which is consistent with better auditory discrimination abilities in the 

best performers, than in the moderate performers Furthermore, the parameters 

derived from the cortical measurements in the best performers were all within the 

range of or close to the values obtained from subjects with normal hearing during 

acoustic stimulation 

On the basis of the present results, we recommend further investigation into 

the role of neural integrity assessments using electrophysiological measurements 

in patients with a CI, in order to study the variability in benefit among CI users 
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ABSTRACT 

Several electrophysiological techniques have been used to 

supplement behavioural measurements in the evaluation of 

the benefit of cochlear implantation, namely the electrically 

evoked auditory brainstem response (EABR), electrically 

evoked middle latency response (EMLR) and electrically 

evoked late latency response (EALR). To study the 

interdependence of these responses, the present paper deals 

with a combination of EABR, EMLR and EALR 

measurements obtained from 15 postlingually deaf subjects 

implanted with the Nucleus multichannel device at the 

University Hospital Nijmegen. In particular, we 

investigated whether there were intercorrelations between 

amplitude and latencies of the evoked potential peaks 

and/or correlations with long-term speech perception 

scores Significant correlations were found between the 

peak V amplitude of the EABR and the NaPa and NbPb 

amplitudes of the EMLR. No significant correlation was 

found between the EABR and EMLR amplitudes on the 

one hand and EALR peak amplitudes on the other. In 

addition, no significant correlations were found between 

any of the EABR or EMLR peak amplitudes and speech 

perception test results. A moderate but significant relation 

was found between the EALR peak amplitude and speech 

perception test results Unlike latencies of earlier peaks, the 

latency of the EALR peak P2 was significantly related to 

the speech perception scores 

Keywords: 
Auditory evoked potentials, Cochlear implants, EABR, 

EMLR, EALR, Speech perception. 
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5.1 INTRODUCTION 

Profoundly deaf individuals who receive little or no benefit from conventional 

hearing aids are candidates for cochlear implantation A cochlear implant (CI), 

which consists of an electrode array placed in the scala tympani, transforms the 

sound into electrical signals which directly stimulate the remaining auditory nerve 

fibres As speech perception performance vanes widely across implanted 

subjects, there is a need for additional methods to assess postimplantation 

performance Therefore, behavioural tests (e g speech perception tests) have 

been supplemented with more objective electrophysiological tests 

Several electrophysiological measurements have been advocated in CI users 

for various purposes (l 2) In Figure 1 an overview is presented of the different 

electrically evoked potentials obtained from one of our CI users Shallop(l) 

showed that an electrically evoked auditory bram stem response (EABR) can be 

obtained pre, intra, or postoperatively Preoperatively, an EABR evoked with a 

temporary stimulation electrode, can be used to check neural integrity and to 

supplement various behavioural measures EABR has also been applied during 

surgery to confirm the integrity of the device and to obtain data that may be 

useful in speech processor programming(3) 

As EABR recordings are short latency responses, disadvantages concern the 

fact that they are susceptible to contamination by stimulus artifacts and possible 

electromyogemc potentials Stypulkowski et al(4) and Van den Honert & 

Stypulkowski(5) described the effect of myogenic artifacts on the EABR in 

cochlear implant patients They pointed out that several non-auditory potentials, 

such as vestibular responses or myogenous oculomotor reflexes, can disturb the 

auditory potentials Fifer & Novak*6' found comparable results in patients during 

preoperative EABR testing They suggested the use of neuromuscular paralyzing 

agents in order to diminish the myogenic activity components in the responses 

Other electrophysiological measurements, such as the electrically evoked 

middle latency response (EMLR) have also been advocated(17 8) EMLRs may be 

superior to EABR measurements because their major component peaks lie 

outside the region of stimulus artifacts °9) One other advantage of the EMLR is 

that it reflects the activation of a more significant portion of the auditory pathway 
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Figure 1. 
Typical examples of the electrically evoked auditory potentials from a cochlear 
implant user. Top: EABR recording, middle: EMLR recording and bottom: 
EALR recording. The arrow in the top figure indicates the amplitude of peak V, 
namely the distance between the top of peak V and the trough following wave V. 
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than the EABR Kileny & Kemink(7) and Groenen et al(9) reported that the wave 

morphology of the electrically evoked middle latency response is similar to that 

of the acoustically evoked middle latency response 

Kileny & Kemink<7) also showed that the EMLR can be determined 

preoperatively Shallop et al(8) studied the relation between postoperatively 

determined EMLR thresholds and behavioural thresholds in CI users They found 

that the behavioural threshold levels were lower than the predicted values based 

on EMLR findings 

Another possibility to objectively assess a CI user's performance is to 

measure electrically evoked late latency responses (EALR), as suggested in 

several studies (10U 12) An advantage of using late cortical potentials is reduced 

contamination by artifacts, just like with EMLR Kileny(11) concluded that the 

presence of the N1-P2 complex indicates activation of the auditory cortex 

Therefore, it can be applied for ongoing monitoring of signal detection 

capabilities Ponton et al(12) used spatio-temporal source modelling for the most 

prominent N1 and P2 peaks to establish the site of cortical activation produced by 

the electrical stimulation of the cochlear implant and evaluated the cochleotopic 

organization of the auditory cortex They found that the positions of the dipoles 

which produce the N1-P2 component in several CI users were comparable to the 

ones in subjects with normal hearing 

5.2 RELATION BETWEEN EVOKED POTENTIALS AND SPEECH 
PERCEPTION 

Evoked potential measures have been related to speech perception ability The 

hypothesis is that the quality of the auditory neural pathway affects higher 

functions of auditory processing, such as speech perception Abbas & Brown(l3) 

related several EABRs to speech perception performance and found poor, non

significant correlations A similar observation was reported by Groenen et al(14) 

Gantz et al(15) measured the electrically evoked whole-nerve action potential 

(EAP) during and after cochlear implantation They found significant correlations 
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between EAPs and postoperative speech perception performance On the 

assumption that the EAPs were related to the number of surviving auditory nerve 

fibres, it was suggested that EAP findings may be important predictors for 

successful cochlear implant use. 

Groenen et al(9) determined EMLRs in CI users and reported a relation 

between inter-electrode variability and speech perception. This suggests that 

EMLRs may be helpful for evaluation purposes. 

Brix & Gedlicka(I0) postulated that the N1 component of the EALR is only 

found at around 90-100 ms in CI users with good speech discrimination Micco et 

al.(l6) reported that there was no significant difference in the latencies of N1 and 
P2 between normal subjects and successful CI users. However, the N1 amplitude 

was significantly smaller in the CI users. Groenen et al.(14) who also recorded 

EALRs, divided their CI users into two groups those with good and those with 

moderate speech perception performance The amplitudes and latencies of N1 

and P2 in the good performers were within the normal range. In the moderate 

performers the P2 amplitudes were outside the normal range, whereas the N1 

amplitudes were not. 

The present study analysed EABR, EMLR and EALR data obtained from 15 

postlingually deaf subjects implanted with the Nucleus 22-channel CI Based on 

the assumption that there is a relation between the responses of the peripheral and 

central auditory pathways, we hypothesized that pronounced EABR potentials 

may result in pronounced EMLR and subsequently EALR potentials. 

Furthermore, high quality evoked responses may reflect good speech perception 

In the analyses we focused on the amplitude and latency characteristics of the 

different evoked potential components and their relation with speech perception. 

5.3 POPULATION AND METHODS 

5.3.1 Subjects 

Fifteen postlingually deaf CI users participated in the tests Twelve out of the 

fifteen CI users participated in all the measurements The other three participated 
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in the EABR, EALR and the speech perception measurements only. In all the 

subjects, audiological measurements prior to implantation revealed total deafness. 

The hearing threshold at 0 5 kHz exceeded 110 dB HL and at 1, 2, 4 and 8 kHz it 

exceeded 120 dB HL. Age of the subjects at the time of cochlear implantation 

ranged from 16 to 68 years, while the duration of deafness ranged from 2 to 45 

years Some subjects data are presented (Table I). 

All the subjects were using the Nucleus 22-channel CI with a bipolar speech 

processing strategy (BP+1). The subjects had been using their CI on a daily basis 

for more than 3 years Prior to testing, the integrity of the CI was checked 

according to the method described by Mens et al.(17) 

5.3.2 Stimuli 

The stimuli for the measurement of EABRs were alternating short biphasic pulses 

of 50 цз/рііазе, presented at a repetition rate of 21 pps A bipolar stimulation 

mode was used. As broad stimulation modes require lower stimulation levels, a 

relatively broad stimulation mode of BP+3 was selected in order to prevent the 

use of stimulation levels close to or even outside the stimulation range 

For the EMLR measurements, the stimuli comprised two successive 

biphasic current pulses in "stimulus levels" (variable pulse duration) The stimulus 

had a duration of 8 ms and was presented at a rate of 5.6 stimuli per second The 

stimulation mode was BP+1. 

The stimuli for both the EABR and EMLR measurements were delivered 

directly to the implanted electrodes by means of the Nucleus device The 

stimulation was through a Nucleus Mini Speech Processor (MSP), which was 

controlled by the Nucleus Diagnostic Programming Interface (DPI). The DPI was 

connected to the personal computer using the Cochlear Diagnostic and 

Programming Software (DPSv6.1). 

EALR measurements were carried out in the free field using tone bursts of 

500 Hz with a 20 ms linear rise/fall time and a 80 ms plateau-time. The stimuli 

were presented at a rate of 0 5 sec. 
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Table I. 
Some biographic data on the 15 cochlear implant subjects. 

Subject 
No 

PI 

P2 

P3 

P4 

P5 

P6 

P7 

P8 

P9 

PIO 

Pil 

P12 

P13 

P14 

P15 

Sex 

F 

M 

M 

F 

F 

F 

M 

M 

M 

F 

F 

M 

F 

F 

M 

Age at onset 
of deafness 
(Yrs) 

11 

6 

37 

26 

14 

44 

8 

50 

61 

26 

15 

6 

12 

60 

62 

Etiology 

Meningitis 

Meningitis 

Meningitis 

Unknown 

Meningitis 

Otosclerosis 

Meningitis 

Unknown 

Trauma 

Heredity 

Meningitis 

Unknown 

Unknown 

Heredity 

Unknown 

Deafness 
duration 
(Yrs) 

45 

20 

6 

36 

23 

16 

43 

2 

2 

6 

3 

22 

4 

8 

4 

Age at 
surgery 
(Yrs) 

56 

26 

43 

62 

37 

60 

51 

52 

63 

32 

18 

28 

16 

68 

66 

5.3.3 Speech performance test 

Several speech perception tests are administered to CI users as part of the 

evaluation protocol in the Nijmegen CI programme. Generally, implanted 

postlingually deaf adults show a plateau score after six months of implant use,(18) 

so after 12 months of CI use, speech perception testing was stopped. Therefore, 

in the present study, the speech perception score at 12 months postimplantation 

was used. We chose to apply the spondee identification test, because it involves 

hardly any bottom scores and shows good reproducibility(19) The test consists of 
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20 items in a 4 alternative forced choice paradigm The alternatives comprise 

spondees with the same vowels During the test, the subject was asked to identify 

each word by pointing at one out of four written words To deal with the chance 

level, the "percentage correct" score was adjusted according to AS = С - 1/3, 

where AS is the adjusted score, С is the "percentage correct" score, I is the 

"percentage incorrect" score The test words were played from tape and 

presented to each subject at his/her most comfortable listening level, determined 

before the test started 

5.3.5 Procedures 

EABR and EMLR measurements 

Three pairs of electrodes were tested one apical (elee 20), one medial (elee 10) 

and one basal (elee 1) If one of these electrodes was inactive, the nearest 

electrode was selected for the measurement For recording purposes, electrodes 

were attached to the forehead (Fz, active) and to each mastoid (M, reference) 

