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Cochlear Limited (Cochlear™) released the fourth-
generation cochlear implant system, Nucleus® Freedom™,
in 2005. Freedom is based on 25 years of experience in
cochlear implant research and development and incor-
porates advances in medicine, implantable materials,
electronic technology, and sound coding. This article
presents the development of Cochlear’s implant sys-
tems, with an overview of the first 3 generations, and
details of the Freedom system: the CI24RE receiver-
stimulator, the Contour Advance™ electrode, the mod-
ular Freedom processor, the available speech coding
strategies, the input processing options of SmartSound™
to improve the signal before coding as electrical signals,
and the programming software. Preliminary results
from multicenter studies with the Freedom system are
reported, demonstrating better levels of performance

compared with the previous systems. The final sec-
tion presents the most recent implant reliability data,
with the early findings at 18 months showing
improved reliability of the Freedom implant com-
pared with the earlier Nucleus 3 System. Also
reported are some of the findings of Cochlear’s col-
laborative research programs to improve recipient
outcomes. Included are studies showing the benefits
from bilateral implants, electroacoustic stimulation
using an ipsilateral and/or contralateral hearing aid,
advanced speech coding, and streamlined speech
processor programming.

Keywords: Cochlear implant; coding strategy; prepro-
cessing; electroacoustic stimulation; combined stimu-
lation; Nucleus Freedom

he cochlear implant is a remarkable combina-

tion of science, technology, and medicine that

brings functional hearing to severe-profoundly
deaf individuals. It has transformed the lives of
many thousands of recipients and their families.
In July 2006, more than 77,500 registered Nucleus®
system implants were in use. Recent estimates indi-
cate that 7 of every 10 implant candidates are
implanted with the Nucleus system globally.'

In 2005, Cochlear™ released Nucleus Freedom™
(Figure 1), the fourth-generation cochlear implant
system. Since the release of Cochlear’s first multi-
channel system in 1985, there have been many
improvements in implant and speech processor tech-
nology, and in recipient outcomes. Cochlear implants
are now being used in very young children and those
with considerable amounts of residual hearing who
gain only marginal benefit from hearing aids.
Advances in Cochlear’s technology have been driven
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by the desire to provide safe and reliable implant sys-
tems, improve recipient outcomes, and meet the
needs of those for whom hearing aids are inadequate.

Nucleus Freedom incorporates many new inno-
vations, including:

Four SmartSound™ input processing options
and unused processing capability in the behind-
the-ear (BTE) processor that will allow further
features to be added in the future.

Flexible speech processing options so that pro-
cessing can be adjusted to meet individual needs.
Improved Neural Response Telemetry™ (NRT™)
functionality to record the electrically evoked
compound action potential (ECAP), which can
be used to guide speech processor fitting, espe-
cially for young children.

Flexibility in the electronics of the implanted
receiver-stimulator, so that future advances can
be achieved by upgraded firmware and new gen-
erations of external hardware.

Streamlined fitting software with the flexibility to
adjust parameters to maximize individual outcomes.
Design and manufacturing processes for industry-
leading implant reliability.
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Figure 1.

Overview of the Nucleus® Freedom™ system, showing the CI24RE receiver-stimulator and the speech processor unit

coupled to the behind-the-ear and the Bodyworn Controller. (Image by permission of Cochlear Limited)

The signal path, from input sound to auditory
perception, is shown in Figure 2. There are 3 sepa-
rate opportunities to improve recipient outcomes.
First is with the microphone and audio preprocess-
ing stage, where the effect of background noise is
minimized so as to achieve higher quality signal
input to the MAPping function. The second oppor-
tunity lies with the signal analysis and stimulus gen-
erator blocks. These translate the acoustic signal
into an electrical representation for stimulating the
auditory nerve. Freedom provides for both of these
options via SmartSound at the input stage, and with
flexible MAPping options. The third opportunity lies
with advances in electrode design and methods of
stimulus delivery. Positioning the electrode closer
to the modiolus using the Contour Advance™ elec-
trode is one instance of an improved design that has
resulted in the benefit of lower stimulation levels.

The first section of this article reviews the evo-
lution of the first 3 generations of Nucleus implants.
The second section presents the Freedom features
and components, including implanted receiver-stimu-
lator package, electrode array, speech processor tech-
nology, and input signal processing. The final section
describes some of Cochlear’s approaches to improving
recipient outcomes.

The Evolution of the Nucleus
Cochlear Implant System

Cochlear has 25 years of experience in cochlear
implants, beginning with the development of its first
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Figure 2. The signal path from sound to hearing sensation.
The input stage consists of the microphone and audio prepro-
cessing blocks. MAPping is represented by the signal analysis
and stimulus generator blocks. Stimulus delivery is via the
receiver-stimulator and electrodes, stimulating the auditory
nerve fibers in the cochlea. Hearing sensations are then pro-
duced after additional higher level processing by the auditory
system. (Image by permission of Cochlear Limited)

analysis

implant system in 1981 (Figure 3). Cochlear, a division
of the Nucleus group of companies, was established
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Figure 3.

following the research of Professor Graeme Clark and
his team at the University of Melbourne, Australia.
These early studies investigated the biocompatibility of
implanted components, surgical approach to the
cochlea, and the safe limits for electrical stimulation.?”

The culmination of more than a decade of
research was the prototype University of Melbourne
multichannel implant, a fully implanted system with
an intracochlear array of 10 electrodes that received
power and data from an external speech processor sys-
tem via radio frequency. Results from the 3 patients
implanted in 1978 to 1979 confirmed the surgical
approach and engineering design, and subjects gained
some benefit from their devices when using a proto-
type speech processor.®” It was also found that with
the simultaneous stimulation of 2 or more electrodes,
the interactions between nearby electrodes resulted in
uncontrolled loudness variations. Thus, much simpler
stimulus patterns were adopted, where only a single
electrode was stimulated at any time. This “sequential”
stimulation technique is almost universally used today.

The first 3 generations of Nucleus cochlear implants. (Image by permission of Cochlear Limited)

Safety studies continue to be of central importance,
with ongoing collaborations between Cochlear and
independent research centers to verify new technolo-
gies and electrical stimulation regimes.

The Nucleus CI22M System

The first-generation Nucleus implant system, devel-
oped in 1981 and commercially released in 1985,
consisted of the CI22 receiver-stimulator coupled to
a 22-electrode array, and a body-worn speech proces-
sor known as a wearable speech processor (WSP)
(Figure 3). A titanium case housed the receiver-
stimulator electronics, and titanium casing has been
used for all subsequent Nucleus implants. The mechan-
ical components of the implant were redesigned, and
the CI22M, also known as the Mini Implant, was
released in 1986 with an internal magnet to hold the
external transmitting coil in place. The electrode
array was a straight array that lay against the lateral
wall of the cochlea after insertion. Stimuli were delivered
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to pairs of nearby intracochlear electrodes in a bipo-
lar configuration, or one electrode was stimulated
against all others connected together (common ground
stimulation). Four speech coding schemes were released
during the lifetime of this system.

