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ABSTRACT 

This paper summarizes research work relating to multichannel cochlear implantation in 
children at the University of Melbourne. Ongoing safety studies relating to the implantation 
of young children are discussed. Results of these studies suggest that special design consid
erations are necessary for a prosthesis to be implanted in children under the age of 2 years. 
Results of clinical assessment of implanted children and adolescents are also discussed in 
terms of speech perception, speech production, and language development, and some 
possible predictive factors are suggested. Preliminary data suggests that a high proportion of 
young children can achieve open-set speech perception with the cochlear implant given 
appropriate training and support. Initial results with adults using new speech processing 
hardware and a new coding scheme are also presented. These suggest that Improved speech 
perception in quiet and competing noise is possible with the new system. 

The Department of Otolaryngology at the University 
of Melbourne has been involved with cochlear implant 
research for almost 20 years. During the early and mid
1970s, initial physiologic and safety studies established the 
feasibility of a multichannel cochlear prosthesis to assist 
profoundly deaf people.) TIle improvement in electronics 
technology during this time made possible the develop
ment of a prototype lO-channel prosthesis that was im
planted in three volunteer subjects in the late 1970s.2 

Psychophysical studies with these subjects led to the 
first successful speech processing scheme that presented 
amplitude, voice pitch, and second formant information 
(FOF2), and encouraging speech perception results were 
soon obtained.! This work, between 1979 and 1981, pro
vided invaluable experience and knowledge for the design 
of the commercial implant and speech processor in 1981 
and 1982. Commercial development, made possible by an 
Australian Federal Government grant to Nucleus Ltd., al
lowed the University and Nucleus to work closely together, 
providing a balance of research and manufacturing exper
tise that led to the development ofa safe, reliable, 22-chan
nel prosthesis, which underwent clinical trials in 1982 and 
1983. 

Initial results showed that profoundly, postlinguisti
cally deafened adults obtained significant improvemen ts in 
speech perception with and without speechreading.4 Fur
ther studies indicated that many subjects using the mul
tichannel prosthesis could understand a significant amount 

of unknown. connected speech without speechreading.5 
Independent studies have indicated that, in general, this 
level ofspeech perception is available only to subjects using 
multichannel cochlear implants.6 Continuing psychophysi
cal ,studies led to the development of a more advanced 
speech processing scheme that added first formant infor
mation to the existing scheme (FOFIF2) in 1985. This 
provided improved speech perception for implanted sub
jects, particularly for open-set, auditory-alone material.7 

With the development of a miniaturized version of the 
22-channel device incorporating an implanted magnet, the 
prosthesis was suitable for implantation in children. 

This paper discusses the main results obtained with 
children implanted in Melbourne over the last 4 years in 
terms of speech perception, production, and language de
velopment Basic research aimed at investigating some of 
the important long-term safety issues regarding implants in 
children are discussed as well as new developments in 
speech processing that have important implications for the 
future application of the prosthesis. 

SAFETY STUDIES 

Temporal Bone Growth 

This study is aimed at determining the changes over 
time in the distance between the anatomic sites that coule! 
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be used to fix the electrode, lead wire, and implant pa<;kage 
in young children. To this stage, results have shown that 
there are certain fixation points (e.g., the fossa incudis) 
where the distance from the round wiQdow remains fiXed 
from bird! to death. Figure 1 shows the distance between 
the round window and the fossa incudis as measured on a 
series of temporal bones from children aged 0 to 11 years. 
These results indicate that this distance remains fixed from 
birth at approximately 9 mm. Other points, with age, show 
increasing distance from the round window. For example, 
Figure 2 shows the distance from the round window to the 
mastoid tip as measured on a series of temporal bones from 
children aged 0 to 11 years. These results suggest that this 
distance increases from approximately 12 mm at birth to 
approximately 24 mm by age 6 years. A fixed point, such ;,lS 
the fossa incudis, therefore provides a preferable fixation 
poin t for the electrode lead wire in young children. Studies 
have confirmed that the distance from the round window 
to the implant-package bed does change significantly with 
age up to 2 years. This means that, for children under 2 
years, a special expanding lead-wire assembly may be re
quired. . 

Method of Fixation 

This study aims to determine a means of fixing the 
electrode, lead-wire assembly and implant package so that 
temporal bone growth will not result in the electrode being 
withdrawn from the cochlea, electrode-wire .fracture, or 
displacement ofthe implant package. A technique has been 
developed for fiXing the electrode to the floor ofthe antrum 
using a teflon-coated platinum wire as a tie.s The efficacy of 
this fixation technique is being assessed in monkeys. 