The ground electrode was attached to the wrist 

For the EABR measurement, 1024 recordings were averaged The time 

window was 10 ms The signal was bandpass-filtered from 100 Hz to 6 kHz For 

the EMLR, the time window was 100 ms, while for each electrode pair, 512 

recordings were averaged The band-pass filter settings of the registration system 

were 1 Hz to 125 Hz Measurements contaminated by eye movements or 

excessive noise were detected by the artifact rejection system and excluded from 

the average The measurement was performed twice and the results were 

averaged 

Before each recording session the behavioural threshold (T-level), most 

comfortable level (C-level) and the uncomfortable loudness level (U-level) were 

determined for each subject in a psychophysical loudness scaling session for the 

EABR clicks and for the EMLR pulse stimuli The procedure according to 

Skinner et al ( 2 0 ) was followed These levels were obtained for the three pairs of 

electrodes and were used to define the stimulation levels for each electrode pair 

As every subject had very different T, С and U-levels, all the stimuli were 

presented at the C-level During the measurements it was sometimes difficult to 
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EALR measurement 

The EALR measurements were performed in a separate session Stimuli for this 

measurement were presented by a loudspeaker placed 1 m in front of the subject 

at the previously determined subject's C-level The presentation level at the 

position of the subject's ear was 70 dB SPL +/- 2 dB SPL (measured with a Bruel 

& Kjaer 2203 sound level meter) The band-pass filter settings of the registration 

system were 0 3 Hz and 125 Hz The measurements were low-pass filtered 

digitally off-line, with a cut-off frequency of 25 Hz Measurements contaminated 

by eye movements were detected and excluded from the average The 

measurement was performed twice and the results were averaged 

During the EABR, EMLR and EALR measurements the subjects were 

seated in a comfortable reclining chair and were asked to relax with their eyes 

closed, but not to go to sleep The investigators regularly checked whether the 

subject was still awake 

This study analysed the amplitudes and latencies of peak V in the EABR, 

complexes NaPa and NbPb in the EMLR, N1-P2 complex in the EALR and the 

scores for the speech identification For the EABR wave V, we defined the 

amplitude of the wave as the distance between the positive peak and the next 

trough (Figure 1) 

5.4 RESULTS 

Reproducible EABRs (at C-level) were obtained from 13 out of the 15 subjects 

In seven out of these 13 subjects, EABRs were found at all three electrode pairs 

The mean latencies of peak V at the three electrode sites were comparable (Table 
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Table II 
The mean latencies and range values (in ms) of EABR and EMLR peaks 
obtained at three different electrode locations (electrodes 1, 10 and 20) 

elee 1 elee 10 elee 20 
mean (range) mean (range) mean (range) 

EABR V 3 9 (3 5-4 5) 3 9 (3 3-4 6) 3 9 (3 4-4 4) 

EMLR Na 17 7(110-24 0) 17 3(12 2-210) 17 5(15 4-22 6) 

EMLR Pa 26 0(218-30 8) 28 3(25 6-30 4) 27 3(23 4-30 0) 

EMLR Nb 38 1 (33 6-49 6) 39 4 (33 8-48 4) 37 4 (32 4-45 4) 

EMLR Pb 49 5 (43 4-60 4) 49 5 (44 0-60 6) 48 3 (42 0-58 0) 

II) Reproducible EMLRs were found in all 12 subjects examined Values of 

EMLR peaks latencies are also presented in Table II, and, again, the latencies at 

the three electrode sites were comparable These latencies and those of the 

EABR measurement were in agreement with the values reported by 

others (34781321) 

The mean latency of peak the EALR peak N1 was 120 0 ms (range 88-172 

ms) and the mean latency of peak P2 was 202 7 ms (range 178 - 262 ms) These 

values are in agreement with those reported by Ponton et al(22) 

For each subject, the latencies of the EABR and EMLR peaks (Pa and Pb) 

obtained at the three electrode pairs were averaged Table III presents the 

averages as well as the EALR peak P2 latencies and speech perception scores 

The bottom line of the table presents the normative data (range) obtained from 

subjects with normal hearing stimulated acoustically at 70 dB HL After 

comparison with these normative values, most of the data from the present group 

appeared to lie close to or within normal range except for the wave V latencies 

These latencies are systematically shorter in the CI group, this is a general 

finding °4) The spread in the latency of peak P2 was larger in the group of CI 

users than in the normative data 
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Table III 
Individual latencies (in ms) of the evoked potentials and the spondee 
identification scores. The bottom line indicates the nonnative data (range) 
obtained from subjects with normal hearing. 

Subject 

no 

PI 

P2 

P3 

P4 

P5 

P6 

P7 

P8 

P9 

PIO 

P i l 

P12 

P13 

P14 

P15 

Mean latency 

of wave 

elee 1, 

(ms) 

3 4 

3 9 

4 

4 1 

4 1 

3 9 

3 5 

3 8 

3 5 

4 4 

NR 

3 8 

4 1 

NR 

4 1 

Ì V 

io, 20 

Mean latency 

of wave Pa 

elee : 

(ms) 

29 

29 

27 

29 

NA 

NA 

27 

28 

29 

26 

26 

28 

26 

23 

NA 

I, 10,20 

Mean latency 

of wave Pb 

elee '. 

(ms) 

54 

60 

56 

45 

NA 

NA 

45 

45 

55 

48 

47 

45 

46 

44 

NA 

1, 10,20 

P2 

latency 

(ms) 

204 

180 

223 

208 

185 

210 

217 

162 

194 

208 

262 

190 

178 

246 

195 

Spondee 

identification 

(% correct) 

53 

87 

93 

80 

100 

67 

85 

100 

67 

80 

47 

93 

93 

73 

100 

Normative value: 
5 0-5 9 22-31 43-60 136-204 

Note. NA = data not available; NR = not detectable 

Table IV presents correlation coefficients between the latencies and the 

speech perception scores Surprisingly, for the wave V latency and the Pa 

latency, a significant and negative correlation was found Furthermore, no 
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Table IV. 
Pearson correlation coefficients between the mean EABR, mean EMLR, EALR 
latencies and the spondee speech perception score. 

Wave V Pa wave Pb wave P2 wave Spondee 
latency latency latency latency identification 
(ms) (ms) (ms) (ms) (% correct) 

Wave V 1 0 

Pa wave -0 65* 1 0 

Pb wave -0 20 0 50 10 

P2 0 0 -0 22 0 11 10 

Spondee identification 0 47 -0 46 -0 36 -0 64** 1 0 

Note.* n=10 ,p<0.05; **.n=15 p< 0.01 

significant relations were found between peak latencies, nor for the latencies of 

the peaks Na, Nb and N1 (not presented here) Speech recognition scores were 

significantly related to the latency of peak P2 (at the 1% level), but not to any 

other peak latency 

The amplitudes of wave V of the EABR and the two components of the 

EMLR (NaPa, NbPb) for each electrode pair (basal, medial, apical) in 12 

subjects were used for correlation analysis Table V presents the correlation 

coefficients between these amplitudes, significant correlations are found Next, 

for an overall impression of the EABR and EMLR amplitudes for every subject, 

the EABR and EMLR amplitudes obtained at each of the three electrode 

locations were averaged Table VI presents the average amplitudes, the EALR 

data and speech perception scores The bottom Ime of the table presents the 

normative data (range) obtained from subjects with normal hearing stimulated at 

70 dB HL After comparison with these normative values, most of the data from 

the present group appeared to he within normal range, except the wave V 

amplitudes Table VII presents correlation coefficients between the mean 

amplitudes and the speech perception scores 
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Table V. 
Pearson correlation coefficients between EABR and EMLRpeak amplitudes. 

Wave V 

NaPa wave 

NbPb wave 

Wave V ampi 

(Ц ) 

1 0 

0 38* 

0 48* 

NaPa ampi 
(μν) 

1 0 

0 69** 

NbPb ampi 

(μν) 

1 0 

Note * : significant at 5% level; ** : significant at 1% level. 

Significant correlations were found between the EABR and EMLR peak 

amplitudes Remarkably, there was no significant relation between the amplitude 

of the N1-P2 complex and any earlier peak Even the correlation coefficient 

between the amplitudes of "adjacent" complexes NbPb and N1-P2 was not 

significant In addition, no significant correlation was found between either the 

EABR or EMLR amplitudes and the speech perception scores However, a 

significant relation was found between the N1-P2 complex amplitude and the 

speech perception scores Figures 2 and 3 graphically display the significant 

relations 

5.5 DISCUSSION 

In the present study we tested the hypothesis that there is a relation between the 

consecutive evoked potential peaks and speech perception The EABR, EMLR 

and EALR latencies were comparable to literature values In agreement with 

other studies,0 4) it was not always possible to obtam good reproducible EABRs, 

however, this was not valid for the EMLR and the EALR 
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Table VI 
Individual amplitudes (in μν) of the evoked potentials and the spondee 
identification scores. The bottom line indicates the normative data (range) 
obtained from subjects with normal hearing 

Subject Mean amplitude Mean amplitude Mean amplitude N1-P2 Spondee 

no of wave V of wave NaPa of wave NbPb amplitude identification 
elee 1, 10,20 elee 1, 10,20 elee 1, 10,20 % 

PI 

P2 

P3 

P4 

P5 

P6 

P7 

P8 

P9 

PIO 

P l l 

P12 

P13 

P14 

P15 

1 03 

0 34 

0 87 

0 70 

0 90 

0 17 

160 

0 47 

0 27 

0 17 

0 0 

0 13 

0 32 

0 0 

0 37 

Normative value: 

Note NA 

0 70-0 77 

= data not 

1 13 

0 88 

0 54 

0 57 

NA 

NA 

2 69 

1 51 

0 69 

0 47 

0 68 

0 17 

0 55 

0 45 

NA 

0 0-2 12 

available 

1 14 

0 67 

051 

0 61 

NA 

NA 

2 4 1 

0 78 

0 37 

0 85 

0 93 

0 60 

0 85 

1 08 

NA 

0 0-1 89 

3 6 

7 4 

9 5 

3 4 

6 0 

2 3 

5 2 

3 6 

5 0 

2 9 

2 8 

8 2 

3 5 

6 2 

3 4 

23-11 5 

53 

87 

93 

80 

100 

67 

85 

100 

67 

80 

47 

93 

93 

73 

100 

The present study on the interrelations between latencies and amplitudes of 

the different evoked potentials showed a significant relation between the 

amplitude of EABR wave V and the EMLR peaks (see Tables V and VII) and an 

unexpected negative correlation between the latency of wave V and that of Pa 
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Table VII. 
Pearson correlation coefficients between the mean EABR, mean EMLR, EALR 
amplitudes and the spondee speech perception score. 