The initial speech coding strategy presented the
fundamental or voicing frequency (FO) as pulse rate,
and the second formant (F2) of speech determined the
position of the stimulating electrode. FO provides
prosody, intonation, and voicing information, and F2 is
the most important spectral component of speech.
Input signal amplitude was coded as electric current
level. Whereas the initial objective was that the device
would assist lipreading, some open-set speech under-
standing was achieved. In the initial clinical trial in
Melbourne in 1982, a mean score of 19% for Central
Institute for the Deaf (CID) sentences was found
for the group of 8 recipients when tested using the
implant alone.®

The first formant (F1) and corresponding ampli-
tude were added to the coding strategy in 1985, fol-
lowing psychophysics studies showing that electrical
stimuli delivered to different regions of the cochlea
by 2 interleaved pulse trains generated percepts hav-
ing 2 independent dimensions.” Further high fre-
quency information was added in the Multipeak™
strategy (MPEAK™), with fricatives being repre-
sented by stimulation on fixed electrodes in the basal
region of the cochlea using a new processor platform,
known as mini speech processor (MSP), in 1989.
Acoustic amplitude was coded using a combination of
current amplitude and pulse width, known as stimu-
lus level, in the MSP processor. The MSP also used
150 discrete steps for amplitude coding, whereas the
WSP used only 31 steps; thus there was more accu-
rate control of stimulation level and loudness. Speech
perception performance improved with each of these
advances in speech coding. The average Bamford-
Kowal-Bench sentence score in quiet from a group of
5 subjects was 19% higher with MPEAK than with
the earlier strategy coding only F1 and F2.'° In addi-
tion, the MSP processor used a custom designed dig-
ital signal processing circuit, and processor size and
weight were markedly reduced.

All speech processors from Cochlear have used a
directional microphone to help reduce the impact of
background noise on speech understanding. A com-
mon communication situation is when the cochlear
implant (CI) recipient faces the talker; thus the
speech signal is from the front. By using a direc-
tional microphone, the intensity of sounds from

other directions is reduced and the signal-noise ratio
(SNR) improves. This is a single-element dual-port
microphone with 7 mm between the 2 ports (see
also Figure 8). Note that the microphone provides 6
dB/octave emphasis up to 4 kHz and then falls at
about 12 dB/octave for the higher frequencies. This
is very close to the inverse of the free-field hearing
thresholds for normally hearing listeners. Thus the
frequency response of the microphone is relatively
flat in dB HL.

Feedback from recipients indicated that many
were adjusting the microphone sensitivity control
to reduce the audibility of the noise. The sensitivity
control adjusts the sound level that triggers the
automatic gain control (AGC) circuit at the input
stage of the processor (as further described in
“Instantaneous Input Dynamic Range”). The MSP
therefore included an automatic sensitivity control
(ASC), a selectable input signal processing scheme
designed to reduce the impact of background noise.
At the default settings, ASC aims to ensure that the
noise floor remains 15 dB below the AGC knee-
point. The noise floor is the level to which sound
decreases during breaks in speech. The ASC circuit
is triggered using a programmable “autosensitivity
breakpoint.” When the noise floor is above the
breakpoint, the ASC gradually reduces the input sig-
nal gain; thus the noise will be lower within the
instantaneous input dynamic range (IIDR). When
the noise floor drops below the breakpoint, the input
gain gradually increases back toward the default
gain. The time taken for the ASC to adapt is in the
order of seconds. The overall perceptual effect of
ASC is a reduction in the loudness of background
noise. Automatic sensitivity control has been avail-
able in all subsequent speech processors.

In June 1990, the Nucleus CI22M system was
approved by the US Food and Drug Administration
(FDA) for use in children aged 2 years and older.
This was the first multichannel cochlear implant to
obtain FDA approval for children.

In 1994, the SPEAK™ strategy was released for
the CI22M with a new body-worn processor,
Spectra. This strategy was a major change in speech
coding direction, taking advantage of new technology
and speech coding research that showed improved
speech understanding by implant recipients using the
spectral maxima sound processor (SMSP) strategy
developed at the University of Melbourne.'"'? In the
SMSP strategy, 6 frequency bands with the largest
amplitudes (maxima) were usually selected from a



16-channel digital bandpass filterbank to stimulate the
electrodes using a frequency-to-electrode MAPping
function consistent with the tonotopic organization
of the cochlea. The entire estimated spectrum after
the filterbank was scanned to select the maxima.
Several of the maxima could originate from a single
spectral peak in the original input signal, providing
some information about the bandwidths of the
larger spectral peaks. The center frequencies of the
6th order bandpass filters were between 250 Hz and
5.4 kHz."

The SPEAK strategy in the Spectra continually
sampled the outputs of 20 filter bands spanning the
frequency range and presented between 5 and 10 of
the largest maxima, depending on the spectral com-
position of the input signal, with an average of
6 maxima. The filters were linearly spaced up to
approximately 1850 Hz and then logarithmically
spaced to the maximum frequency. The minimum
(lower limit of 75 Hz) and maximum (upper limit of
10,823 Hz) frequencies were selectable by the clini-
cian using a set of frequency allocation tables.'* This
flexibility is very useful in cases where some electrodes
could not be stimulated; for example, in cases of par-
tial insertion. Cochlear’s fitting software continues to
support this flexibility in frequency allocation. The
average stimulation rate was 250 Hz per electrode,
but this could vary depending on spectral composi-
tion and intensity of the input sound. The amplitude
of the selected maxima was usually coded using stim-
ulus level, as described previously.

In the multicenter trial of SPEAK with 63
adult subjects, Skinner et al'® reported significant
improvements in speech perception scores in quiet
and noise when compared with MPEAK. The aver-
age score for City University of New York (CUNY),
or speech intelligibility test (SIT) for deaf children,'*
sentences in quiet using SPEAK was 77.5%, and for
a subgroup of 58 subjects who could be tested in
noise, the mean score for sentences at +10 dB SNR
was 61.5%. Sentence scores with the MPEAK strat-
egy were 67.4% in quiet and 37.1% in noise at +10
dB SNR. Note that for testing in quiet, ceiling
effects influenced these average scores. For testing
in noise, there was a 24.4% improvement in per-
formance when using SPEAK.

Within 9 years of the release of the first Nucleus
implant system, the majority of recipients were now
obtaining significant levels of speech understanding
in quiet and noise. Figure 4 shows improvements
in scores for consonant-vowel nucleus-consonant
(CNC) words in quiet and CID sentences in noise
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Figure 4. Percent correct scores for (A) CNC words in quiet

and (B) CID sentences in noise over the first 4 speech process-
ing schemes used with the first-generation CI22M system:
FO/F2 (n = 16), FO/F1/F2 (n = 45), Multipeak (n = 32), and
SPEAK (n = 22). Scores are from different groups of unselected
recipients in Melbourne. (Image by permission of Cochlear

Limited)

over the 4 speech processing schemes for different
groups of unselected recipients in Melbourne.?
Loizou' and Clark®® provide more-detailed reviews
of the CI22M system, speech coding strategies, and
clinical results. Cochlear continues to support
CI22M recipients with later generations of BTE
speech processors that incorporate some of the
advances in input processing (Figure 3).

The Nucleus CI24M System

Cochlear’s second-generation implant system released
in 1997 consisted of the CI24M receiver-stimulator,
a 22-electrode straight array, and the SPrint™ body-
worn digital speech processor (Figure 3) supporting 3
speech coding strategies: SPEAK;, advanced combination
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encoder (ACE™), and continuous interleaved sampling
(CIS). The CI24M introduced new stimulation capa-
bility by addition of a plate electrode on the package
and an additional lead wire connected to a ball elec-
trode intended to be placed under the temporalis mus-
cle. The plate and ball electrodes can be programmed
as the return for monopolar stimulation, separately or
in parallel. This provides greater flexibility in stimula-
tion and can help in programming in cases of
unwanted sensations, such as from vestibular or facial
nerve stimulation. One of the advantages of monopo-
lar stimulation is a reduction in current levels to
achieve hearing thresholds and comfortable listening
levels when compared with bipolar stimulation'®; thus
power consumption was reduced.