~ead·Wire Lengthening 

As the anatomic studies have shown that the distance 
between the round window and the implant package bed 
may increase by 10 to 15 mm over time. there is a need to 
ensure that the lead wire Can expand without traction being 

ROUND WINDOW TO FOSSA INCUDIS VS AGE 

o TO 11 YEARS 

Figure 1. Distance from the fossa incudis to the round 
window as a function of age as measured from a series of human 
temporal bones. 
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Figure 2. Distance from the mastoid tip to the round 
window as a function of age as measured from a series of human 
temporal bones. 

applied to the electrode or the implant. A number of 
expandable lead-wire designs have been assessed by im
planting 3-month-old kittens. Initial results have shown that 
a helical coil arrangement is unsatisfactory as fibrous tissue 
ingrowth impairs its expansion (Fig. 3). It appears that a 
U-shf-ped redundancy enclosed in a thin Silastic bag pro
vides the best system for the required expansion. 

Effects on Skull Growth 

Itwas considered to be important to assess carefully the 
possible effects on skull growth ofcochlear implant surgery 
inyoung children. This has been investigated by implanting 
young Macaque monkeys and monitoring subsequent skull 
growth radiologically. Figure 4 shows results ofthese studies 
to date. The difference between the lateral skull width on 
the implanted and nonimplanted side is ploued here as a 
function ofage in months for five monkeys. This difference 
does not exceed 1 mm for any of the monkeys at any stage 

Figure 3. Helical coil being excised from a young cat as 
part of the lead-wire lengthening studies. Note the fibrous tissue 
impeding the expansion of the coil. 
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Figure 4. Symmetry of skull growth in implanted monkeys 
measured as the difference between the lateral skull width on 
the implanted and nonimplanted side. 

and no significant difference is evident between the im
planted and nonimplanted side in this series. At this stage, 
these results indicate that theeffectofimplantation on skull 
growth should not be a concern when implanting young 
childre,n. 

Effect of Middle Ear Infection 

For some time there has been concern that, in young 
children who are prone to otitis media, the placement of 
an intracochlear electrode will increase-the risk oflabyrin
thitis or meningitis. Studies to assess various methods of 
sealing the round window have been carried out byitnplant
ing experimental animals and inoculating the middle ear 
with bacteria. The use of a teflon felt collar glued to the 
electrode did not provide a better result than using no 
material at ~l. while the use of Dacron produced a strong 
foreign body reaction that tended to aggravate infection 
around the e1ectrode.9 It has been found that the fibrous 
tissue sheath that forms around the electrode provides an 
effective barrier to the spread of infection.10 It is important 
to remember, however. that this sheath takes 2 to 3 weeks 
to form and infection that is present at the time of surgery 
or occurring soon after implantation is more likely to 
spread to the cochlea. 11 

Safe Electrical Stimulation Parameters 

Studies have already demonstrated that the electrical 
stimulus parameters used in the multichannel cochlear 
implant have no adverse effects on the cochlea or auditory 
neurons. Nonetheless. further studies are being under
taken to confirm that they are safe for young children. Deaf 
kittens are being implanted and stimulated for 8 hourS per 
day for 1.200 to 1.600 hours. Electrically evoked brainstem 
responses have shown little change during long-term stimu
lation indicating no adverse effect on spiral ganglion cells. 
Figure 5 shows the amplitude of the electrically evoked 
auditory brainstem response as a function of stimulating 
current before chronic electrical stimulation and after 200, 
400,600, and 800 hours ofstimulation for an implanted cat. 
The amplitude function shows no significan t change at any 
stage. Damage to ganglion cells in the cochlea due to the 
chronic electrical stimulation would be expected to cause a 
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Figure 5. Amplitude growth function of the auditory brain

stem response in an implanted cat after various periods of 

chronic electrical stimulation of the auditory nerve. 


flattening of the amplitude growth function of the brain

stem response. 


Extracochlear Stimulation 

Although there are now improved methods ofmeasur

ing hearing loss in children under 2 years of age, there is 

still a risk that an intracochlear electrode may damage 

undetected residual hearing in this age group. Extracoch

lear electrical stimulation may be a feasible alternative in 

these young children; therefore. studies are being under

taken to determine the effect of extracochlear stimulation 

on residuai hair cells and spiral ganglion cells. Additional 

studies will attempt to determine whether true multichan

nel stimulation is possible with extracochlear electrodes. 