WaveV NaPa NbPb N1-P2 Spondee 
ampi ampi ampi ampi identification 
(μν) (ц ) (μν) (И ) 

Wave V 1 О 

NaPa wave 0 77** 10 

NbPb wave 0 64* 0 82** 1 0 

Nl-P2wave 0 15 -0 25 -0 28 10 

Spondee identification 0 14 0 04 -0 12 0 53* 10 

Note. *: significant at 5% level; **: significant at 1% level 

The significant correlations for amplitudes supports the hypothesis that good 

responses from the more peripheral regions of the brain stem implicate good 

responses in the more centrally located regions of the auditory neural system 

However, no significant relation was found between the latency or amplitude of 

the EALR peak N1-P2 and any of the earlier peaks Although not likely, this 

finding may have been influenced by the set-up for the EALR measurements, 

which was different from the set-up for the earlier auditory potentials For the 

EALR measurements, stimuli were presented in a free-field condition, whereas, 

for the EMLR and EABR measurements all the stimuli were presented by direct 

electrical stimulation 

Speech perception scores were significantly and positively related to the 

amplitude of the N1-P2 complex (the higher the amplitude, the better the speech 

perception score) and were significantly but negatively related to the latency of 

peak P2 (the longer the P2 latency, the poorer speech recognition) Speech 

perception scores were not related to the latencies or amplitudes of any earlier 

peak (see Table IV and VII) So, the hypothesis that good speech perception 
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0 0.2 0.4 0.6 0.8 1 

Amplitude of wave V (microV) 
Figure 2. 
The relation between the individual wave V amplitudes (EABR) and NaPa 
amplitudes (EMLR) as averaged over the three electrode locations. 

0 1 2 3 4 5 6 7 8 9 10 

Amplitude of wave N1-P2 (microV) 

Figure 3. 
The relation between the individual N1-P2 wave amplitudes and spondee 
identification scores. 
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abilities are based on favourable EABR and EMLR measures is not supported by 

the present results 

It was obvious that subject P7 (Table VI and Figure 2) had high EABR and 

EMLR amplitudes This subject, with an etiology of meningitis and long duration 

of deafness (43 years), had a very pronounced EABR and EMLR, even when 

compared to the subjects with normal hearing On a second occasion, when we 

repeated these measurements, the results proved to be consistent As meningitis 

causes damage to the auditory nerve and as a long duration of deafness may 

degenerate the nerve fibres, we expected the opposite, namely a fairly poor brain 

stem and/or middle latency response One hypothetical possibility could be that 

this patient's responses were dominated by nonauditory activity However, all the 

EABR amplitudes, including wave III (not presented) and the EMLR amplitudes 

were pronounced over repeated measurements This constant and consistent 

findings made it unlikely that nonauditory (e g muscular) activity played any role 

One more remark has to be made, we studied the relation of EABR, EMLR 

and EALR peaks at C-level and not at for instance T-level The main reason was 

that C-levels are most important for speech recognition, more than T- or U-levels 

Furthermore, it is known from experiments m subjects with normal hearing that, 

provided the stimulation level is near the "most comfortable level", there is little 

effect of the stimulation level on latency or amplitude of any evoked response 

peak(23) 

To conclude, measurement of electrically evoked potentials is feasible, but 

their value for clinical application has still not been established It is not yet clear 

which of the responses, EABR, EMLR or EALR offers the best choice for 

selection purposes (e g using a temporary placed extracochlear electrode) and 

evaluation purposes The present results suggest that EMLR measurements are 

more promising than EABR for the assessment of neural responsiveness 

However, as EALR measures were significantly related to speech perception, the 

EALR seems to be the first choice for preoperative assessments and 

postoperative evaluations of the benefit of cochlear implantation 
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ABSTRACT 
To investigate whether electrically evoked event-related 
responses (P300) could be elicited by extra-cochlear 
stimulation, measurements were performed on a group of 
adults fitted with a single-channel extra-cochlear implant To 
optimize measurement conditions and because of the low 
number of subjects still using an extra-cochlear device in our 
cochlear implant programme, measurements were also 
performed on a group of experienced users, fitted with the 
intra-cochlear Nucleus multichannel device. For reference 
purposes, subjects with normal hearing (control group) were 
also included in the study Reproducible late latency 
responses (N1 and P2 peaks) were found in the five extra-
cochlear implant users, while P300s were present in four out 
of these five subjects The latencies were longer than those of 
the control group, but were similar to those obtained in the 
intra-cochlear implant group Significant correlations were 
found for most N1, P2 and P300 measurements evoked by 
the tonal stimuli and by speech stimuli The P300 amplitudes, 
evoked by either tonal or speech stimuli, appeared to be 
related to speech perception ability This led to the 
conclusion that N1, P2 and P300 measurements may have 
potential as a clinical tool for preoperative prediction and 
postoperative evaluation of sound processing on a cortical 
level 

Keywords: 
N1-P2, P300, Extra-cochlear implant, Intra-cochlear implant, 
Tonal contrast, Speech contrast 



P300 measurements in CI users 

6.1 INTRODUCTION 

The variation in speech perception performance among cochlear implant (CI) users 

has still not been fully explained Therefore, many centres have been searching for 

a pre-operative test that could help to predict the post-operative implantation results 

Such preoperative tests aim firstly to assess the presence of excitable auditory neural 

elements and secondly to possibly predict speech performance after fitting the CI 

The most common test in use presently is the promontory or round window test A 

needle electrode is passed through the tympanic membrane and placed as close to 

the round window as possible Electric stimulation through the electrode produces 

hearing sensations in most subjects Generally, threshold values, dynamic range and 

temporal difference limens are determined as a function of stimulus parameters A 

previous study by Spies et al(1) showed that especially prehngually deaf subjects 

could not always distinguish reliably between hearing and feeling sensations Some 

research groups have reported a positive correlation between the results of such 

preoperative tests and speech perception after implantation, especially between the 

dynamic range and speech perception after implantation(2), while others did not find 

such correlation(3 4 5 6) 

As objective tests, the electrically evoked auditory brain stem response 

(EABR)078^ and electrically evoked middle latency response (EMLR)(910) have been 

advocated, mainly to check auditory neural integrity So far the predictive value of 

these tests for speech perception abilities after implantation has not been 

established (9) 

EABR and EMLR measurements after cochlear implantation by stimulating 

via the CI produced results that were not or only indirectly related to speech 

perception performance(9 n 12,3) However, electrically evoked cognitive event-related 

potentials (P300s) seem to be more directly related to speech perception 

performance(M l5) These observations suggested that pre-operative measurement of 

P300s might be a better choice than EABRs or EMLRs to predict post-implant 

performance and to assist pre-implant selection 

The P300 is an endogenous potential, elicited in an "oddball paradigm" in 

which an unexpected stimulus occurs in a series of expected stimuli It is an 

objective measure of a subject's ability to discriminate between various stimuli 
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τ ' 1 ' 1 ' г 

О ТОО 200 300 400 500 600 700 800 

Time (ms) 

Figure 1. 
Typical example of electrically evoked late latency andP300 potentials in an extra-
cochlear implant user. The response was evoked with a 250-125 Hz tone contrast 

Usually, a P300 wave is preceded by late latency response (N1 and P2 waves), see 

Figure 1 

So far, several studies have been performed on P300 measurements using an 

intra-cochlear stimulation(H·1516·1718·19) Kaga et al(16) reported on one case, a male 

subject implanted with the 3M single-channel CI, that a P300 response could be 

elicited using different stimuli six months after implantation However, the N1 and 

P2 peaks could not be recognized Micco et al ( 1 4 ) used speech contrasts to study 

P300s in nine successful intra-cochlear implant users and one poor intra-cochlear 

implant user The results were compared to data obtained from age-matched 
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controls They found no significant differences in P300 amplitudes and latencies 

between the control group and the successful CI users, whereas the P300 was absent 

in the poor CI user Oviatt and Kileny elicited P300s from subjects with normal 

hearing and intra-cochlear implant users using different tonal contrasts (17) The P300 

latencies of the CI users were significantly longer than those of normal subjects 

Groenen et al(15) found that good cochlear implant performers showed normal P300 

latencies, while moderate performers showed prolonged P300 latencies In another 

study, Groenen et al ( 1 8 ) also found that the poorer CI users had smaller P300 

amplitudes than the better performers They concluded that the P300 may be useful 

as a clinical tool to evaluate speech processing on a cortical level preoperatively, and 

to help adjust rehabilitation programmes for CI users 

Very few reports have been published concerning P300 measurements evoked 

with extra-cochlear stimulation A preliminary report by Van den Abbeele et al ( 2 0 ) 

suggests that P300 could be elicited by electrical stimulation in the oval window 

niche 

The aim of tbs study was to investigate whether P300 responses could be 

elicited by extra-cochlear stimulation using tonal stimuli and speech stimuli The 

outcomes of the different stimulus-sets were compared to each other, and to the 

speech perception performance To obtain data, measurements were performed on 

subjects with an extra-cochlear single-channel CI and owing to the limited number 

of subjects still using an extra-cochlear device, also on a group of subjects using a 

multichannel intra-cochlear device In a previous study, Groenen(l8) employed three 

different speech contrasts for P300 measurements on CI users, namely, /ba/-/da/, 

ІЪаІ-lyaJ and /i/-/a/, in addition to a tonal contrast He found significant correlations 

between the P300 measurements and speech perception performance for the tonal 

contrast and the /i/-/a/ vowel contrast only Therefore, these contrasts (tone and /1/-

/a/) were applied m this study 

For reference purposes, measurements were performed on a group of ten 

subjects with normal hearing 

If the outcome is favourable this will justify performing P300 measurements 

on cochlear implant candidates by means of placing a temporary needle electrode on 

the promontory or in the round window niche in the preoperative period 
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6.2 POPLLATION AND METHODS 

6.2.1 Subjects 

From the six subjects in the Nijmegen series with a single-channel extra-cochlear 

implant, five subjects agreed to participate in the tests, two were prelmgually and 

three were posthngually deaf adults They had been using the extra-cochlear 3M-

Vienna or Mcd-El device for more than 5 years on a daily basis Age at the time of 

implantation ranged from 10 to 56 years (mean 35 years), duration of deafness 

ranged from 6 to 45 years (mean 24 years) Preoperative CT scanning showed 

normal non-ossified cochlea Biographical data of these subjects are presented in 

Table I 

Because of small number, the study included additional subjects namely nine 

posthngually deaf adults using a Nucleus multichannel intra-cochlear implant with 

a Mini Speech Processor (MSP) Their age at the time of implantation ranged from 

17 to 68 years (mean 43 years), duration of deafness ranged from 2 to 43 years 

(mean 14 years) In all these subjects, the electrode array was fully inserted into the 

cochlea The subjects had been using a bipolar +1 mode with a multipeak (MPEAK) 

speech processing strategy on a daily basis for more than two years 

Audiological measurements on the two groups prior to implantation showed 

total deafness which means that the hearing threshold at 500 Hz exceeded 110 dB 

HL, while at 1000, 2000 and 4000 Hz the thresholds exceeded 120 dB HL Two 

years after implantation, the two groups underwent free-field acoustic evaluation 

The aided thresholds in the intra-cochlear implant group measured were between 30 

and 40 dB HL m the frequency range from 0 5 to 4 kHz, which was considered to 

be adequate <2I) In contrast, the extra-cochlear implant group showed relatively 

poorer aided thresholds which were between 35 and 65 dB HL (see Table I) 

The control group comprised often adults, five males and five females, with 

normal hearing (hearing thresholds of 20 dB HL or less at the frequencies 0 25 to 8 

kHz), matched on age They had no previous history of hearing problems 
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Chapter 6 