One of the many innovations implemented in
the CI24M was an increase in available pulse rates
to 14.4 kHz. During development of the system,
safety studies were conducted to determine whether
long-term stimulation using high pulse rates might
have a detrimental effect on neural responses and
auditory nerve fiber integrity, in particular the spiral
ganglion cells. Although there were some initial con-
cerns with stimulation at 1000 Hz using a very high
current amplitude and bipolar stimulation,'” subse-
quent studies using even higher rates, up to 2000
Hz, and amplitude modulated current within the
dynamic range of hearing showed no evidence of
neural fatigue or abnormal cochlear histopathology
for both bipolar and monopolar stimulation.'®"
These outcomes were confirmed in a later study
investigating the long-term physiologic and histologic
effects of a higher stimulation rate, 4831 Hz, using
constant current amplitude within the dynamic
range of hearing with monopolar stimulation.*®

Another leading innovation in the CI24M was the
inclusion of telemetry to measure electrode voltage
compliance and impedance, to diagnose implant and
electrode function. Telemetry also supported the world’s
first recording of the ECAP using the intracochlear
electrodes via NRT.?! Neural response telemetry can be
used to assist in device fitting**** and can be very help-
ful in fitting young children* and others who do not
give reliable behavioral responses. It has been shown
that NRT-based fitting procedures are quicker than
behaviorally based methods in young children, with
similar aided thresholds and speech detection scores for
the 2 methods.*® Research on the capabilities and clin-
ical use of NRT continues with the advanced NRT fea-
tures of Nucleus Freedom.

The ACE strategy is an extension of SPEAK,
taking advantage of the higher stimulation rates
available in the CI24M. Higher rate stimulation has
the capability to better represent the temporal
changes in the output amplitudes of the analysis fil-
ters. In addition, up to 20 maxima could be selected
in ACE. The CIS strategy was developed by Wilson
et al”” as a 4-to-6 channel system and was imple-
mented in the Nucleus system using between 4 and 12
channels. The CIS strategy sequentially stimulates a
fixed set of electrodes, differing from SPEAK and
ACE which dynamically select the electrodes for
stimulation. In addition, the filterbank bandwidths
are usually larger with CIS because fewer channels
are used to divide the input frequency spectrum.

A multicenter study with 62 experienced adult
subjects was conducted to determine strategy and
stimulation rate preference with this second-generation
Nucleus system.”® The study compared SPEAK at
250 Hz with ACE and CIS at rates between 500 Hz
and 2400 Hz, using speech perception and subjective
preference measures. The most significant finding
was that scores were highest when subjects used
their preferred strategy, which was predominantly
SPEAK or ACE at 720 Hz or 1800 Hz. A similar
finding was reported in a study with 12 newly
implanted adult subjects.”” In addition, a study by
Holden et al*° with 8 adults using the ACE strategy
showed that recipients have individual preferences
for stimulation rate, and the provision of more than
one rate during initial take-home experience lets
recipients select from among the different rates
for various listening environments. Therefore, the
CI24M system gave clinicians a wider range of
speech coding strategies and stimulation rates than
previously available to optimize the fitting to suit
individual needs. It was also clear from these stud-
ies that the preferred rate was almost always not
the highest stimulation rate available.

The biggest physical limitation of the early
implant systems was the body-worn processor and
accompanying cable. In 1998, Cochlear released the
first BTE multichannel speech processor for cochlear
implants, the ESPrit™ for the CI24M system (Figure 3).
Initially, the ESPrit used the SPEAK strategy with
support for ACE provided in 2000. The ESPrit 22
processor for CI22M recipients supporting the
SPEAK strategy was released in 2001, giving recipi-
ents of the first-generation system access to a BTE
processor.



The Nucleus 3 System

The third-generation Nucleus system introduced in
2000 was the Nucleus 24 Contour™, which consisted
of the CI24R receiver-stimulator and the Contour™
self-curling perimodiolar electrode array (Figure 3).
The Nucleus 24 Contour was compatible with the
existing body-worn SPrint and BTE ESPrit speech
processors. Generally, the SPrint was the processor
choice for very young children. The BTE ESPrit™
3G processor followed in 2002. The improvements in
receiver-stimulator design with the CI24R and the
development of the Contour electrode are more
fully described in the sections titled “The CI24RE
Receiver-Stimulator” and “Contour Advance” as they
are particularly relevant to the current Nucleus
Freedom system.

The dimensions of the CI24R receiver-stimula-
tor were considerably smaller than those of the
CI24M and the package was designed with a low
profile (see “The CI24RE Receiver-Stimulator” and
Figure 5). Very young children were being consid-
ered for implantation, and thus it was important to
provide an implant appropriate for this age group.
Suitability of the CI24R for pediatric use was inves-
tigated in a multicenter trial in 46 North American
clinics.*® The 256 children implanted with the
CI24R were aged between 1 and 17 years at the time
of surgery. The study showed that the smaller CI24R
was preferred over the C124M by 97% of the 29 sur-
geons who responded to a surgical questionnaire,
particularly for use in infants.

The CI24R is particularly well suited to minimal
access surgery, in which a small and relatively
straight incision is used, close to the hairline behind
the pinna. The reduced size of the surgical site has
improved cosmesis, reduced the incidence of flap-
related complications, and minimized postoperative
complication rates.***” The success of minimal
access surgery has been shown in reports on 52 adults
and children,?? 23 children,?** 100 children,* and 25
infants between 7 and 12 months of age.*®

The Contour electrode used in the Nucleus 3
System is a precurved array with 22 half-banded
electrodes (see “Contour Advance”). An internal
malleable stylet holds the electrode array in a
straightened shape for insertion into the cochlea,
and the stylet is withdrawn after insertion. The array
then curls to its precurved shape, with the elec-
trodes positioned close to the modiolus. The smooth
outer surface of the half-banded array reduces the
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Figure 5. Comparison of the (A) CI24M and the (B) CI24R
and CI24RE receiver-stimulators showing the changes in
implant package dimensions. The CI24R and CI24RE have the
same dimensions. Units are in millimeters. (Image by permis-
sion of Cochlear Limited)

possibility of damage to the outer wall of the scala tympani
during insertion. In addition, the half-banded elec-
trodes face the inner wall, directing stimulation toward
the spiral ganglion cells in the modiolus.

In a multicenter North American study with 56
adult recipients,*® 32 of the 37 surgeons (86%) who
responded to a surgical questionnaire on electrode
insertion reported that insertion of the Contour was
easier than the previous straight array. A simi-
lar finding was found in the multicenter North
American pediatric study, where 86% of the 37 sur-
geons who responded to the questionnaire about
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insertion also reported that the Contour was easier
to insert than the straight array.?'

Speech perception results from the 56 subjects in
the North American multicenter study showed that at
3 months after fitting, the mean score for monosyl-
labic CNC words in quiet was 38.4%, and for CUNY
sentences in noise at +10 dB SNR the mean score
was 59.4%.%% Subjects used their preferred strategy,
SPEAK, ACE, or CIS, and stimulation rate, between
250 Hz and 1800 Hz. Almost all subjects preferred
SPEAK or ACE, 25% and 71% of subjects respec-
tively, and only 2 subjects (4%) preferred CIS. Further
data were collected after the clinical trial at 6 months
from 25 subjects using their preferred strategy. For
CUNY sentences in noise the average score was
74.0%, which was a 14.6% improvement between 3
and 6 months. For CNC words in quiet the average
six month score was 47.0%, which was an improve-
ment of 8.6%.%

In 2002, two new input signal processing
options were introduced in the Nucleus 3 system
to improve recipient outcomes: Adaptive dynamic
range optimization™ (ADRO™) in the SPrint and
Whisper™ in the ESPrit 3G BTE processor.

