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SELECTED ACHIEVEMENTS
 
IN THE SECOND MILLENNIUM
 

Before outlining some important directions for 
cochlear implant research in the Third Millennium, it is 
worth reviewing a few of the achievements of the Second 
Millennium. 

As recently as the 1960s and 1970s, many scientists 
and clinicians claimed that successful cochlear implants 
were not possible in the foreseeable future. However, 
over the last 30 years, many of their objections have been 
overcome. We have learned how to partially reproduce 
the coding of sound with electrical stimulation; to im
plant the cochlea without significant damage; and to 
process speech so that it can be understood. Furthermore, 
improvements in speech perception have occurred over 
the last 20 years, principally because of the selection of 
more frequency information and its presentation on a 
place-coding basis. . 

After establishing the benefits of the cochlear Implant 
in adults, three children were implanted in 1985 and 1986 
in Melbourne. This was the start of an international trial 
by Cochlear Limited to determine whether the multiple
electrode cochlear implant would also benefit chIldren 
who became deaf early in life or were born deaf. The trial 
showed that 60% of children born deaf were able to un
derstand some open-set speech using electrical stimula
tion alone, and the majority had significant help in lip
reading. The U.S. Food & Drug Administration approved 
the device as safe and effective for children aged 2 years 
and older in 1990. 

Subsequently, in a study of children in Melbourne, BKB 
sentence scores were compared against age at implanta
tion and considerable variability in results was found (see 
Fig.' 1). However, a curve fitting of the data empha~ized 
that the results were better in younger children, and, If ex
trapolated back, could have been even better if the child 
was implanted before 2 years of age (Fig. I). 
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Address correspondence and reprint requests to Professor Graeme 
Clark, The Bionic Ear Institute, 384-388 Albert Street, East Melbourne 
Victoria 3002, Australia. 

4 

Before deciding to perform surgery in children younger 
than 2 years, a series of biological studies were necessary 
to ensure that surgery on children this young was safe. 
Children younger than 2 years present special surgical 
problems, including the effects of head ~r?wth, the po~si
bility of inner ear complications from OtitiS medIa, whIch 
is prevalent in this age group, and the effects of ele~tr1cal 

stimulation on the developing nervous system. ThIs re
search was part of a special 5-year contract with the U.S. 
National Institutes of Health, and the results showed no 
cause for concern for surgery in young children. 

SPECIFIC CHALLENGES
 
FOR THE THIRD MILLENNIUM
 

There are a number of challenges facing cochlear im
plantation in the Third Millennium to further improve its 
performance and extend its benefits to as many people 
who are hard-of-hearing as possible. 

To provide better reproduction 
of the coding of sound 

Research is already contributing answers to this ques
tion. Electrical stimulation has helped to support the view 
that the temporal coding of frequency is not aCCom
plished simply through the timing of responses in single 
fibers, but through the timing in a group of fibers. Al
though the individual nerves fire in phase with the sound 
waves, they do not fire each cycle. Conversely, the pop
ulation as a whole fires each cycle. 

Research is also showing that temporal coding of fre
quency depends on the convergence .of a group ~f fib~rs 

onto individual brain cells. The bralll cell may IdentIfy 
the frequency of the sound by usin~ a tim~ wi~dow in 
which the right number of appropnate spIke ~nterva~s 

must arrive to make the cell fire (Fig. 2). To achIeve thIS 
fine temporal and spatial pattern of responses, a new 
electrode array will be required with many more elec
trodes to stimulate small groups of auditory nerve fibers, 
as illustrated in Fig. 3, . 

This array should enable the responses to the rapid 
phase changes in basilar membrane vibration to be repro
duced. Figure 4 shows the phase changes that occur at the 
site of maximal vibration. The neural responses to these 
phase changes may be very important for frequency cod
ing (Fig. 4). 
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FIG. 1. BKB open-set sentence scores for electrical stimulation 
alone versus age at implantation (1). 

To further improve the perception of speech and 
other sounds in noise 

The improvements in speech processing in quiet al
ready have resulted in better speech perception in noise. 
Figure 5 shows mean CUNY sentence scores of 90% for 
the SPEAK strategy in quiet and 60% at a IOdB signal
to-noise ratio. However, a 100% score at a OdB signal-to
noise ratio would be nonnal (Fig. 5). 