6.2.2 Stimuli 

Tonal contrast 

In the intra-cochlear implant group, a 500 Hz tone burst (20 ms linear rise and fall 

time, 80 ms plateau time) was used as the standard stimulus, whereas a 1000 Hz 

tone burst (with the same envelope) was used as the deviant stimulus 

In the extra-cochlear implant group, we did not use a 500-1000 Hz tone burst, 

because these frequencies exceed the firing frequency of nerve fibres (22) Instead, the 

standard stimulus was a 250 Hz tone burst, while the deviant stimulus was a 125 Hz 

tone burst (10 ms linear rise and fall time, 70 ms plateau time) 

There were differences in the frequencies of tonal contrast between the intra 

and extra-cochlear implant groups Therefore, the two types of the tonal contrast 

(500-1000 Hz and 250-125 Hz) were used in the control group All stimuli were 

generated by the Interactive Laboratory System (V6 1) 

Speech contrast 

The vowel contrast /i/-/a/ was generated by the Computerized Speech Lab (CSL 

Model 4300, V5 05) A natural adult male voice formed the basis of the speech 

token /ι/ By manipulation of the linear predictive coding (LPC) parameters and 

resynthesis of the results, the two stimuli were constructed(18) The two speech 

tokens differed from one another in the centre frequencies of the first, second and 

third formants The tonal length of each stimulus was 150 ms 

6.2.3 Procedure 

In all three groups, the measurements started with the tonal contrast followed by the 

/i/-/a/ contrast m the same session The stimuli were presented by a loudspeaker at 

a previously determined comfortable listening level The standard stimuli occurred 

at a probability rate of 85%, the deviant stimuli occurred at a probability rate of 

15% Recording electrodes were placed on the right mastoid (M2, reference) in the 

subjects with normal hearing, on the contralateral mastoid (Mc, reference) in the 

cochlear implant users and on the forehead midline (Fz, active) and on the wrist 

(ground) The recordings were zero phase-shift low-pass filtered digitally off-line, 

with a cut-off frequency of 25 Hz The interstimulus interval was set at 2 sec 
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For each sound contrast, evoked potentials were measured from 2 blocks of 

stimuli. Each block comprised 20 standard stimuli, followed by 30 deviant stimuli 

pseudorandomly embedded in about 170 standard stimuli Between two deviant 

stimuli, at least three standard stimuli were presented. 

The peaks in the recording, viz. the N1, P2 and P300 peaks, were determined 

visually by two experienced interpreters. The subjects were sitting in a comfortable 

chair and no sedative medication was given. They were instructed to close their eyes 

during recording and to count the deviant stimuli. Problems with discrimination of 

the rare and frequent stimuli were only encountered in one subject using an extra-

cochlear device. He was the only one who could not discriminate between the 

standard and the deviant stimuli of the tonal and speech contrasts 

To study reproducibility in the extra-cochlear implant group, all five subjects 

were invited for a second session on another day. 

6.2.4 Speech perception testing 

A composite score was used, which was the average score for a monosyllable 

identification test, a spondee identification test, a long-vowel recognition test and a 

short-vowel recognition test.(23) These tests were administered routinely at fixed 

intervals during follow-up after fitting the speech processor. The scores used were 

the plateau scores, obtained 1 or 2 years after fitting the speech processor, when the 

scores were judged as being stable over time. 

Statistical tests 

Individual grand averages were compared with regard to the auditory late responses 

(N1/P2) and the cognitive response (P300). T-tests were performed to test any 

differences between the cochlear implant group and the control group. The i statistic 

was computed taking into account the equality or inequality of variances (24) Under 

the assumption of unequal variances, approximation of the degree of freedom was 

computed using the formula of Satterthwaite (25) N1, P2 and P300 results were 

compared to subjective measurements of speech perception performance using the 

Pearson correlation coefficient 
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Figure 2. 
Latencies and amplitudes for N1 (dots), P2 (triangles) and Ρ300 (squares) obtained 
with the tonal contrast in the intra-cochlear implant group. The horizontal and 
vertical lines mácate the normal range (highest and lowest values obtained in the 
control group) for the N1, P2 and P300 peaks, respectively. 

6.3 RESULTS 

6.3.1 Intra-cochlear implant group and subjects with normal hearing 

Reproducible N1, P2 and P300 peaks were found in all nine intra-cochlear implant 

users and in all ten subjects with normal hearing for the tone contrast and for the /i/-

/a/ vowel contrast The latencies and amplitudes of N1, P2 and P300 are presented 

for the CI group and the control group for tonal contrast in Figure 2 and for /i/-/a/ 

contrast in Figure 3 Latencies and amplitudes of the N1 and P2, were taken from the 
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Figure 3. 
Latencies and amplitudes for Ν1 (dots), P2 (triangles) andP300 (squares) obtained 
with the /i/-/a/ contrast in the intra-cochlear implant group. The horizontal and 
vertical lines indicate the normal range (highest and lowest values obtained in the 
control group) for the N1, P2 and P300 peaks, respectively. 

average trace of the standard signal Statistical analysis revealed prolonged latencies 

for the peak P300 in the CI users for tone contrast (t=6 32, p<0 01) and for vowel 

contrast (t=2 95, p=0 01), while the amplitudes were not significantly different from 

the controls Prolonged latencies were also found for peaks N1 and P2 in the group 

of CI users for tonal contrast (t=4 51, p<0 01 and t=3 01, p<0 01, respectively) and 

for the vowel contrast (t=3 96, p<0 01 and t=2 26, p=0 04, respectively), the 

(smaller) amplitude of N1 was statistically different from that of the control group 

for the /i/-/a/ contrast (t=3 02, p<0 01) 
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Figure 4. 
Latencies and amplitudes for N1 (dots), P2 (triangles) andP300 (squares) obtained 
with the tonal contrast in the extra-cochlear implant group. The horizontal and 
vertical lines indicate the normal range (highest and lowest values obtained in the 
control group). The data points marked with S2 belong to the subject S2. 

6.3.2 Extra-cochlear implant group 

Good, reproducible N1 and P2 peaks were obtained from the five subjects with the 

extra-cochlear device for the tonal contrasts. Figure 1 presents the result of one 

subject. The peaks N1, P2 and P300 are indicated. The latencies and amplitudes of 

the N1 and P2 peaks in the five subjects and the controls are presented in Figures 4 

and 5. The N1 and P2 latencies for the tonal contrast (Fig. 4) and for the /i/-/a/ 

contrast (Fig 5) were prolonged compared to the controls 
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Figure 5. 
Latencies and amplitudes for NI (dots), P2 (triangles) andP300 (squares) obtained 
with the /i/-/a/ contrast in the extra-cochlear implant group. The horizontal and 
vertical lines indicate the normal range (highest and lowest values obtained in the 
control group). The data points marked with S2 belong to the subject S2. 

P300s were obtained from four out of the five CI users, the latency for the 

tonal contrast was between 395 and 540 ms, which was comparable to that of the 

subjects using the intra-cochlear implant (their range 350-545 ms) 

For the /i/-/a/ vowel contrast, the latency was between 380 and 730 ms, which 

again was longer than the latencies in the intra-cochlear implant users (their range 

300-580), see Figure 5 
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To study reproducibility, the P300 measurements of the extra-cochlear 

implant users were repeated on a second day The intra-mdividual standard deviation 

for the P300 amplitude was 3 3 ц which is smaller than that found for normal 

subjects(26) The intra-individual standard deviation for the P300 latency was 55 ms, 

which is about 50% longer than that found in normal hearing subjects (2S) The subject 

who was unable to discriminate between the two presented tones and showed no 

P300 peak in the first session was unable to do so in the second session and again, 

no P300 could be evoked 

6.3.3 The relation between N1, P2 and P300 measures 
obtained with the tone contrast and vowel contrast 

The latencies and amplitudes of N1, P2 and P300 peaks obtained with the tone 

contrast were compared to those obtained with the /i/-/a/ contrast Table 2 shows the 

results of the correlation analysis Significant correlations were found for the ïntra-

cochlear implant users, except for P300 latency For the extra-cochlear implant 

users, only the P300 amplitude showed a significant correlation The limited number 

of subjects in this group may have played a part Combining in the two groups (this 

seems acceptable because we compared the outcomes of two measurement 

conditions with different contrasts) also showed significant correlations, except for 

P2 and P300 latencies 

6.3.4 Correlations between N1, P2 and P300 measurements 
and speech perception performance 

P300 results were compared to subjective measurements of speech perception In the 

intra-cochlear implant group, significant correlations were found between the P300 

amplitude and speech perception ability for both the tone contrast (p=0 75, p=0 02) 

and the /i/-/a/ contrast (p=0 82, p<0 01) Correlation coefficients between the P300 

latencies and the speech perception scores were not significant 

In the extra-cochlear implant group, P300 measurements (n=4) for the tonal 

and vowel contrasts and the speech perception scores were not significantly related 

However, speech perception scores were related to the latency of wave N1 (p=0 80, 

p=0 05, n=5) and the N1-P2 amplitude (p=0 81, p=0 05, n=5) 
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Table II 
Results of correlation analysis o/NI, P2 andP300 measures obtained with the tone 
contrast and vowel contrast. 

Group 

intra CI 

users 

extra CI 

users 

Both 

note: 
ns = not 

No. N1 

latency 

9 ρ =0.86 

p<0 01 

5 ns 

14 ρ =0.62 

p<0.02 

significant 

N1-P2 

amplitude 

ρ =0.65 

p=0 05 

ns 

ρ =0.61 

p<0.02 

P2 

latency 

ρ =0 76 

p<0.02 

ns 

ns 

ns 

P300 

latency 

ns 

ns 

ns 

ns 

P300 

amplitude 

ρ =0 83 

pO.01 

ρ =0.93 

p O O l 

ρ =0.87 

p O O l 

6.4 DISCUSSION 

This study investigated P300 responses elicited by extra-cochlear stimulation As 

there were only a few extra-cochlear implant users in the Nijmegen series, we also 

included another group of CI users, namely multichannel intra-cochlear implant 

users Using tonal and /i/-/a/ contrasts, P300s could be elicited with good 

reproducibility from all the intra-cochlear implant users and from four out of the five 

subjects with an extra-cochlear implant. The P300 latencies in the intra-cochlear 

implant group and in the extra-cochlear implant group were prolonged compared to 

the control group in both contrast conditions. The amplitudes of the P300 were 

similar in the two CI groups In both contrast conditions, the N1-P2 latency was 

longer in the two groups of CI users than in the control group. For all CI users 

(n=14) N1, P2 and P300 measures obtained with the tonal contrast and those 
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obtained with the vowel contrast were compared There was a significant relation 

between the P300 amplitudes, but there was no relation for the P300 latencies The 

latencies of N1 and amplitudes from N1 to P2 for the two contrasts appeared to be 

significantly related 

The positive finding of P300s m four out of the five subjects with a single-

channel extra-cochlear implant indicates that it is possible to evoke P300 responses 

with extra-cochlear stimulation In one subject who has poor performance (S2), the 

P300 could not be evoked He was the only subject who, although he heard the 

stimuli, could not discriminate between either tones or vowels (see population and 

methods) In accordance with this, obvious N1 and P2 peaks were found in this 

subject, but they were longer than those of all the other subjects, see Figures 4 and 