Adaptive dynamic range optimization is a pre-
processing scheme that continually adjusts the gain
on each bandpass filter channel to position the sig-
nal in the hearing dynamic range, ensuring that
speech components are always presented at a com-
fortable listening level within each frequency band.
The gain adjustment rules use percentile estimates
of the long-term output level of each frequency
band, with slow-acting changes in channel gains.
Adaptive dynamic range optimization was developed
at the Cooperative Research Centre for Cochlear
Implant and Hearing Aid Innovation, Melbourne.***!
In the initial study in Melbourne with 9 adults,
scores were significantly higher using ADRO for
CNC words in quiet at soft and normal levels, 40 dB
and 60 dB, with improvements of 20% and 9.5%,
respectively.*’ For CUNY sentences in noise at +10
dB and +15 dB SNR, scores for ADRO were not sig-
nificantly different from scores without ADRO.
More than half of the subjects preferred ADRO for
everyday use, assessed by use of a rating question-
naire for everyday listening situations. Improvements
in speech perception in quiet and noise when using
ADRO were reported in a study with pediatric
implant recipients.*?

Whisper is a fast-acting compression circuit at
the input stage of the processor that gives recipients

better access to soft or more distant sounds. With
Whisper activated, input signals above the 52 dB
SPL knee-point are compressed at a 2:1 ratio. For
input signal levels below 52 dB SPL, there is no
compression; thus the 1:1 relationship between
input and output dB is maintained. Whisper was
developed at the University of Melbourne, and in an
evaluation of the prototype Whisper, a 14% improve-
ment in CNC word scores at a low-level input of 55
dB was found.** However, there was a decrement in
performance for sentences in noise for some sub-
jects. Thus, Whisper provides benefit when listening
to soft speech in quiet, but might not be beneficial
to recipients in noisy environments.

An enhancement of the Contour electrode was
released in 2003/2004 with the Contour Advance™
electrode and the Advance Off-Stylet™ (AOS™) inser-
tion technique. These are described more fully in
“Contour Advance”. Following Cochlear’s established
practice of providing upgraded speech processors for
people with earlier implant generations, the ESPrit
3G for the CI22M system was released in 2003. This
gave recipients of all the commercial generations of
implants access to innovations such as Whisper and
the convenience of a BTE speech processor.

Nucleus Freedom

This fourth-generation Nucleus cochlear implant
system (Figure 1) was released in 2005. Nucleus
Freedom consists of the CI24RE receiver-stimulator
coupled to the Contour Advance electrode and the
digital Freedom BTE processing unit. Freedom uses
a modular design and supports a BTE or body-worn
controller/battery holder. The BTE processor also
provides 4 SmartSound™ input processing options
on the one processing platform: Beam™, Whisper,
ADRO, and ASC. The design strategy was to provide
flexibility in the receiver-stimulator electronics, with
the stimulation-specific algorithms in the external
processor where they can be upgraded by new
firmware or by new generations of hardware. For
example, the receiver-stimulator electronics were
designed with an asynchronous architecture, allow-
ing the timing of each stimulation pulse to be indi-
vidually adjusted in 200-ns increments. This
fine-timing capability has the potential for improved
recipient outcomes in the future. As new coding
schemes that use such fine-timing control become
available, Nucleus Freedom recipients will be able



to take advantage of these strategies without the
need to replace the implanted device.

Each of the major system components has been
improved over that used in previous systems, with
the improvements being based on research, techno-
logic advances, and feedback from surgeons, clini-
cians, and recipients. The following 5 sections
describe the new system.

The CI24RE Receiver-Stimulator

Over the 4 generations of Nucleus cochlear implants,
the receiver-stimulator has undergone significant
changes in design for reliability and ease of surgical
placement. The CI24RE receiver-stimulator has the
same external size and shape characteristics as the
CI24R, thus it continues to meet the minimal access
surgery requirements but has improvements in inter-
nal mechanical design, package strength, and elec-
tronic capabilities, including improved telemetry with
a new NRT amplifier, the ability to stimulate at rates
up to 32 kHz, and the capability of dual-electrode
stimulation.

Changes in the implant package from the
CI24M to the CI24R and CI24RE included modifi-
cations to the shape of the package and reductions
in length and width (Figure 5). The CI24RE implant
pedestal has a round base and vertical sides; thus
drilling is simpler and the implant can be rotated
in the bed to optimize placement on the skull.
The depth of the pedestal was also increased, as
requested by surgeons, for more secure positioning
in the mastoid. The total length of the CI24RE is
less than that of the CI24M, 50.5 mm compared
with 57.7 mm, respectively. By reducing the length
of the most inflexible part of the implant from 26.1
mm (CI24M) to 19.4 mm (CI24RE), it is easier to
match skull curvature, especially for small children.
The diameter of the antenna coil on the CI24RE is
30.9 mm, reduced from 33.0 mm on the CI24M.

Internally, the electronic components in the
CI24RE receiver-stimulator have a lower profile than
in the CI24R. The extra internal space has been used
to strengthen the implant against external impact. The
use of a titanium case to house the electronics also
helps reduce the effects of impact, as the metal case is
less likely to crack or shatter on direct impact than
other housing materials, such as ceramics.** This is
particularly relevant for pediatric implantation, as chil-
dren are more prone to falls. Impact toleration is eval-
uated using vertical and horizontal hammer tests in
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accordance with the standard Environmental Testing
Part 2: Tests—Test Eh: Hammer Tests (EH 60068-2-
75). The CI24RE is more resistant to impact damage
than the CI24R, and this is of clinical importance as
shown in the most recent cumulative failure rates for
the CI24RE implant in children (see “Improved
Implant Reliability”).

Nucleus Freedom can stimulate at pulse rates
up to 32 kHz. To verify the safety of high rate stim-
ulation, acute and chronic physiologic and histo-
logic studies were conducted at the Cooperative
Research Centre for Cochlear Implant and Hearing
Aid Innovation, Melbourne.*® These studies showed
that a high rate-stimulation paradigm did not have a
detrimental effect on auditory nerve activity or func-
tion. In the acute animal studies, the effects of high
rates and worst-case high current levels on neural
fatige were investigated by measuring the recovery
of the electrically evoked auditory brainstem
response (EABR) after 2 hours of stimulation. A
total stimulation rate of 32 kHz was distributed over
3 apical electrodes on the array, and monopolar
stimulation was used. There was no significant
reduction in poststimulus EABR amplitude follow-
ing stimulation at 1.8 mA, which is just above the
maximum output current amplitude of the Nucleus
Freedom system (1.75 mA). In the chronic safety
study, deafened animals were stimulated in one ear
for approximately 16 hours per day for 3 to 4
months. Monopolar stimulation at a total rate of 32
kHz was delivered over 3 electrodes. The stimulating
current levels were individually adjusted to be within
the dynamic range of hearing. The other ear was
implanted with a dummy device to serve as the con-
trol. Histologic examination of the cochleae showed
no evidence of spiral ganglion cell damage on the
side with high rate stimulation when compared with
the opposite control.

The improved telemetry of Nucleus Freedom
allows for more accurate measurement of electrode
voltage compliance and impedance to assist in diag-
nosing any problems with the implanted device. The
new NRT amplifier has improved linearity, sampling
rate, sensitivity, signal-noise ratio, and artifact recov-
ery compared with the previous NRT system in the
CI24M and CI24R. The noise floor of the CI24RE
amplifier is up to 10 times below the noise floor of
the Nucleus CI24M and CI24R, 2 pV compared
with 20 pV respectively, at the same amplifier gain
of 60 dB. It is therefore possible to now detect
ECAP responses in the order of 2-5 pV, compared
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with about 20-25 pV with the Nucleus 3 system.
Integrated NRT support is provided in the Freedom
clinical software, Custom Sound™ and Custom
Sound EP™, the speech processor fitting and evoked
potential measurement applications, respectively
(see “Custom Sound Suite”).