MELBOURNE CLINICAL PROGRAM 

The children's implant program at the University of 

Melbourne and the Royal Victorian Eye and Ear Hospital 

has developed over a period of 4 years. Throughout this 

time there has been a strong emphasis on incorporating the 

cochlear implant into all aspects of the implanted child's 

life. This has required a commitment to long-term support 

for each child and special attention to providing informa

tion to parents, teachers, and other professionals involved 

with the child's management. Each child has been provi<:ied 

with training from our implant clinic staff for at least 6 

months priortolmplantation and for up to 3 years following 

surgery. Parents and teachers are encouraged to take part 

in training sessions with the aim of providing consistent 

habilitation outside these sessions. We have found the ().. 

month preoperative period to be very important. particu

larly for young children. This allows parents an adequate 

time to come to terms with the responsibilities and implica

tions of cochlear implantation for their child. It also allows 
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an adequate review of the child's residual hearing, aided 
potential. and speech and language development. Since 
1988, the training program for young children has devel
oped into a predominantly auditory-verbal approach. 
There has been a general improvement in speech percep
pon results since this approach has been adopted, and 
although it is difficult to separate the effect of experience, 
the results suggest that the new approach has been more 
efficient in developing auditory skills. 

SPEECH PERCEPTION RESULTS 

A total of 21 children and adolescents have been im
planted in Melbourne. These children can be loosely di
vided into three main categories. 

(1) 	 Postlinguistically deafened children: These children 
have had enough hearing to develop adequate speech 
and language through audition and have been im
planted shortly after becoming profoundly deaf. Re
sults for this group have been equivalent to postlin
guistically deaf implanted adults and they have 
demonstrated open-set speech perception ability soon 
after implantation. Only two adolescents implanted in 
Melbourne fall into this category. 

(2) 	 Congenitally or early-deafened young children: This 
group has shown the ability to develop open-set audi. 
tory-alone speech perception using the implant. A total 
of 12 children in this category have been implanted in 
Melbourne. Six of these are too young for formal 
testing, although informal assessment on imitative 
auditory tasks have been encouraging. Two of the 
children were implanted recently and data is not avail
able as yet. The other four children have shown some 
open-set auditory-alone speech perception On stand
ard formal tests. The time required to attain good 
speech perception performance has varied from 9 
!l1onths to 3 years, that is, there has not been evidence 
ofopen-set speech perception in any of these children 
immediately after implantation. 

(3) 	 Congenitally or early-deafened adolescents and young 
adults: There are seven implanted subjects who fall into 
this category. At this stage, no subjects in this group 
have demonstrated open-set speech perception to any 
significant extent. However, improvement in speech 
perception with speechreading has been demon
strated and significant closed-set results have been 
obtained. All subjects in this group are full-time users 
of the prosthesis. 

A total offive children (four congenitally or early-deaf
ened young children and one postlinguistically deafened 
adolescent) with long-term data have demonstrated open
set speech perception and their results are shown in Figure 
6. It is important to note that these results were obtained 
on standard tests designed independently to assess speech 
perception ability in the hearing-impaired population. The 
children did not have any training on the test material and 
only a single presentation was allowed. 

Summaries ofindividual speech perception results for 
two young children and two teenagers are shown in Figure 
7(A-D). These subjects have been chosen as representative 
of the two main categories previously referred to and are 
not the best performers in each age group. They have been 
implanted for more than 2 years, so these results represent 
relatively long-term performance with the implant. Child A 

OPEN·SET WORD AND SENTENCE TESTS 

ELECTRICAL STIMULATION ALONE (FO/F 1/F2 (WSP-lll) 


§.-----------~--------------------------~o . BKll SENTENC'IlS 

II ~ABWORDS 

~$+---------------------------------~ 

'" ~ 
~i+-------~-----------

11'·1 21261 ) I~I '1111 

CHILD (Months Post.Operativej 

Figure 6. Open-set speech perception results for five chi 1
dren implanted with the multichannel cochlear prosthesis. The 
subjects are numbered as for Figures 8 and 9. 

(subject 2 in Figs. 6, 8, and 9) became profoundly deaf at 
the age of 3 years following meningitis and had been deaf 
for 2 years, 6 months prior to implantation. His educational 
program was based on cued speech. Child B (subject 3 in 
Figs. 6, 8, and 9) had congenital profound deafness of 
unknown origin and was implanted at the age of 8 years. 
Her educational program was also based on cued speech. 
Child C had congenital total deafness due to Ushers syn
drome with associated visual problems. Her educational 
program at the time of implantation involved cued speech 
although she had previous experience in a total communi
cation setting. Child D had congenital total deafness due to 
the Mondini dysplasia and had been educated in a total 
communication setting. 