5, data points indicated with S2 

The P300 measurements obtained during a second session to study 

reproducibility in the group of extra-cochlear implant users showed reasonable 

agreement with values reported in the literature for subjects with normal hearing 

The subject who had been unable to discriminate between the two tones was unable 

to do so in the second session Again, no P300 was found 

In this study, P300, which reflects sound processing on a cortical level, could 

be elicited by extra-cochlear electrical stimulation Therefore, this test may be useful 

as an alternative, or at least a supportive tool, for CI candidate selection Further 

research should be directed towards the relation between preoperatively determined 

electrophysiological cortical responses evoked via a temporary electrode placed near 

the round window niche and post-implantation speech perception scores The 

significant correlations between the vowel contrast results and tonal contrast results 

in the group of multichannel CI users suggest that the vowel contrast has no 

advantage over the tonal contrast for preoperative measurements 
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7.1 SUMMARY 

The cochlear implant (CI) provides useful audition for most profoundly deaf subjects 

who do not obtain any benefit or only minimal benefit, from a powerful hearing aid 

Despite the successful results of cochlear implantation in general, it remains difficult 

to predict the individual outcome 

The ultimate goal of cochlear implantation is to restore speech recognition 

However, this cannot always be achieved Therefore, one of the main objectives of 

this thesis was to obtain greater understanding of the processes that are involved in 

the performance of CI users Measurements were obtained from several groups of 

cochlear implant users and the results were compared 

Chapter 1 reviews the outcomes of the Nijmegen cochlear implant programme over 

a 10 year period (1987-1997) Different aspects are discussed, including 

preoperative examination, surgery and rehabilitation The main outcomes were 

comparable with those reported by other CI groups The overall results indicated an 

improvement in speech perception and production Several of the implanted adults 

and children are using spoken language only as their primary mode of 

communication This reflects how valuable the CI device is, as it partially 

compensates for the loss of one of the most important sense organs, which was not 

thought to be possible a few decades ago 

In prelingually deaf subjects, an upper age limit for cochlear implantation has not yet 

been defined Previous studies have reported that when cochlear implantation is 

performed during childhood, milestones in performance are delayed compared to 

those of posthngually deaf children Further, prelingually deaf subjects implanted 

during adulthood obtained only minimal benefit from cochlear implantation 

In Chapter 2, the relation between age at the time of cochlear implantation 

and the results in congenitally deaf subjects was studied The speech perception 

abilities of 12 congenitally deaf multichannel cochlear implant users were analysed 

whose age at the time of implantation ranged from 4 to 33 years Prior to 

implantation, while all the subjects were using their own conventional hearing aids, 

poor scores were obtained even on the most basic speech perception tests After 

149 



Chapter ? 

implantation, the children implanted between 4 and 8 years of age initially 

progressed slowly, but their auditory skills improved steadily over the whole period 

of evaluation (which was at least 2 years) with no evident sign that they had reached 

a plateau score. It was found that two years after cochlear implantation, the speech 

perception of these children was comparable to that of a reference group of hearing 

aid users who had hearing thresholds of between 80 and 95 dB HL The congenitally 

deaf subjects implanted at the age of 20 years or older showed only limited progress 

during the first few months of cochlear implant use. After that period, no further 

improvement was observed Their scores were comparable to that of hearing aid 

users with a hearing loss of between 105 and 120 dB HL. The results of the 3 

children implanted between 11 and 13 years of age were in between These results 

indicate that in congenitally deaf subjects, age at implantation is crucial and that 

implantation should be performed as early as possible, preferably before puberty. 

In Chapter 3, results are presented of electrical stapedius reflex thresholds (ESRT) 

measurements in a group of pre and postlingually deaf children, during surgery. The 

effect of volatile anaesthetics on the ESRT was studied using either Halothane or 

Isoflurane at different concentrations. The results showed that in most of the 

children, an increase in the concentration of volatile anaesthetic agent resulted in 

higher ESRTs Best results were obtained from medial electrodes From the ESRTs 

obtained at different anaesthetic concentrations we estimated the ESRT for a 0% 

concentration by extrapolation These estimated ESRTs and the comfortable 

loudness levels as obtained 6 months after CI fitting, showed close agreement in 

most of the children In one child, the estimated ESRT was clearly above the 

comfortable loudness level We did not determine uncomfortable loudness levels in 

these children. However, based on measurements in adults, most probably, the 

estimated ESRT was not above this child's uncomfortable loudness level 

In Chapter 4, the results are presented of the electrically evoked auditory brain stem 

responses (EABR) and event-related responses (P300) in seven postlingually deaf 

cochlear implant users These CI users were classified as good and moderate 

performers. A reproducible EABR could be detected in five of them for all tested 

electrodes. In one moderate performer, an EABR was found only at one electrode 
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pair, while in one other CI user, who was also a moderate performer, no EABR 

could be recorded even when the stimulation level was close to his uncomfortable 

loudness level. When several EABR values were compared to the speech perception 

scores, no further relation could be determined 

A reproducible P300 response was found in six out of the seven CI users. The 

remaining subject was a moderate performer who had problems with identifying the 

rare stimuli correctly These measurements showed that the P300 latencies and 

amplitudes of the good performers were within the range of subjects with normal 

hearing who were stimulated acoustically The latencies were significantly prolonged 

in the moderate performers. This means that these subjects had more difficulty in 

discriminating between the frequent and rare stimuli than the good performers, 

although they did identify the rare stimuli correctly. In conclusion, 

electrophysiological results on a brain stem level and cortical level were poorer in 

the moderate performers. 

In Chapter 5, this item was further explored in a group of 15 postlingually deaf CI 

users The intra-individual correlation between EABR, EMLR and EALR latencies 

and amplitudes obtained at comfortable loudness levels was studied. Further, the 

relation between these electrophysiological measurements and speech perception 

performance was investigated Significant correlations were found between the 

EABR and EMLR peak amplitudes. Surprisingly, no significant relation was found 

between either EALR amplitudes or latencies and those of any earlier (EABR or 

EMLR) peaks. EABR and EMLR measures were not related with speech perception 

scores. However, a relation was found between the speech perception and EALR 

values. The speech perception scores were significantly related to the N1-P2 

complex amplitudes (the higher the amplitude, the better the speech perception 

score) and were significantly but negatively related to the latency of peak P2 (the 

longer the P2 latency, the poorer the speech perception score) 

The last topic of this thesis, addressed in Chapter 6, was based on the results of 

Chapters 4 and 5, namely the relation between the EALR, P300 measures and 

speech perception scores more specifically. We addressed the question of whether 

the EALR and P300 could be elicited with extra-cochlear stimulation and thus used 
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as a predictor for individual post-implantation results The outcome showed that a 

reproducible P300 could be elicited by extra-cochlear stimulation However, no 

relation was found between the speech perception results and the P300 

measurements The experimental group was small (n=5) and not homogeneous (pre 

and postkngually deaf adults), because only a limited number of subjects were still 

using an extra-cochlear device in the Nijmegen senes Nevertheless, peak N1 values 

were related with the speech perception scores The only subject who could not 

discriminate between the stimuli (attempted twice) did not show a P300 response 
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7.2 CONCLUSIONS 

1 Cochlear implantation reflects the tremendous progress in the field of 

Otology The cochlear implant device is of significant value for pre and 

posthngually deaf children and for posthngually deaf adults with bilateral 

profound sensorineural deafness 

2 In the case of prehngual deafness, the earlier implantation is performed, the 

better the progress and speech perception results If congenitally deaf subjects 

are implanted during or after puberty, only limited benefit can be expected 

3 The intraoperative electrical stapedius reflex test seems to be a supportive 

technique for speech processor programming purposes in young children This 

certainly applies as long as there is no alternative procedure 

4 Electrical late latency response measurement seems to be more promising 

than EABR and EMLR measurements for the assessment of speech 

perception abilities 

5 P300 responses can be determined with extra-cochlear stimulation P300 data 

may be helpful in predicting individual postoperative performance Further 

research is needed For example, the results obtained with a temporarily 

placed electrode near the round window niche should be studied in relation 

with speech performance after cochlear implantation 
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SAMENVATTING 

De cochleaire implant (CI) is ontwikkeld voor ernstig dove mensen die geen 

enkel of slechts weinig voordeel hebben van een krachtig hoortoestel. Het 

uiteindelijke doel van cochleaire implantatie is het verstaan van spraak. Ondanks 

de succesvolle resultaten van cochleaire implantatie in het algemeen, blijft het 

individuele resultaat moeilijk te voorspellen. Daarom houdt dit proefschrift zich 

bezig met onderzoek naar oorzaken van deze variaties in profijt van Cl 

gebruikers Metingen zijn verricht bij verschillende groepen Cl gebruikers en de 

resultaten zijn vergeleken. 

Hoofdstuk 1 beschrijft de resultaten van het Nijmeegse Cl programma over een 

periode van 10 jaar (1987-1997). Verschillende aspecten worden besproken, 

zoals preoperatief onderzoek, de operatie en revalidatie De belangrijkste 

resultaten zijn vergelijkbaar met de resultaten van andere Cl onderzoeks-groepen 

Zowel een verbetering van spraakverstaan als van spraakproduktie is gevonden 

Verschillende volwassenen en kinderen met een Cl gebruiken voornamelijk 

gesproken taal als communicatiemiddel. Dit geeft aan hoe waardevol een Cl is; 

het compenseert gedeeltelijk het verlies van één van de belangrijkste zintuigen 

Dit was enige tijd geleden nog ondenkbaar. 

Ingeval van prelinguale doofheid is er discussie over de leeftijd tot waarop 

cochleaire implantatie nog zinvol is Eerdere studies lieten zien dat indien 

cochleaire implantatie tijdens de jeugdjaren wordt uitgevoerd, de resultaten 

achterlopen bij die van postlinguaal dove kinderen Bovendien blijkt dat 

prelinguaal dove mensen die op volwassen leeftijd geïmplanteerd zijn, slechts 

minimaal profijt hebben van een Cl. In hoofdstuk 2 wordt gezocht naar de relatie 

tussen de leeftijd waarop men een Cl kreeg en de resultaten na cochleaire 

implantatie bij congenitaal dove mensen. Het spraakverstaan van 12 congenitaal 

dove mensen met een multikanaal Cl, waarvan de leeftijd varieerde van 4 tot 33 

jaar, wordt beschreven Voor implantatie, bij gebruik van de eigen conventionele 

hoortoestellen, werden slechte resultaten bereikt, zelfs bij de meest basale 

spraakverstaanstests. Bij de kinderen die geïmplanteerd zijn tussen de leeftijd van 
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4 en 8 jaar verbeteren de verstaansvaardigheden na implantatie stap voor stap 

gedurende de gehele evaluatieperiode (van minimaal 2 jaar) Twee jaar na 

cochleaire implantatie is de spraakwaarneming van deze kinderen te vergelijken 

met die van een referentiegroep van kinderen met een hoortoestel met 

hoordrempels tussen de 80 en 95 dB HL De congenitaal dove mensen, 

geïmplanteerd op 20-jarige leeftijd of ouder, tonen slechts een kleine verbetering 