Initial investigations in a multicenter study
exploring the enhanced NRT capabilities of Nucleus
Freedom verified the better signal-noise ratio of the
system and the ability to detect low-voltage ECAP
responses*®*” It was also found that optimization
of the recording parameters to reduce the effect of
stimulus artifact on the response, typically amplifier
gain and measurement delay, is usually not required
with Nucleus Freedom. This substantially reduces
NRT recording time intraoperatively, when it is used
to verify that electrical stimulation produces audi-
tory responses, and postoperatively, when using
NRT to assist in speech processor fitting. In addi-
tion, a fully automatic ECAP measuring algorithm,
AutoNRT™ * is included in the Nucleus Freedom
clinical software. AutoNRT is a quick procedure
for obtaining the ECAP thresholds and can be
used by less experienced clinicians intraopera-
tively and postoperatively.**>°

Dual-electrode stimulation is produced in Nucleus
Freedom by electrically coupling 2 adjacent intra-
cochlear electrodes as the active electrode. There is
no additional processing overhead or system band-
width requirement for dual-electrode stimulation.
Thus, the array has the potential of 43 distinct elec-
trodes for stimulation, 22 single and 21 dual elec-
trodes. A recent study’' with 8 subjects investigated
whether electrode impedances were lower for dual
electrodes, because of the increased surface area,
and whether subjects were able to hear pitch differ-
ences between stimulation on dual electrodes and
the adjacent single electrodes. The average electrode
impedance was 39% lower for dual-electrode stimu-
lation compared with single-electrode stimulation,
using monopolar stimulation with the 2 external
electrodes as the return. Dual-electrode stimulation
therefore has the potential to reduce power
requirements for stimulation. Pitch ranking results
showed that most subjects were able to rank the
pitch of the dual electrode as being between the
pitches of the 2 adjacent electrodes at several posi-
tions on the array. Thus the tonotopic pitch order for
electrical stimulation was generally maintained. The
potential uses of dual electrodes in combination

with single electrodes, or as the sole mode of stimu-
lation, are being investigated.

Contour Advance

One of the important innovations of the Nucleus 3
system was the Contour electrode array, a peri-
modiolar array with 22 half-banded electrodes. The
design goals of the Contour were: to safely position
22 electrodes close to the modiolus, to provide con-
sistent insertion depth across recipients, to ensure
an absence of static force on cochlear structures,
and to provide ease of surgical placement with min-
imal insertion force. These objectives have been
achieved through the development of the Contour
with an enhanced design, the Contour Advance,
used in Nucleus Freedom.

Positioning electrodes closer to the modiolus has
several potential advantages. Previous physiologic
and modeling studies have suggested that a reduced
distance between the electrodes and stimulated spi-
ral ganglion cells would reduce the amount of cur-
rent required for stimulation, longitudinal current
spread in the scala, and spread of neural excita-
tion.”*”* Initial research in Melbourne with a proto-
type perimodiolar array in 3 recipients showed lower
current levels for hearing thresholds and comfort-
able listening levels with decreased distance of
the electrode from the modiolus.” This outcome
was verified in a multicenter study with 21 adults
implanted with the Contour electrode, which found
significant positive correlations between radial dis-
tance from the modiolus and the current levels for
hearing thresholds and comfortable listening levels
for most subjects.’® The Nucleus 24 Contour multi-
center study in North American clinics®® also found
that threshold and comfortable listening levels were
significantly lower for the Contour (n = 40) when
compared with previous data using the straight array
(n = 56). These studies confirmed the hypothesis
that by placing electrodes closer to the modiolus,
lower stimulating current levels are required for
effective stimulation.

Surgical insertion and histologic studies in
human temporal bones before the release of the
Contour array demonstrated minimal insertion
trauma.”” Continuing research identified 2 signif-
icant improvements for the Contour that were
implemented in the Contour Advance in 2003/2004:
the Softip™ modification of the tip of the array and



the AOS insertion technique. The primary goal of
these design changes was to minimize insertion force
on the lateral wall of the cochlea and so minimize
trauma to cochlear structures. Many researchers,
including Shepherd et al®® and Kennedy,®' measured
and described the mechanisms of trauma in the
cochlea with early electrode designs. Kennedy, for
instance, identified that one of the primary causes
of trauma was the pressure point where the tip of
the electrode first impacts on the lateral wall of the
cochlea. Temporal bone studies have demonstrated
tears in the spiral ligament and, in some instances,
perforation of the basilar membrane and migration of
the array into the scala vestibula.>**

The Softip on the Contour Advance works in con-
junction with the AOS insertion technique to create
an insertion dynamic that essentially prevents contact
of the tip of the electrode with the lateral wall of the
cochlea, thus reducing the force on the lateral wall of
the cochlea to near zero. In the AOS technique, the
electrode is initially inserted for a distance of 8.5 mm,
as indicated when a white marker on the array
reaches the site of the cochleostomy. The array is then
advanced off the stylet while the stylet is held sta-
tionary. This takes advantage of the properties of the
array to curve itself around the modiolus. Figure 6
shows the perimodiolar position of the Contour
Advance inserted using AOS. The upper image shows
a cross-sectional histologic view of a human temporal
bone, and the lower image shows a high-definition
radiograph from a collaborative electrode insertion
study at the Cooperative Research Centre for Cochlear
Implant and Hearing Aid Innovation, Melbourne. The
Softip also has the benefit of reducing the potential for
tip foldover, which was seen in a very small number of
cases in the Contour clinical population. In a recent
temporal bone study with the Contour Advance, all
specimens (n = 16) showed atraumatic insertion prop-
erties and good perimodiolar electrode positioning.®*

In a further study of electrode insertion,** it was
found that the Contour Advance provided a more
reliable and less traumatic insertion than was
achieved with the Contour electrode inserted with-
out AOS (Figure 7). This was primarily because of a
marked reduction in insertion force along the outer
wall. Without AOS, when the array tip first contacts
the lateral wall, insertion force increases because of
the pressure of the tip on the lateral wall. With AOS,
there is essentially no pressure on the lateral wall,
with the measured force in the order of 0.002 N.
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Figure 6. Human temporal bone showing (A) the perimodio-
lar position of the Contour Advance inserted using AOS; (B) a
cross-sectional, high-resolution radiograph of the human tem-
poral bone. (Images by permission of the Cooperative Research
Centre for Cochlear Implant and Hearing Aid Innovation,
Melbourne, Australia.)

Speech Processor and Speech Coding

The Nucleus Freedom speech processor consists of
the transmitting coil and the BTE processing unit
and controller (Figure 1). The modular design of the
speech processor allows recipients to use a BTE or
Bodyworn controller. The main BTE processing unit
contains all the relevant speech processing and MAP
functions and is therefore unaffected by changing
the controller. The controller contains the batteries,
user-adjustable controls, and an LCD screen. The
BTE controller uses 3 Zinc Air disposable batteries
or a Lithium-ion rechargeable pack. A 2-battery BTE
controller is also available. The Bodyworn controller
uses 2 AAA Alkaline or rechargeable batteries.

The BTE processing unit contains a custom dig-
ital integrated circuit containing 4 parallel digital
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Figure 7.

Comparison of insertion forces when the Contour Advance is inserted using a standard and AOS technique (adapted

from Roland®®). Insertion forces are considerably lower using the AOS technique. In the standard technique, the array is fully
inserted and the stylet is then withdrawn. In the AOS technique, the array is inserted for 8.5 mm and then advanced off the stylet
while the stylet is held stationary. (Image by permission of Cochlear Limited)

signal processing (DSP) units, a microcontroller, and
memory (Figure 8). The ultralow power custom
DSP architecture is capable of performing more
than 180 million operations per second, allowing
for future input processing and speech coding
upgrades. The parallel processing architecture
uses much less power than would be required if a
single processing unit was used. Up to 4 MAPs
can be stored in the processor. Each MAP is inde-
pendent of the others, thus can differ in T-SPL and
C-SPL levels, SmartSound options, and other MAP
functions. The unit also contains 2 microphones,
an omnidirectional and a directional. In normal
operation the directional microphone is used. The
new SmartSound beamformer option, Beam, uses
both microphones.