Further improvements in speech perception in noise 
have been achieved using the GriffithslJim adaptive 
beam-forming technique and two microphones. The Grif
fithslJim beam former uses an adjustable filter to annul 
the noise. It works well for a single noise source, hut can 
break down in a reverherant field. 

The SIT sentence results for the GriffithslJim beam 
fanner with four cochlear implant patients using the 
SPEAK strategy are shown in Figure 6 (2). In quiet, the 
mean scores for the beam former and the control were 
83%, and 84%, and in noise at a OdB signal-to-noise ra
tio, 43% for the beam former and 9% for the control. 
Therefore, there was a significant improvement at a OdB 
ratio. However, the results for this and other beam form
ers still do not give results that are comparable to normal. 

Improved perception in noise should be possible by 
better reproduction of the mechanisms used by the brain. 
Physiologic research shows that binaural neural process
ing is very sensitive to phase differences between each 

FIG. 3. A diagram of a possible new-generation electrode array 
with greatly increased numbers and density of electrode pads for 
fine temporal and place coding of frequency. 

ear, and this is critical for signal detection in noise. As 
shown in Figure 7, the mechanism for this is a series of 
delay lines and coincidence detectors. 

Replication of this mechanism electronically could 
provide hetter results. Until now, it has heen difficult to 
reproduce the parallel processing in the hrain hy elec
tronic means, but this will improve with the developnlL'nt 
of better electronic neural networks. 

To develop a totally implantable cochlear implant 
Making the cochlear implant unable to he seen by oth

ers could be important. Tecn-agers arc very sensitive 
about their deafness and may not use their device in com
pany. This would mean implanting the speech processor 
and the microphone in the body. 

Some have approached the prohlem by implanting an 
electret microphone under the skin behind the ear or, 
more recently, under the skin of the car cana!. A piezo
electric microphone has also becn developed for im
planting under the skin of the ear canal. Because these 
approaches have inherent difficulties of frequency re
sponse and extrusion, sensors of tympanic membrane and 

FIG. 2. The convergence of neurons onto individual brain cells
 
with a time window in which the appropriate coincidences be

tween the arrival of action potentials could code temporal fre FIG. 4. Phase changes in the area of maximal vibration on the
 
quency information. basilar membrane.
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FIG. 5. Mean CUNY sentence score tor the SPEAK strategy in 
quiet and at a 10dB signal-to-noise ratio. 

ossicle vibrations are heing developed. including a piezo
electric himorph cantilever, accelerome\er, and the 
fihl~roptic lever system heing researched at the Univer
sity of Melhourne. 

The fiheroptic lever system detects the ear drum vi
hrations through the modulation of light intensity. The 
device has a sensitive membrane coupled to the ear drum, 
and an optical fiber bundle dirt'cts a laser beam at this vi
hrating memhrane. The vihrations cause the laser inten
sity to fluctuate. These fluctuations are reflected and 
picked up hy the implanted photo detector electronics, 
then converted to a code for stimulating the auditory 
nerve. The sensor would he placed in the middle ear, and 
all the electronics and the rechargeable battery would be 
placed in the mastoid process. 

• • 

FIG. 6. Mean SIT sentence results tor the Grittiths/Jim beam 
former used in conjunction with the SPEAK strategy in four pa
tients. The beam former results are compared with those from a 
control of simple summation in quiet and at a OdS signal-to-noise 
ratio. 
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FIG. 7. The neural pathways in the medial superior olive con
sisting at a series of delay lines and coincidence detectors for the 
detection at phase differences between the sounds arriving at 
each ear. 

To use nerve growth factors to protect the hearing 
nerve from die back after deafness 

Research using nerve growth factors or neurotrophins 
may lead to better results with the cochlear implant with 
more nerves to stimulate, and, ultimately, the pharmaco
logic cure of sensorineural hearing loss. We have begun 
research in this area to determine the best combinations 
and doses of neurotrophins to use. The results of some of 
our first rcsearch studies on cultures of rat spiral ganglion 
cells arc shown in Figure 8 (3). Therc was considerable 
improvement in survival when neurotrophin NT-3 was 
used in combination with neuronal cytokine transforming 
growth factor TGF-3. 