en alleen tijdens de eerste maanden van hun Cl gebruik Na die periode wordt 

geen verdere verbetering gezien Hun scores zijn te vergelijken met die van 

hoortoestel gebruikers met een gehoorverhes tussen de 105 en 120 dB HL De 

resultaten van de dne kinderen die geïmplanteerd werden op de leeftijd tussen de 

11 en 13 jaar, lagen tussen die van de genoemde twee subgroepen in Dit 

suggereert dat bij congenitaal dove mensen, de leeftijd waarop wordt 

geïmplanteerd, van belang is en dat de implantatie zo jong mogelijk moet worden 

uitgevoerd, bij voorkeur voor de puberteit 

In hoofdstuk 3 worden stapedius reflex drempels (ESRT) beschreven bij een 

groep van pre- en postlinguaal dove kinderen, opgewekt tijdens de cochleaire 

implant operatie Het effect van de narcose gassen Halothane of Isoflurane in 

verschillende concentraties op de ESRT werd bestudeerd De resultaten lieten 

zien dat bij de meeste kinderen een toename van de concentratie van deze gassen 

resulteerde in hogere ESRT's De beste resultaten werden verkregen voor 

mediale electrodes Aan de hand van de ESRT's als functie van verschillende 

concentraties van de gassen, is de ESRT bij 0% concentratie geschat door middel 

van extrapolatie Deze geschatte ESRT's en de C-levels (subjektieve 

comfortabele luidheidsniveaus), zoals verkregen 6 maanden na de Cl afregeling, 

toonden goede overeenkomsten bij de meeste kinderen Bij een kind lag de 

geschatte ESRT, duidelijk boven de C-levels Wij hebben geen onaangename 

luidheidsniveaus (tolerantiedrempels) bij deze kinderen vastgesteld Echter, op 

grond van metingen bij volwassenen, wordt verwacht dat de geschatte ESRT 

waarschijnlijk niet boven de onaangename luidheidssniveaus bij dit kind zou 

uitkomen 

In hoofdstuk 4 worden de resultaten gepresenteerd van electnsch opgewekte 
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brainstem responsies (EABR) en event-related potentials (P300) zoals gemeten 

bij 7 posthnguaal dove gebruikers van een Cl Deze Cl gebruikers werden 

onderverdeeld in gebruikers met goede en matige resultaten Een reproduceerbaar 

EABR werd gevonden bij 5 Cl gebruikers Bij één Cl gebruiker uit de groep van 

matige presteerders werd een EABR gevonden bij slechts een electrodepaar, 

terwijl bij een andere Cl gebruiker, ook een gebruiker met matige resultaten, geen 

EABR gevonden werd, zelfs met als het stimulatieruveau dicht bij zijn 

onaangename luidheidsniveau gekozen werd Verschillende maten afgeleid uit de 

EABR metingen werden vergeleken met de spraakverstaanscores Echter, er werd 

geen relatie gevonden Een reproduceerbare P300 respons werd gevonden bij 6 

van de 7 Cl gebruikers Eén Cl gebruiker met matige resultaten had problemen 

met het onderscheiden van de stimuli en er werd ook geen P300 respons 

gevonden Deze metingen toonden aan dat de P300 van de gebruikers met goede 

resultaten vergelijkbaar zijn met die van personen met een normaal gehoor die 

akoestisch gestimuleerd werden De P300 latentietijden waren duidelijk 

verlengd bij de Cl gebruikers met matige resultaten Geconcludeerd is dat 

electrofysiologische meetresultaten op bram stem niveau en op corticaal niveau 

kwalitatief minder goed zijn bij de gebruikers met matige resultaten dan bij 

gebruikers met goede resultaten 

In hoofdstuk 5 wordt hierop verder ingegaan bij een groep van 15 posthnguaal 

dove Cl gebruikers De onderlinge correlaties tussen EABR, EMLR (elektrisch 

opgewekte middle latency response) en EALR (electnsch opgewekte late latency 

responses) latenties en amplitudes werden bestudeerd (verkregen bij een 

comfortabel luidheidsniveau) Hiernaast werd de relatie onderzocht tussen deze 

electrofysiologische metingen en spraakverstaan Er werden duidelijke verbanden 

gevonden tussen de EABR en EMLR maten Verrassend was dat er geen 

duidelijke relatie werd gevonden tussen de EALR maten (amplitudes en 

latentietijden) en EABR of EMLR maten EABR en EMLR maten waren met 

gerelateerd aan scores van spraakverstaan Er werd echter wel een verband 

gevonden tussen het spraakverstaan en EALR maten De spraakverstaansscores 

waren significant gerelateerd aan amplitude van het N1-P2 complex (hoe hoger 

de amplitude, hoe beter de spraakverstaansscore) en eveneens significant 
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gerelateerd aan de latentie van de P2 (hoe langer de P2 latentietijd, hoe slechter 

de spraakverstaansscore) 

Het laatste onderdeel van dit proefschrift, hoofdstuk 6, is gebaseerd op de 

resultaten van hoofstuk 4 en 5, namelijk op de relatie tussen de EALR, P300 

maten en de spraakverstaansscore De vraag was of de EALR en P300 opgewekt 

kunnen worden met extra-cochleaire stimulatie en zo ja, of ze gebruikt kunnen 

worden als voorspeller van individuele resultaten na implantatie De uitkomst 

toont dat een reproduceerbare P300 kan worden verkregen door extra-cochleaire 

stimulatie Er werd echter geen relatie gevonden tussen de spraakverstaans-

resultaten en de P300 maten De experimentele groep was klein en niet homogeen 

(pre- en postlinguaal dove volwassenen met een extra-cochleair implantaat), 

omdat slechts een klein aantal dove mensen nog zo'n Cl gebruiken De amplitude 

van golf N1 was wel gerelateerd aan de spraakverstaansscores Bij de enige 

gebruiker die geen onderscheid kon maken tussen de stimuli kon geen P300 

respons worden opgewekt 
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CONCLUSIES 

1 Cochleaire implantatie betekent een enorme vooruitgang op het gebied van 

de oorheelkunde. De cochleaire implant is van grote waarde voor pre- en 

postlinguaal dove kinderen en voor posthnguaal dove volwassenen met 

bilaterale doofheid. 

2. Hoe eerder de implantatie wordt uitgevoerd bij prelinguaal doven, hoe 

beter de vooruitgang en spraakverstaansresultaten Wanneer congenitaal 

dove mensen tijdens of na de puberteit worden geïmplanteerd, mag slechts 

een beperkt resultaat worden verwacht 

3 De intraoperatieve electnsch opgewekte stapedius reflex test lijkt een 

belangrijke ondersteuning voor het afregelen van de spraakprocessor bij 

jonge kinderen Dit geldt zeker zolang er geen alternatieve procedure is om 

zulke informatie te verwerven 

4. Late evoked potentials metingen lijken meer belovend dan EABR en 

EMLR metingen als voorspellers van de spraakverstaansmogelijkheden. 

5 P300 responsies kunnen worden opgewekt met behulp van extra-cochleaire 

stimulatie. P300 data kunnen mogelijk helpen bij het voorspellen van de 

individuele resultaten Nader onderzoek is nodig Bijvoorbeeld, resultaten 

verkregen met een tijdelijk geplaatste electrode bij het ronde venster, 

zouden bestudeerd moeten worden in relatie tot spraakverstaan na 

cochleaire implantatie. 
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ABBREVIATIONS 

ABR 

ANOVA 

4AFC 

CI 

CL 

CLS 

CS 

dB HL 

dBSPL 

DPI 

DR 

EABR 

EALR 

EAP 

EMLR 

ESR 

ESRT 

Fo 
F „ F 2 

HRCT 

I/O 

kHz 

MAC 

MRI 

ms 

MSP 

μ\ 

NA 

NR 

ORL 

QALY 

sd 

TD 

TL 

UHN 

ULL 

WSP 

= Auditory brain stem response 

= Analysis of variance 

= Four alternatives forced choice 

= Cochlear implant 

= Most comfortable level 

= Current level steps 

= Composite score 

= decibel Hearing Level 

= decibel Sound Pressure level 

= Diagnostic programming interface 

= Dynamic range 

= Electrically evoked auditory brain stem response 

= Electrically evoked late latency response 

= Electrically evoked whole nerve action potential 

= Electrically evoked middle latency response 

= Electrical stapedius reflex 

= Electrical stapedius reflex threshold 

= Fundamental frequency 

= First formant, Second formant 

= High resolution computed tomography 

= Input-output 

= kiloHertz 

= Minimum alveolar concentration 

= Magnetic resonance imaging 

= Millisecond 

= Mini Speech Processor 

= Micro volt 

= Not available 

= No response 

= Otorhinolaryngology 

= Quality-adjusted life-year 

= Standard deviation 

= Threshold difference 

= behavioural threshold 

= University Hospital Nijmegen 

= Uncomfortable loudness level 

= Wearable Speech Processor 
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.¡»mv/o/Г-І ЛХуЛІ SJbull ol/tyl 'Üjji^i -ч^ 

.Ä j j J j i l S J Ä J J J O ¿ ^ I J І _ І І І 4-jufr y j » 

\л 



o L ^ ^ I 

^jO L?w I ) ' ^jA iJajLaJI ~i£.y*¿-\ L^OJ5O .pJJjJll i_Ja¿J I o b i j j j i l j ^ - «- — ^ L>t¿ I 

^ ¿Lb « j . . ia i i l (-Jaill o l j λ*ί_μΙΙ Â k - l j , ( r · · ,_,) J J U L - I ' v b C l ¿LJ I o ^ > i 

u _ 4 p j j l Ij^J ^ Ι . ι ΐ . , , Π ^ І л Л ^ І ( j j j J L L J I » I J V I J ( Γ · · S) ^y y jU- i_j^j (jj-üj 

* * / \ * 
O b 0¿j¿) I J Í LJC—II ^ L ^ i V I J-P JÜaJI »bVl j ( Γ · · o ) ^ λ β ^ ù J ^ j (JjJ-l 

ρ-JJJJL' ι-.häll 

. j iS i l o-L>. ̂  JL¿ J J î l i l ¡.-LiJI i^pUaJI 0 а І <діу Äpljj c~-£t- J 

¿ U I ^ К " З ^ Jipljjll o ^ r US' i j k J I O L J T V ^ L J I , ^ Ι 3JU. j .Τ 

J ^ î l 

P j 1.11 кЬ>-у· JLÄJJ tl—J I i »¿»¿Il ^ -C - ' JJ J-»-1 óa jJL·^ ^ _ ) - ^ 4_*S^JLI І Л З Ш І _T 

.LÍL. ¡ил^и^Ьи 

*JLP »UI L i l ^ f Ascil i) o l S ^ I 3dU*J ^ r W Я,1»С~)М ^ J J J U - Í 

"«kpljjl -uu J U b ^ l J-P j l ^ J J J j ^ l ¿1*11 o i j J . u - L - о_^ЬІ ( i e - l j j l 

. J ^ s í JiJü j a i JL^ji V U i t O Î J J J } L b ,_^>οϋΙ IJL* J k i ¿L i oi±>} 

і^Л\ - ^ x ^ J I SjL'VI ^ i J V a j ^ i J ^ - U l l Î L J U ^ J I 5jLî>l ^ 0 І -О 

• τ • •- Ч ,г=чД i / b J I сІз"і/І ö j j i , : ;ä: l kkw^J-lj 

.ЗцЬ-ІЛ 0 aVl *д5у1 λ-a-jU-l ôjlî?l> ( τ · · о ) І Ь ь - І 0 і С ? Ь <J ^ Л 

• i-.ll a^ij·^ *bli j-jdl (juc ^ а л Л IJJb (j» 4j.:iv,..ll oUybJll ÔJ^LJCJ 

H^j-I .Lîî ,ν—JI ^ > ( r · · u ) ^ - ΐ ώ ^ H j J - > ^ L ^ I ¿ I L A , / k J l j 

0 a V I ijdjS Jlc- L i j i IS^JJ i-Ja< SJa—!ƒ i f - l j j ' j J ( jJ ' S-JaJI ,J«JJ**J I 

λί-l j j j l A*; ^ k J I p i l a i j £ b J I ^ iä^UJI ^ I j j J 

w 
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^UiS/l ^eiJL. 