The BTE precessing unit includes an integrated
telecoil for use with telephone and induction loop
assistive listening devices (Figure 8). The BTE con-
troller unit also contains an integrated accessory
connector. An extensive set of accessories is avail-
able for Nucleus Freedom to connect with common
audio transmitters such as televisions, stereo sys-
tems, FM receivers, personal audio and audio-visual
systems, and gaming consoles.

The Freedom processor can be programmed
with any of the speech coding strategies: SPEAK,
ACE, and CIS. The stimulation rate for SPEAK is
250 Hz per channel. Stimulation rates for ACE and
CIS are between 250 Hz and 3.5 KHz per channel. The
North American multicenter study of Nucleus
Freedom is investigating subjective preference for
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Figure 8. Schematic of the Nucleus Freedom BTE processor
and controller showing the major system components. Image by
permission of Cochlear Limited)

stimulation rate. Subjects were assigned to a low-
rate ACE group (A) or high-rate ACE (RE) group (B)
at initial fitting. The group A rates were 500, 900,
and 1200 Hz, and the group B rates were 1.8, 2.4,
and 3.5 kHz. Rate group assignment was changed
using an ABAB experimental design, giving subjects
experience with the rates in both groups over time.
Subjects selected their preferred group A and group
B rates, and then made a final single rate selection
between these 2 rates. Preliminary results of the
final preference from 60 subjects are shown in Table
1. There was a tendency for subjects to select the
lowest pulse rate in each of the 2 groups of rates:
500 Hz for group A and 1.8 kHz for group B. There
was, however, considerable spread across rates
except for the 2 highest rates, 2.4 and 3.5 kHz,
which were selected by only 5 subjects. Because
these are preliminary findings, no conclusion can
be made until study completion. The findings are,
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Table 1. Preliminary Results from the North
American Freedom Trial (n = 60)

Pulse Rate per Electrode Percentage of Subjects

Group A
500 33.33
900 18.33
1200 15
Group B
1800 25
2400 6.67
3500 1.67

Preliminary results from the North American multicenter trial
of Nucleus Freedom showing the preferred pulse rate at 4
months (n = 60). Subjects were assigned to group A or B,
selected their preference within that group after experience,
and then selected their preference with the other group after
experience, using an ABAB experimental design. Subjects then
selected a single rate between their preferred group A and
group B rate.

however, consistent with earlier studies with the
previous Nucleus systems, which showed individual
preference for stimulation rate,*®3%* as described
previously in this article.

In a recent study by Galvin and Fu,* it was
found that modulation detection thresholds were
better for a low carrier pulse rate (250 Hz) than for
a high carrier rate (2000 Hz) over a range of current
levels within the dynamic range of hearing. In
speech coding strategies, the acoustic amplitude
envelope is coded by modulation of the stimulating
current. The psychophysical results suggest that
a low carrier rate might provide better access to
the modulated amplitude envelope cues of speech.
Thus, the preference for the lower stimulation rates
found in the Nucleus Freedom and in previous stud-
ies would be consistent with this finding.

The preliminary speech perception scores at 3
months from the North American Nucleus Freedom
study are shown in Figure 9, and for comparison,
scores from the North American Nucleus 24
Contour study.*® Freedom subjects used their pre-
ferred stimulation rate and SmartSound input pro-
cessing option. At 3 months, the average CNC word
score for the Freedom subjects in quiet, 51% (n =
63), was significantly higher than the average CNC
word score from the Nucleus 24 Contour study, 38%
(n = 56). In addition, the 3-month Freedom score
was marginally higher than the 6-month Nucleus 24
Contour study score, 47%.* These findings indicate
that when using Nucleus Freedom with preferred

5
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Figure 9. Percentage correct scores for (A) CNC words
in quiet and (B) CUNY sentences in noise from the North
American multicenter trials of the Nucleus 3 system and the
Nucleus Freedom. Error bars show the standard deviation.
Image by permission of Cochlear Limited)

processing strategy and SmartSound option, recipi-
ents obtain an equivalent level of performance at 3
months as was previously achieved with the Nucleus
3 system at 6 months. For CUNY sentences in noise
at 3 months, scores were also higher in the Nucleus
Freedom study than in the Nucleus 24 Contour
study, 64% (n =54) and 59% (n =56), respectively, but
this difference was not significant. Although these
Freedom findings are encouraging, no final conclusion
can be made until study completion.

The Freedom processor in BTE or body-worn
configuration has been designed to protect the
internal components from the external environment.
Both processor configurations have been certified to
level 1P44 of the international standard IEC
60529, which indicates that they are protected
against splashing water.®® Microphones are particu-
larly vulnerable to moisture, which could invade
through the openings required to receive sound.
A protective membrane that repels moisture but
passes sound waves is used to protect the micro-
phones. All push-button controls are molded directly
onto the plastic housing, providing a firm seal
against liquid ingress and durability to withstand
thousands of button presses. Connectors for cables
and modules include exposed metal that is prone to
corrosion if subjected to sweat and moisture over a

long period. Rubber compression seals and O-rings
are used to seal between connecting components to
protect the exposed metal conductors. Thus, the
Freedom processor is resistant to high humidity,
excessive perspiration, and rain, and will therefore
be more reliable in these environments.

Cochlear will soon release the Freedom proces-
sor for recipients implanted with the CI24M and
CI24R receiver-stimulators. These recipients will
have access to most of the features of Freedom, with
the exception being the high stimulation rates that
are available only with the CI24RE receiver-stimulator.
Support for recipients implanted with the CI22M
receiver-stimulator is also planned.

Instantaneous Input Dynamic Range

Normally hearing listeners have a usable hearing
dynamic range of up to 120 dB. However, the elec-
trical hearing dynamic range of implant recipients is
much smaller, in the order of 10 dB to 30 dB.”"°To
ensure the most relevant range of input intensities is
presented within the recipient’s smaller dynamic
range, so that soft sounds are audible and high inten-
sity sounds are not uncomfortably loud, all Nucleus
speech processors use an AGC and a microphone
sensitivity control to adjust the input signal gain. The
AGC is a fast-acting infinite compression circuit,
and the microphone sensitivity control sets the AGC
knee-point. Microphone sensitivity can be adjusted
by the recipient for different listening environments.
The maximum output level of the AGC translates
into stimulation at the comfortable listening level
(C-SPL). The IIDR is the selected intensity range
that is coded between C-SPL and hearing threshold
(T-SPL) at any instant in time. Nucleus Freedom will
support IIDRs up to 75 dB, although an IIDR above
approximately 45 dB is not likely to be beneficial
because it will increase the audibility of background
noise within the small dynamic range of hearing.

Recent studies by Zeng et al”' and Dawson et al?
have shown that IIDRs in the order of 45 dB are
likely to be beneficial to CI recipients. Zeng et al”’
showed that the acoustic dynamic range was 46 dB
for vowels and 47 dB for consonants. When vowel
and consonant perception in CI recipients was
tested in quiet, an IIDR of approximately 50 dB gave
the optimum vowel and consonant scores. For con-
sonants in noise, the decrement in scores was
greater at the higher IIDRs, more than 50 dB. For
vowels in noise, the decrement in performance was
fairly uniform over the range of IIDRs tested.



A recent study compared speech perception and
subjective preference for IIDRs of 31, 46, and 56 dB
in a group of 9 adult subjects using the Nucleus
implant.”® For CNC words in quiet at soft (45 dB SPL)
and moderate (55 dB SPL) levels, scores were signifi-
cantly higher for IIDRs of 46 dB and 56 dB compared
with 30 dB. This was consistent with the results from
the previous study.”' For sentences in noise, there was
no significant difference in scores for the 3 IIDRs.
However, subjective preferences showed that some
subjects found the 56-dB IIDR uncomfortable in
everyday listening environments. Thus, an IIDR of 46
dB was preferred.