Six scores are shown for each subject, the first four 
being sub tests from the PLOTT test, 12'which assess specific 
speech feature discrimination. The scores have been ad
justed such that 0 percent represents chance performance 
for these closed-set tests. It is evident that all four subjects 
perform well for vowel place, consonant manner, and con
sonant voicing discrimination. For the consonant place 
subtest, performance is relatively poor although one child 
scores well (child B). This is consistent with results for adults 
using the multichannel implant, which also indicate poor 
consonant place discrimination. The Northwestern Univer
sity Children's Speech Perception (NUCHIPS)13 test is a 
four alternative closed-set test that. in general. requires 

. consonant discrimination to select the correct item. The 
scores presented here also have been adjusted such that 0 
percent is equivalent to chance performance. All four sub
jects score significantly above the chance level and scores 
are consistent across the group. The closed.set results indi
cate that these four children with different ages, onsets. and 
causes of deat:ness appear to receive similar auditory infor
mation via the cochlear impl;mt The results are consistent 
with the large amount of data obtained on adult subjects 
for speech feature discrimination tasks. This is encourag
ing, as three of these children were congenitally deafand 
implanted after the age of '1 years. However, there is an 
obvious difference between the two teenagers and the 
younger children when the open-set sentence results are 
reviewed. The younger children are scoring at a level con
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Figure 7(A-D). Individual speech perception results for four implanted children and adolescents. Scores for closed-set tests have 
been adjusted such that 0 percent represents chance performance. Also shown are the age of the child at implantation and the onset 
and cause of profound deafness. Note that child A and cllild B are also included in Figures 6, 8, and 9 as are subjects 2 and 3, 
respectively. Child C and child D are not included'in Figures 6, 8, and 9. 

sistent with the perfonnance of postlinguistic adults (the 
mean postoperative score for postlinguistically deafened· 
adults is 36 percent), whereas the adolescents received a 
score of 0 percent on this test. Many factors could contrib
ute to this problem including: changes in neural plasticity 
with age; the fact that the adolescents tend to have a 
well-established visual language system; differences in home 
and school environments and the expectations ofteachers, 
family, and friends. It is clear that the older subjects have 
great difficulty processing auditory input at the rate re
quired to cope with connected speech. Despite the lack of 
open-set results for the teenagers. they show significant 
benefit for closed-set speech perception, communication 
with speech reading and recognition of environmental 
sounds. 

SPEECH PRODUCTION 

All children in the Melbourne program have had on
going assessment ofspeech production and intelligibility at 
approximately 6-month intervals. Whenever possible. two 

assessments were obtained during the preoperative training 
period prior to implantation. This gives some scope for 
separating the effect of training and maturation from that 
of the implant. Figure 8 shows results over time for the four 
young chilaren who have long-tenn data on articulation 
measures.14,15 The numbering of subjects here is the same 
as for Figure 6, which showed open-set speech perception 
results. Significant improvements were evident for each 
child from the pre- to the postoperative period. It is inter
esting to note that there is an initial arop in scores imme
diately after implaht surgery. This may be due to the trauma 
of the operation and the discontinuity in training while the 
device is being programmed appropriately. 

LANGUAGE DEVELOPMENT 

Long-tenn results 'from language assessments have 
shown encouraging improvements for the young implanted 
children. Again, it is difficult to separate training effects 
from device effects. Language results have been analyzed in 
tenns of equivalent age in an attempt to compare changes 
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Figure 8. Results of articulation tests over time for four 
children implanted with the multichannel cochlear prosthesis. 
Filled circles represent preoperative data and open circles, post
operative data. Significant improvement is evident from pre- to 
postoperative for all four children. The subjects are numbered 
as for Figures 6 and 9. 

with those expected due to maturation. Figure 9 shows 
results for the four young children with long-term data on 
the Peabody Picture Vocabulary Test, 16 with equivalent age. 
obtained from the test score, plotted against chronologic 
age. These are the same subjects whose open-set speech 
perception results are presented in Figure 6 and whose 
speech production results are presented in Figure 8. A 
regression analysis was carried out on these results and 
asterisks indicate significant improvement over time. The 
slope of the regression line (the b value) is greater than 1 
in three of four cases, indicating that these children have 
improved on this task at a faster rate than expected for 
normally hearing children at the same language level. 