•*-£-; j^j¿l jLif. 4;«„,--|l Ì J J L O ^ A Ì I I ¿L j (t_¿ji¿») j j j j-ft »Lull ç-Lkj'VI ¿j I LT .i-L»«^dl 

ij-_j-j¿l ¿ Ы ÂlîLf oJlS" «J«..-.,!! O L S ^ ^ Í U ÖJLJ-I *-Í-J-W¿I ¿Lsl ¿,1 j * j Aja—_jiil 

.".dajLaJI 

Ц?' θ ' ij1**· ' J 1 - - ^ ' j W ? ^ <Л£А' J ^ ' j L ^ * 5 ' j ' — ^ L/H **"̂ *· 3 ^ J Ц ^ L > * _ ^ ' Cr* 

.^/kJI HsSíl J * J,^ e j^ - JUL, ,5/j l l jL-i l J * j i ^ ^>-*Я jULI J * j¿\¡ 

Ä-J j jJ AASJÍJI (JL«.«.·:....< J^-Í UJL U a ^ i lo j ^ i J j X * ~<s*y>¿- ¡J& A-LL¿i i - J j s С Ц ^ І 

. i U...JTUJ ÍSJJLLI ) ^ Ш , ,-„ll JU4J-I ejU[ t - i j L ^ ¿ ^ crH *-^^*Л і і у ч 4—.IJJL)I C J . ¿ 

JJJJ-J » jLc-j ÍJX»I_JJLIJ 5 J ^ - I I À ; « «.-. 11 ôj l îyi ¿η-i öyiL·« Äi^U- iyr$ (Jlc ^ l ^ - 1 - ! ' o j L i l 
» » » » * 

iy>-j i - J j j J I O j ^ i i l ¿ ^ j .^äL:!! »Із І j l ôy-LLI *;«.,-,.ll Sjlî)Mj L ^ ц£І ^ ii^U-

. J t i l l .laVlj ó / - к I vuuJI fljlî>l ом У** 

o-aUI J ^ í 

^ ^ l i l j g i p i O Í - U Í J I 0 ^ L,j Le) SJbJüJI U U I o L J j j d l ¿ μ ^ S f l j ^ 

^Lk iS í ο ύ ^ ί JLÍ Jkü l .laVL· Ц а ^ ( r · · ,_,) j ^ i J I (JljiVI ^ j U J I ^ > ü 

( Τ · · t_j) Jgl;">-...I 4_J15L«[ QC. U-jjla^ J l j _ J I ^L) -p-jjv« >_-ί-i*) o l i кяз^іі ¿дI»»:,,,« 

ójJLÜ I j i i j Í - J J I I JL$J J «JI.-..I,.I.« »ЛОІ ^¿ч^і o u i · < _- L·'» L5¿ Í J J J Í Âk^/I^j i - ^ - j l i l SJLÍVIJ 

.^Síl II* J ^ oUy*ll 

. L / k J I Иа іі ( r · · v ) j 5 > - k l '<.y..-,.ll 5jL'>l j j , 

4_«¿jiJ ο<1^«·:...ΙΙ Ο^,.Λ.Ί £\jj> i¿0j* ¿У ( jeUfcil 0 ^ .̂4 4j_j>-« <P^aJ¿ 4—Ij j j I oJj^>-1 

*\ о-4 <-=—jj-̂ j (Jj^>-I ¿~-c-yJr *—«IjjJI c-JLx- JLÜ SJLJJI ÄÜ) Ij-laJj .»-.¡'il • - Ь;ІІ ^ l j 

\л 



JjUSíl ^ « J , 

J U b ^ l Ы . 4 J U U I I ¡_y Á-jliJI 4_J I J ^ U І_ЛІ_^ i _ r - ^ J ' ¿^)_J Í | _ ^ X ) U I ^ J - A Í I ijy¿u 

• \*ai 2 ' [ib •^..'..•C 4J>-J3 O~J0_) l ö j l l іс^л -bu 

^^JÜ-I -.»vnll ( ^ j ^ i^JJ ,_^кЛ f l j V l j λβ-ljjJI J-t J ^ J J I J-iU- J»LJJ[ i—Ij Л β ад o~¿ 

-^PjL JÜ«J ,<«ä>ji·' ^ <ÜJJI oJJ> J-p <í-ljjü 5JJUJI i j i j J j i o £ P j jJ l j 

¿Jldl J ^ L Ü I 

JL-P <_*¿J U- t oJ j j l · ! 1 4_p IJJ (jj-î 4^- l^j J I O L)j-*»a.l i -U>- 1 4-¿P IJJ Jüu J l^J-1 '<¿-j j^ifû 

6 φ t, 

u¿?y^a¡\ ¿ L J ̂ -Jlj^a-a f ^ J (П=-^ *Ц-А-С"' ^ ^ Ь - j ^ l OJUü i j - * - j *±лі ÍJJÍ» JLfit?^/! 

. ,*y*aAJ JuC- 4 j « a mil 
β 

2oç*ll ^ i r j l i-L«J ^ j l j l ü l l o U i - V Ι ^ 4J"5UJI 4—ljjJ '~Ы> i r Je- i l_¿ , ^ - ì 

. i jUiwVI Ĵlp (¡y.jj^iyj j ' і_я^1*) j · 1 ^ ' j ^ ' j ^ / *—' j y ^ ^ Ь Л 

ÄjUi - )M ¿ Ь ÄjJLO (_ju-j L ^ j J U A A Í J I J j S ^ j j j J l ^ f-U<J λ - l j j J I ^A J^A> ^^-ai' 

.jLüÜ i^i^JI J--»_J J j V I J-c- ÂJJIJ[")UI 

. i jU i—^f l j j - 1 ^ ' jUJI Ä—J JJAJ j ^ f · JOIJ 3 ^ j (J| λίΙ^Π,,0«Ь«< Jut· ^ i ' 

4_JUiJ Ì^JLJLI J_*ljj«JI Á_¡i jJ3i j oô j i J I ^j,«_«·;..^ ,_^ < :«.,",ll SjLjJll ^ o - j i o j L i J j l , 

І _ > З І Л І ) І t_r=i-> í̂ JLkAiwl JU· JJ^JL^-UI ^JA*J fj-í- ' I J Ü .ЯЛ«. І І Я Л ^ o ü I j ^ o ë ^ i l l 

o j L ¿ JJJJ ÄiX«JI i j y i * ^ J - « J <A¿j¿JI ^JUJC; « ,_^SLA¿I V J ^ " i l k i - r l 4 - J j j o - j j j - l 

^ j j U o J I j j , r..\\ JL^ÄLI ^yJa^l j l LI t-»jL¿) < - * ^ J I λ - î L ^ l o l j L î ) / ! oU>_po 

J l J t J I ^ Ь І _ ^ ^ U ¿ V l ( ^ j ^ x * ^ k J I .laSfL Ц а ^ ( j u ^ J I J ' b 3 ) " 

^-i _l••• LyaÄ-i 11 (j_-· iJajUxll i-e-_jA¿l o^-ijXi .» l i^ l 4_k—^І·^ >ІЗ*І/І »α-> 

\ β 



OLÉSM ^ 

4-JL»*· ,J—J (¿Jl L1JLM»^ÄA)L) 4-ІІЛІЛ ÖJLJJLC- J-* '^ · Â - - ' j i J-* i Í jL¿VI oJLft ^J«* ι_ί Jujll 

I_-JIJJ- (juwii^j ( » Ш - И Л ) o l j — j i t 3JJ. і л і у Л Äc-Ijj) JJT .» . ! f-ly \ju-\y, f 

i^^ l^J- l Í^JUAJI ι(λ_. ίι . i_4*Í3¿» λ-pLiJ . 4, ;«f·") 4 :.1эП O L J J Ä J I î—Lc-1 5J_JJLP 

λ-iU. <-~ JÍ\JA J - i ^ Sj j^Ji l ¿ Ш UJLf ^ L ^ U і_-,Ь І ¿ U I o^LT . J - A U I J 

i j j JL«; ,U I ^ ^rt-JUI jĵ » OJJJJI c-LkL-J J ^ b J I f\jy »Lcjj 4j«ijiJl 5 * l j j JJ<J .LSJÍ-1 

i - . l k J l ^ j l j d L JUkV l ^ ^ L . ¿*=JI i f j o J I £ . J^Ldd ^ U c j j L - V λ-ЬЫІ 

^ l j j - ^ l jb- l ( j l j i iä L_l<a¿jjd JLJÄT i ^ t -UJ I іл і^ іЛ (ô^LuS') <*J (^х · ¿ U l <.-.,,,£P 

4_»3_j¿)l * * b ^ i_r=H '̂ j - * ^ J 1 * * 5 " -L^-' -Ч-1^ Jju р-Ч р-І 'W¿b- «-¿J1 ^ 1 * ^ 1 1 S—jJL) 

SJLCiil ojjb J_p- O U J J A I I iJLs Л ¡uLsV l 
*• * 

^ - -•• 5JUL ( І О Ч Л j-Λ^-Ί · ι ^ Α ' er4 ^ ' оJL̂ I J^JLU J*·VI JU-! JUJLÄJ λ-Jja <^Ojj>-l 

l*JL J SUb (T ^ " o J ^ λ * ^ J k J I »laVl i j u b J * J j ^ j "4*ljJI o L L ^ * l ^ l -bu 

JLP i — Τ Γ | J [ Í (jj-p U j^jL^-l i j^s- j l j j ¡JilJ-l ,·. » *-• ib - ^ J U S [ X Ä J J 4лз_}і)І ^ I .»:,„< 

^ftjJUI Xis -

pjJUI iJb-j^ ( j Ais -

JUbVl *a -

*rf ì*Ìj JLXJ » AVI) LI ~^J Lrf> [ іл- і і АлІ^ІІ I ,JUJ4_>· J Lib I 1 * ^ 'Ллл LaJ I 'iS-улА \ C^J^XJ 

A.U ^ ( s _ τ · ^л j¿\) ^oJUI J U . I ^ l ^ J . J k J I .laSfl 0 1 ¿ U I o ^ î 

ÄJLJUÖ ( J ^ Ä J I O - J 3 CUJLSJ cJ-jbUJ (JjVI λ—JI J^U- I_*3JJ j j - ^ л Л IJLA , _ ^ J ^-' j^r" 

u 
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<ÉM¡« Alijfl^ 

r̂ 



'<A[Í- ~<*Λλ* 

.«.Ij— jb- (J^· LL¿ i j j j j u J I i- j j jJI iXLoIl ( j ^^uk-jiilj 

j ^ l j ^ SJLC· CJJ-J I ¿~~- i -ü^Li l oL · *—i l l JJ l j l J 4_&Lil j o¿_jiJl Äpl j j ^-Ljy lj_> 

j ^ l j i l ^ Г І SJL¿ »l*JI J^J ¿Uil ЦС. І...С Sj^-J-lj . jsV l j ^juí\ /j* j o ú j ' ^ y J I І-Ч1 