SmartSound Input Processing

Nucleus Freedom provides 4 selectable SmartSound
technologies at the input stage of the speech proces-
sor that can be used to optimize performance in dif-
ferent listening environments: Beam, ASC, Whisper,
and ADRO. Beam, a new input signal processing
scheme, is an adaptive beamformer that reduces
background noise from the surrounding environ-
ment. ASC, Whisper, and ADRO were released in
earlier generations of the Nucleus system, as previ-
ously described in this article. These have been imple-
mented digitally in the BTE processing unit.

Beam is a 2-stage adaptive beamformer designed to
improve the signal-noise ratio of speech coming from
in front of the CI recipient in a noisy environment
and was developed at the Laboratory for Experimental
Otorhinolaryngology, Katholieke Universiteit Leuven,
Belgium, in collaboration with Cochlear. Figure 10
shows the directional sensitivity plots comparing Beam
and the directional microphone for noise from differ-
ent directions. Noise reduction from the direction of
the noise source is greater with Beam than with the
directional microphone.

Beam consists of a fixed spatial preprocessor and
an adaptive noise cancelation stage.”””> The first
stage is effectively a fixed end-fire beamformer. This
is optimized to have maximum sensitivity to the front
and maximum suppression of signals arriving from
90° to 270°. Outputs of the first stage are a speech
reference and a noise reference. The second stage is
an adaptive noise canceler that attenuates the resid-
ual noise. It operates on the noise reference and is
allowed to adapt only during noise-only time periods,
that is, when no speech is detected in the speech ref-
erence signal. A voice activity detector” is used to
detect speech and thus identify the noise periods with
absent speech that controls the adaptation process.
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Figure 10. Directional sensitivity plots comparing Beam and

the directional microphone, showing the additional attenuation
of noise using Beam. The source signal was at 0° and noise at
90°, 120°, or 180°. The concentric circles are in units of 5 dB.
(Image by permission of Cochlear Limited)

An evaluative study of Beam was recently con-
ducted with 5 recipients.”® Speech perception was
tested with a single noise source at 90°, on the same
side as the speech processor, and with 3 uncorre-
lated noise sources of the same intensity at 90°,
180°, and 270°. The speech signal was delivered at
0°. The speech and noise signal sources were 1



190  Trends in Amplification / Vol. 10, No. 4, December 2006

meter from the subject. Significant improvements
were found using Beam compared with the direc-
tional microphone in the Freedom BTE processor
for speech reception thresholds for sentences in
noise, with improvements of 5 dB to 16 dB, and for
percent correct phoneme scores for monosyllabic
words in noise, with improvements of 10% to 41%. In
addition, subjective spatial hearing questionnaires
showed a preference for Beam in noisy environments.
The North American multicenter clinical trial of
Nucleus Freedom is assessing recipient preference for
SmartSound options when listening in quiet and
noise. Sixty-two percent of subjects preferred to use an
input processing option in quiet and noise (Figure 11).
Shown are preliminary results of the subjects’ preferred
SmartSound input processing option at 6 months,
selected from among no input processing, ADRO,
Whisper, and ASC (n =47). Beam was not assessed as
part of this study. Thirty-two percent preferred ADRO
in quiet, and almost 50% preferred ASC in noisy envi-
ronments. Smaller numbers of subjects preferred
Whisper in quiet and noise and ADRO in noise. These
findings also indicate that recipients have individual
preferences for SmartSound options, and these pref-
erences can vary according to the listening environ-
ment. Note that no conclusion about SmartSound
preferences can be drawn until study completion.

Custom Sound Suite™

The Custom Sound Suite™ comprises Custom
Sound and Custom Sound EP, the 2 Nucleus
Freedom software products for programming the
processor and for advanced NRT and electrophysio-
logic functions, respectively. They share a common
database; and data collected using one program are
available in the other. For example, AutoNRT meas-
ures from Custom Sound EP are available for fitting
NRT-based MAPs in Custom Sound. Recipient data
can also be imported and exported, making it easy to
transfer information between computer systems, such
as from a notebook computer used in the operating
theater to the main database on a system server.
Custom Sound provides simplified programming
for the Freedom processor, with an intuitive work flow
from initial measurement of hearing thresholds
and comfortable listening levels through to final
MAP fitting. Simplified navigation is provided for
routine fitting, with access to all adjustable parame-
ters when needed for advanced programming. The
software can be customized by the clinician for indi-
vidual preference and it also has a training mode.
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Figure 11.  Preliminary results from the North American mul-
ticenter trial of Nucleus Freedom (n = 47) showing the pre-
ferred SmartSound input processing options for listening in
quiet and in noise. Subjects selected from among no input pro-
cessing, ADRO, Whisper, and ASC, at 6 months. The percent-
age of subjects preferring the SmartSound option in quiet and
in noisy environments is shown. (Image by permission of

Cochlear Limited)

Custom Sound has automated a number of program-
ming functions:

e Electrode impedance and voltage compliance
measurement, to ensure the electrodes can deliver
the required current.

e AutoNRT for automatically measuring ECAP.
Thresholds from these ECAP measures or other
electrophysiologic tests are integrated in the fit-
ting software, providing a reference for MAP fit-
ting.

e Streamlined programming methods for generat-
ing initial and progressive MAPs and full support
for interpolation of stimulation levels.

e Optimizing speech processor power usage is pro-
vided by the AutoPower function and battery life
estimation given.

Studies on streamlined fitting methods have con-
cluded that they can be successfully used in clinical
practice without compromising recipient performance.”’
They can also significantly reduce clinical fitting time.”
Custom Sound is designed on streamlined fitting princi-
ples, providing an efficient and effective method to fit
cochlear implant recipients, especially during initial acti-
vation. As the recipient gains more listening experience,
the speech processor can be further optimized using the
advanced features of Custom Sound.



Custom Sound EP provides advanced NRT
functionality, and support for measuring the electri-
cally evoked auditory brainstem response (EABR),
stapedius reflex threshold (ESRT), and the cortical
evoked response (CEP). The NRT functionality
includes AutoNRT and stimulation templates to
measure ECAP amplitude growth functions, recov-
ery functions, and spread of excitation. The EABR,
ESRT, and CEP functions require the appropriate
external recording equipment. A trigger pulse is pro-
vided and is accessed via the Programming Pod.
Custom Sound EP also provides user-adjustable
electric stimulation parameters to measure the
evoked potentials and the facility to store the meas-
ured thresholds. These thresholds can then be used
in speech processor fitting via Custom Sound.

Connection between the Freedom speech
processor and programming computer is by the
Programming Pod. This small interface connects
via USB and is self-powered by the computer. It has
indicator lights to show power and data transmission.
Custom Sound is compatible with previous body-
worn and BTE speech processors, from Spectra to
Freedom, although additional hardware is required
for communication with other speech processor mod-
els. At present, Custom Sound EP supports only the
CI24RE receiver-stimulator, with support for CI124M
and CI24R receiver-stimulators in the near future. This
is because of the different NRT capabilities in these
systems.

Advancing Recipient Outcomes

Cochlear implant systems have been highly success-
ful in providing benefit to severe-profoundly deaf
adults and children, resulting in expanding indica-
tions for implantation. Implant reliability and safety
are 2 of the most important factors in meeting the
expanding candidature and recipient expectations.
Continuing research is also exploring new methods
to improve outcomes for recipients, and Cochlear
actively explores new developments in collaboration
with research and clinical centers worldwide.

Improved Implant Reliability

There have been significant changes in implant tech-
nology over the 4 generations of Nucleus cochlear
implants. Reliability and safety are critical factors
in implant design and manufacture, as very young
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recipients might be reliant on the technology for 70 or
more years. Cochlear has published reliability reports
on the implanted device for more than 15 vyears,
currently every 6 months. These reports are prepared
in accordance with ISO 5841-2,”° the most relevant
standard available. More recently, the European Con-
sensus Statement on Cochlear Implant Failures and
Explantations, 2005% was released. Cochlear also
complies with this new statement.