There are a number of possible ways to deliver the 
neurotrophin to the site of action, including a microp
ump, slow release from polymers, and viral vectors. To 
test the use of different combinations of factors in vivo, 
we have heen injecting them into the inner ear with a mi
cropump. 

Not only could these nerve growth factors protect the 
auditory nerve from die back, but they could cause the 
auditory nerve and hair cells to regenerate, which may ul
timately represent the pharmacologic cure of sen
sorineural deafness. 

To reestablish auditory plasticity to help implanted 
children achieve optimal speech perception 

This research will initially aim at overcoming defects 
in temporal and place coding of frequency and defects in 
the perception of speech elements by specific training at 
these levels. We have begun research in this area and 
have found that some children with poor speech percep
tion have good electrode place discrimination but cannot 
distinguish between the formants required for vowel 
recognition. 

Vowels are coded by the first and second formant fre
quencies. With speech processing strategies, the fomlants 
in vowels are represented by two places of stimulation 
within the eochle~l. Therefore, the formants of vowel pairs 
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FIG. 8. The ganglion cell counts for a constant dose of the neu
rotrophin NT-3 with increasing concentrations of neuronal cy
tokine transforming growth factor TGF-3 (3). 

have varying electrode separations, as illustrated in Figure 
9. We have calculated an index for assessing the spatial 
separation of electrodes representing the fonnants in 
vowel pai!.,; The index was calculated as the lengths of 
vectors in a Euclidean space. The distance hetween a pair 
of vowels was the square root of the sum of squares of the 
first and second fonnant electrode separations. The indices 
for some selected vowel pairs arc shown in Figure 9. 

An initial study was perfomled in five children with poor 
speech perception but good electrode place discrimination 
to train them in fonnant discrimination if this was poor (4). 
It was hoped this would lead to better speech perception. 
Figure 10 shows some of the results from one of the two 
children who significantly benefitted from the training. 
This child had an electrode difference limen of 2. On the 
top left are the results for the hid/hod discrimination, which 
had a formant separation index of 10.2. Because this was 
considerably greater than the electrode difference limen of 
2, there were good results before and after training. Con

FIG.9. The formant (F 1-F2) electrode separation indices for the 
vowel pairs hid/hod. had/hod. and hud/hod. 
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FIG. 10. The effects of training on vowel discrimination and 
word identification in patient 3. 

verse]y, for the vowel discrimination hadfhod on the top 
right, the fomlant electrode separation index was 7.1, and 
the vowel distinction could only he made after training. 
Similarly for the vowels hud/hod with a separation II1dex of 
2./\, the training was successful. The training of these and 
other vowel combinations carried over to the perceptHln \1f 
words as shown on the lower right in Figure In. 

Secondly, in those children for whom the critil"al pe
riod for plasticity has passed, it m,ly he possihle to u'oe 
neurotrophins to facilitate a return of the plasticity rc
quired to develop the neural connections for the coding 
of the frequencies neeeled for speech perception. 

As illustrateel in Figure II, the neurotrophin \\ ould be rc
leased from the clx-hlear implant electnxk. The nell
rotrophin would pass to a receptor site on the synapse be
tween the auditory nerve fiber anel cochlear nucleus cell. 
which would facilitate the release of transmitters across the 
synaptic cleft. These would activate a signal Glscade of pro
teins in the cytoplasm that would reactivate the gene for the 
neurotrophin. Messenger RNA for the protein would b~ 

FIG. 11. A diagram of a cochlear implant electrode releasing a 
neurotrophin that would reactivate the production of neurotrophin 
along the auditory pathway 10 establish the neural connections 
required for frequency coding 
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transcribed and then translated into the neurotrophin in the	 REFERENCES 
cytoplasm. The release of the neurotrophin would not only 
facilitate fUl1her transmitter release, but would cause the 
neural sprouting required for the coding of sound to 
reestablish auditory plasticity. The neurotrophin produced 
in [he cochlear nucleus would also propagate to higher au
ditory centers, establishing appropriate neural connections 
along the auditory pathways. 

CONCLUSION 

In the Third Millennium, a better understanding of how 
the brain codes sound, increased knowledge of the molec
ular biology of the brain, a greater understanding of speech 
perception, and advances in applying this knowledge to 
cochlear implants holds out hope that most profoundly deaf 
people should be able to communicate almost normally. 
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