.k&Lll ( j öj^j-^i l 

iJîLfj іл~~ c ^ l í ¿ L J I j j î "VI JL*¿I IJLA J ¡ J J J -U ÍJJb t j 3_¿¿JI _r¿¿ ^ -fjJI J-c 

* £ L i l Ja-Із λ*ϊ_μ)Ι ÂPIJJ ^ c i . j j J I ^ > l ал* J Lf . ^ ^ S í l U l * l l / 1 > 1 ¿ U 

. » Ш »le. i j ly. j > - y U l ¿yu 

^U jJ I λ-*Α^ t / a j j l l ¿Ijal.jJb "<j>íyJI "^C-ljjJ i^-^j-ll J J 4 Ü J r 5 ^ » I4) I ̂ va-jJ I JJaj 

¿,J 4jj jb ( j j J l j J ^ A U I ijs ¿\£> isJb\y¡i l ic- l j j j l SJLc- Juu (^^kJ l j ju—II) J I - A L J I 

. ^ J J ^ I J I ^ L I ^ Л ^ - І 

\t- I j j Juo J-Α Ы I 4_UÖ IJ-« ( j í - ( j JSJJCI i c ^ j i ' j ûAJ , j I l i >j>- ruvaj ^ ^j 3 JA»* Л-» l j 3 I_UJJ-?- I 

: i A j J-4'_*/*" ÖJuJ 4j l í j¿)l 

. j y i l SJU- J [ JLJC j j l j J - A U I IJÍ JjJ» -1 
. J j b U I λ - ^ * ^ ,^иЭ^ІІ i^^AJ j i - i ü ?¿¿- ~^ 

^ j j l J U L ^ I S^U- j l_5-eJi' , _ / " J ^ l í i u -^J ^ W ß^j* i j í ' **'—^ - ^ _ , r 

·«ƒ· JS" i j JV^ÍA I I_J Uik^s I (j_jj- l¿*¿ 

J I P US' ^ j l ^e- l j <Sj^i\ J a ^ l J ¿jJj>¿d! V'Uöji J IA VI 1_г=ии і л і ».it- - 1 

•j^JL-il J^'li £ l ^ 

iÜLjbl; S\j* λ ^ Ι ί ί ι ^ J J J J U J I ^ w l j j j l i^~«¿>jl J—aJl ^ " i ^ iJ-^^^J ^ k / - ' ' ' j L j t j - i î ^ ' j 

^ J J : 4 j i j j j j j ^ j j i l \&i> ¿ І І д Г і*5чЫ.І j b L « ^ ^ - J , ^ 1 ^ ' f ^ i * J ^ ( ^ ^ j ^-ί*^") 

* — ' J - ^ J J i O L J ' V I J íLf-lj J l *_1A£- C_U»J ^ J J I ^ J L A U J I ^ L ^ J I ÖJÜ J l j b ^ J s l j ^ ^-_ojb I 

**i¿l J -Ljisj ij-Sfl ia^¿ j c ^ i l j л«^Ц ^^ i^ i l cf*¿¿ J* i-jjlíSílj J*Síl "«LTJL·-« 

.¿)15^)ÍI JJLÂJ i j l i ^ f l k*L I J L J J I Í Í »JLfrj .».J-..J I 

^γ 



\jt\c· <*JuU 

•Vi>j '(<yj> J*'-» £•>" ·>Ό ^ υ ' : ^ ^ ' *•*>" Λ« 'IfrJ' «Α*> ( ^ ! V' ^ J 

M 
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<*ІР <*JÜ* 

IjLjb Л_*лі .*_J^aJi oL^-j i l JL>a:.·! jf A—ĵ -jU-l (jJjM t j ^ Λ*"_}--ί Jí-**0 U^Jj -^ -* 

"*L— IJJ j , -И >. ...-mil JJÍJ i^-ülj (τ ÍJ «ĵ -e JljL·^ (ji^U λ-лУ-і LLLII ìSb.ll j jJU-l 

oJ_n> J ä:>7 ¿UJJ λΛ-Lj (ойдіі j l я-jjj-Ll) *_Jai)l jjj-b ^ i^pL^JI oljLi.)/! 0.LA 

^ U ¿Ui ^ ζ^ΗΙ ^ J f—11 ƒƒ· Л J - 3 3 uH" ^Ar 1 1 l — ^ 1 J1**· Л o Ij Li? I 

.Oj^aJI 

Ijüyb J 4J»3JÄJI i * l j j £ l i j j 

(JJ ) IJJJA J 4_jí-L«aJI ¿)i^l AJJJÍ Ät l̂jjJ iJjii^· ^ Ч ^ , J j * і 3 ^ Ц ' O L A J | ¿ U I i _ a ^ : „ . j 

^ £ L>jJI (J J-«J (J-"*" ^:>Ч"Я l-~J I·*" -Ц*-· Л* UJ ^""^ 'Ця-4 I-*"' ijJ*4-'^rJJ *—"̂ '"j-'J *—J . ' 'l'i.··« 

:L~· VPIJJJI (U 

.«-¡t-Ü (_5-иал!І «JM<aJI J l O i l ,jJI *^>jH I_JL-VI -

.ÍJLAJI ^J^\ J-i ^ ^ I' w-^3jJi oL?^¿- ü i . 

.jl^ti) -.¿Lx·-.. I Jüu ^Üa-Jlj JU-J' IÍ^JJ·' «'i' -

l-aj«j ^-LJ (JÍ-J -tulj-J ÍJ-^J o L ' ¡ (J o I—/IjjJI f̂AÄj I— ĴÍA-̂ I L5_^ I **~>-u ,_ƒ-« JL^ÄJÜ 

.4jL»ji)l JJ«J ^JOJ.J^ jiJaJIj Ί - Ι Ι »la^/lj Í-LJIII t-\y\ J-i Vjjua—II oUö^ i i l l 

Ä-jĵ s ¡uiiil o i l j i \^£-V^a іліу 1*0 λί-ljj IJ-JC >И^ j»U ij l,- ( j^-j ^-LijJI \\jj j _ ^ 

\. 



K*\s- ~<*лкл 

IjjLiJ ¿¿uil <¿\) jL·^ c^-SSi. joül JlibSflj ^oJUI-jr ^ j j kJü ^^-iSai JUbSíl 

¿£-**>Ш ¿¿JL¿*JI J^U- oJyJI λ-pljj Lfü¿>- j j l SJLJ.1 ¿LJiJ I ^ J J ^ U - I U^A* j j 

ju 0V) j ^ (IUJI ,U¿Í ^ * j ¿ДАЛЦ Jl ibV 

4-^L*aJ1 j à V I 4j»ïjâ j l ^ oU jX* 

XÍL·^. r-L¿ 

:̂ b_j \^f-\js-\ J_L« λ * 3 ^ Ι öjY»-4^ öJuJLc· p-ljjl ,*-^ y· 

. r - j l i l ^ <;JU-ljJI ¿ j i ^ l λ*ϊ^3 Jlf- o—ju 3-L^-lj óLs ( j i i_Jat; j ly*· - I 

.4-U-ljJI j i ^ l <*i_jí J ^ ' 3 Pj j í äJb-lj SÜ tjb i_-Ja¿ jly». -V 

.1 i j ijyo J l j l iú l .iJU-ljJI ¿)iVI <Aâ_j3 J^-Ь í - j j ; 5¿ JüCU o l j ^ ï ί£ϊ 4-Ja¿> j l ^ -V 

. i iÁlJI ¿¿jVl ідіу J¿lj fc*!^ ^í/ h^¿' <¿>\jj Ji ¿ ¿ ^ i¿j t-^** J*r"j f s '• \ )y hj* 

[rif ¿À *-aßj~ VJ· crifs 0&. £¿ 

я 



<4І£. <*JLL· 

« j i j — e a L f - ^ J Í Í - иллЛ^ f j - ^ ' j J > ^ " ' ' 3 « J ^ — ' J о - Ц т * í ( j l 5 4 j ¿ U * J J I J J I J U > - « i J _ Ä J I 

i ^ j j l Jit- ^ X J I j e^LaJIj i ^ i ^ i . j ^ - v(^ j jb jSi j ^ j X i .jO £o 0 á l ¡ j i j ) JiUJI (^JCJI 

.,_«*** I * - ^ . } *J^ J^- j J£ b j u - Siagli 

0І-ьаз j o j y j t, jL-i)f l J*· L,- J j - j js- <i l j^jul j J I j^fcJI J-e i l ^ £»¿JI λ-1>· ^^»3 

^яЛІІІ L^ ^ L X J j J I j pJUI j s/jJLI v i . l iU?l ^jbí J ^ i ÍSMU¿\ ^ l ( ( ^ O J O ¿ ^ J I 

Ojj-icLI ¡у} 2ull*JI І-ЛЛАІІ ~ΚΔΛ*Λ O L J - Ü J ι_~—J- «.Ij-* Λ>- ^^C- ^^yJUI^ J L b V I ^ 

JL«jcu»L· U¡j 4^-I^J-l o L L r I L «I λ-JaJI jjsU*JI 4L»..I_y ü b V I олл Т-^ІР ^ & r V «ui 

(U.lS3l) Ï J U J U J I o V L U j j 4(3u/Ul) «bjULuJI «ц-kJI u a V l j U g l^. ^ U d l 

S JÛ UM (Л-і* ( jJ^ i V¡,i : l i: l l o U L J I J L J C L - [ J U ^. «η » 11 ,$~J-I ,«.«.*я Ч 

u_«i ^«ajJI ^5-J-1 д ««̂ И ( ^ j - * r L r ^ b ^J^C^1 e J L * J ^ <—JUdJ _ / ^ Ä J I J «LJjJI lj_> 

i^JLc vii Uli v^oy>-l vísVLil ^ ^ i j J I UJ^1 (_Г* l i ^ 1 uiUflJI J j ' j ' L/3 '^**—" Ц/*^ 

ej—лііі oL¿V»Jl ( j 4_ϋ» j-S'lj^ ¡j-e- ( j ., « *-\ 11 ^j¿3j-j» L·/з-ι<Jj o L i l j J - l ^^SAJ i j ^ ^ -

• * - * 

O L I J J 3 JL—IJO v iJJ i j j j «- .*• 11 »..«ri«'! 5j lì \ i_j j l_>cü I i-...» ,<-ü LJ I jw l j « j j l j «UJNJ»* JM 

O V Ä J ~ * «Uj J—LI •£• UÜ I l_i«J D J I - • t f l » l U 3 . i L « L^J j^> J JÜC4 l « h i Art -» IjJ «Uj l J 

¡JJF j L » - f-'ƒ-*-' / Jb¿ l IJLA j Ä ,»1«Π vi iLcVI «LL^Ijl Ü>^JÜJ O L - Я II i-jl-ъ »mj 

v_JjL¿ öJie- íl^p-^ JLxjj (ijiJjjjJLi JLXJ ÎS LJ J-»JÍ) λ-t-LrfJI v J 3 ^ ' ^ ^Â» ^ j * · ü j j ^ i 

( j j ^ l j i l ^r^ju o l j - i j LJs VJIUJCL-I^ JIC· λ-iCij^VI i j j j V l j ÄJJU- І ^ i l - — V^UUÍIJ L^ÍÍ-
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