NEW SPEECH PROCESSING DEVELOPMENTS 

During the last few years, Cochlear Pty. Ltd., with the 
assistance of the University of Melbourne, has developed a 
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Figure 9. Results for four implanted children on the Pea
body Picture Vocabulary Test for pre- and postoperative assess
ments. Scores are represented as equivalent age plotted against 
chronologie age. Filled circles represent preoperative data and 
open circles, postoperative data. The b values represent the slope 
of regression lines fitted to the data. The subjects are numbered 
as for Figures 6 and 8. 

new speech processor for the multichannel implant system. 
This new processor, known as the MSP, is smaller and 
lighter than the existing processor (WSP-lII), and the elec
tronics have been improved. A new speech coding scheme 
has also been introduced after preliminary studies showed 
encouraging results. The new scheme builds on the existing 
FOFIF2 processor that presented amplitude, voice pitch, 
and first- and second-formant information via the implant. 
The MULTIPEAKscheme presents these acoustic features 
and additional information from three high-frequency 
spectral bands. I? The aim of the MULTIPEAK scheme was 
to provide additional consonant information and in this way 
give better performance in moderate levels of background 
noise. 

Initial results with the new system have been encourag
ing and have indicated that both the new speech processing 
hardware and the MULTIPEAK coding scheme provide 
improved open-set performance in quiet and in competing 
noise. Figure 10 shows results for two matched groups of 
adult subjects, one group using the WSP-III speech proces
sor and the other using the new MSP with the MUL TIPEAK 
coding scheme. Scores for the BKB open-set sentence testiS 
in quiet and with various levels of competing noise are 
significantly better for the MSP group. Figure II shows 
results for five individual subjects using the WSP-UI speech 
processor, the MSP processor with the FOFIF2 coding 
scheme. and the MSP processor with the MULTIPEAK 
coding scheme. These subjects were assessed with BKB 
open-set sentences in quiet over four test sessions with each 
system. For each subject, significant improvement was evi
dent with the new processor apd the new speech coding 
scheme. These results support the matched group studies 
and both studies indicate a change in mean open-set sen
tence scores from approximately 50 percent with the WSP
III to 85 percent with the MSP using the MULTIPEAK 
coding scheme. It is hoped that this improvement will carry 
over to all implanted subjects, including children. A num
ber of children have been switched over to the new system 
and have accepted it well. however, there are no compari
son results available at this stage. 

SUMMARY 

Studies are continuing to assess the long-term safety of 
cochlear prostheses for young children. Results so far have 
suggested that special design considerations will be neces
sary for the implantation of children under the age of 2 
years due to temporal bone growth. Various methods of 
electrode ftxation and lead-wire expansion are being inves
tigated. Other issues, such as the safety ofchronic electrical 
stimulation of the maturing auditory nerve. and the conse
quences of middle ear infection for the implanted cochlea 
are also being studied. These studies should allow the 
design of a prosthesis and surgical procedure that will be 
safe in the long term for children under the age of2 years. 

Results for implanted children have shown improve
ments in speech perception, speech production, and lan
guage, and, in general. the best results have been seen in 
younger children (pre-adolescent). Significantly, open-set 
speech perception has been achieved for a high proportion 
of young children.19 including some with congenital pro
found deafness. Results for congenitally deaf adolescents 
have not ciemonstrated open-set speech perception ability; 
however, with consistent support, these children have be
come successful users of the cochle3,f prosthesis. 
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Figure 10. Open-set speech perception (BKB sentences) 
in quiet and in competing noise for two matched groups (n = 4) 
of adult subjects using the multichann.el cochlear prosthesis. 
Group A (darker bars) used the WSP-1I1 speech processor with 
the FOFI F2 coding scheme and group B (lighter bars) used the 
new MSP processor with the MUl TIPEAK coding scheme. Scores 
were obtained over four test sessions for each subject 
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Figure 11. Open-set speech perception (BKB sentences) 
in quiet for five individual adult subjects using the WSP-1I1 
speech processor with the FOFI F2 coding scheme (lighter bars), 
the MSP processor with the FOFI F2 coding scheme (gray bars), 
and the MSP processor with the MUlTIPEAK coding scheme 
(darker bars). Scores were obtained over four test sessions for 
each subject and condition. 

Preliminary results for adult subjects using me new 
MSP speech processor have shown significant improve
ments in speech perception in quiet and in competing noise 
and it is hoped that me new device will provide better 
performance for implanted children. 
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