The cumulative failure percentage (CFP) is the
appropriate method of reporting reliability, as it
demonstrates the percentage of devices that are no
longer functioning over a given period of time.
As the index is cumulative, a CFP that does
not increase over time indicates no new failures.
Cochlear includes all failures in the calculation,
including those caused by external impact, for all
implant models, adults and children separately. The
cumulative survival percentage (CSP) is the inverse
of the failure percentage and shows the cumulative
number of functioning implants over time.

The CI24RE receiver-stimulator has been implanted
in more than 10,000 recipients as of July 2006.
Reliability data for the CI24RE have been included in
the latest report, dated June 30, 2006 (Figure 12). These
data cover the entire life of each device and all registered
recipients worldwide. With each new generation of
receiver-stimulators, there has been a lower CFP. For
example, the CFP at 6 years for the second- and third-
generation implants, Nucleus CI24M and CI24R
(shown in Table 2), indicates a lower proportion of
failures in children for the CI24R. The 6-year cumu-
lative failure rate per 1000 children is 31 devices for
the CI24M and only 13 devices for the CI24R. The
results for the CI24RE at 1.5 years show no failures
for adults (n = 5232) and 6 failures for children (n =
4767). The CFP for Nucleus Freedom at 18 months is
only 0.2% for children, which is much lower than for
the CI24R receiver-stimulator at 12 and 24 months,
0.4% and 0.7% respectively. These encouraging find-
ings suggest that the internal design modifications in
Nucleus Freedom have achieved their goal of
improved reliability.

A recent study presented the surgeon-reported
incidence of device failure in 26 European clinics.®!
Across all device models, the failure rate for the
Nucleus device was much lower than that of
the other manufacturers: 1.97% (n = 8581) for the
Nucleus device, 9.01% (n = 1987) for the MedFEl
device, and 6.98% (n = 1761) for the Advanced
Bionics device.
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Figure 12. Cumulative failure percentages for the 4 genera-

tions of Nucleus receiver-stimulators, all recipients worldwide
as of June 30, 2006, adults and children separately: (A) CI22M,
(B) CI24M (all models and after modification), and (C) CI24R
and CI24RE. Error bars show the 95% confidence intervals.
Note the y-axis for (A) is twice that of (B) and (C).(Image by per-
mission of Cochlear Limited)

Table 2. Cochlear Implant Reliability at Six Years
CI24M (All) CI24R

Cumulative failure (%)

CFP adults 0.4 0.5

CFP children 3.1 1.3
Cumulative survival (%)

CSP adults 99.6 99.5

CSP children 96.9 98.7

Cumulative failure percentage (CFP) and cumulative survival
percentage (CSP) at 6 years for the second-generation (C124M
all models) and third-generation (CI24R) systems, adults and
children separately, as of June 30, 2006.

Electrode Array Options

Cochlear also supports a range of electrode arrays to
meet expanding indications for cochlear implanta-
tion. The Contour array was released in the Nucleus
3 System in 2000. The CI24R receiver-stimulator
connected to the straight array was also available as
an option for those cases where the surgeon felt that
a straight array was preferable to the Contour.
Similar support for the straight array is provided
with the CI24RE receiver-stimulator.

The auditory brainstem implant (ABI24M) was
released in 2000, consisting of the CI24M receiver-
stimulator coupled to an electrode pad for place-
ment on the cochlear nucleus. A double electrode
array was released in 2002, with 2 arrays of 11 elec-
trodes each.®? This array might be suitable in cases
where normal insertion of the standard array is not
possible but 2 shallow insertions, one in the basal
turn of the cochlea and one in the second turn, is
feasible.

Bilateral Cochlear Implants

Binaural hearing provides better speech understand-
ing in noise and sound localization for normally
hearing listeners and those wearing bilateral hearing
aids. Cochlear recently completed a series of multi-
center research studies in the United States, United
Kingdom, and German-speaking clinics in Germany
and Switzerland to measure the benefits of bilateral
Nucleus cochlear implants in adults. The US study
investigated the benefits of simultaneous bilateral
implants,***®> the UK study measured the incremen-
tal benefit of sequential bilateral implants,*® and the
studies in German-speaking clinics investigated
simultaneous and sequential bilateral implants.®”



Probably one of the most important benefits for
speech perception comes from the headshadow
effect, when speech and noise are from different
directions, producing a difference in the signal-noise
ratio at each ear. The collaborative studies showed
that bilaterally implanted adults were typically able to
take advantage of the headshadow effect and use the
ear with the better signal-noise ratio. When speech
and noise are from the same location, there is an
improvement from binaural redundancy, where bin-
aural performance is better than performance using
the better unilateral ear. Across studies, a number of
bilaterally implanted subjects were able to obtain a
binaural redundancy advantage. However, perform-
ance was variable across subjects, suggesting that
some bilateral implant recipients were not able to use
the additional information when the same signal was
presented to both ears. In all studies, there were clear
benefits of bilateral implants over a unilateral implant
for sound localization in the horizontal plane.®

Bilateral cochlear implantation also ensures that
the better ear is always implanted, ie, the ear with the
better postoperative speech perception outcome.
Preoperatively, it can be difficult to accurately predict
which ear will give the better postoperative monaural
performance. Bilateral implantation ensures that the
recipient will always be able to take advantage of the
better performing ear. The average bilateral word
score (n = 33) for CNC words in quiet at 3 months
was 51% in the US study, primarily the contribution
of the better ear. This was significantly higher than
the average score of 38% for monaurally implanted
adults (n = 56) in the clinical trial of the Nucleus 24
Contour.*® Subjects were implanted with the same
Nucleus system in both studies.

Cochlear is collaborating in research studies
investigating the benefits of bilateral implants in
children and innovative speech coding schemes that
might improve bilateral performance. Multicenter
studies are in progress in Europe and North America
to measure the benefits of pediatric bilateral implants.
There are several compelling reasons for bilateral
implantation in children. Bilateral hearing aid fitting
in children is typically the standard clinical practice
of the binaural hearing benefits.* It is therefore pos-
sible that bilateral cochlear implants will provide a
similar degree of benefit. In addition, binaural stim-
ulation is probably important for the development of
the biological mechanisms that are used for binaural
hearing. Without the development of these mecha-
nisms in children, it is possible that bilateral implan-
tation at a later age might not provide the same
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benefits in speech perception and sound localization
that have been found with adults. Recent findings in
children who received sequential bilateral implants
suggest that the time between surgeries and the
amount of bilateral experience might be important
factors in the development of sound localization
abilities.” In adults, binaural hearing mechanisms
would have developed normally before onset of deaf-
ness; thus maturation and experience will likely have
less impact on outcomes.

There are also research studies investigating fun-
damental binaural hearing mechanisms with electric
stimulation and advanced binaural speech coding
schemes.”"** For example, a collaborative study with
Medizinische Hoschschule Hannover, Germany, and
the Cooperative Research Centre for Cochlear
Implant and Hearing Aid Innovation, Melbourne, is
investigating the benefit of a peak derived timing bilat-
eral strategy on binaural unmasking for speech per-
ception. This strategy is designed to better preserve the
fine-timing characteristics of the signal.

Electroacoustic Stimulation

Some candidates present with a severe high-fre-
quency hearing loss but only a mild to moderate loss
in the low frequencies. These candidates also have
some open-set speech understanding when using
hearing aids. It is therefore important to preserve
residual hearing in the implanted ear and to comple-
ment hearing via electrical stimulation with acoustic
stimulation in the contralateral ear (bimodal stimu-
lation), the ipsilateral ear when residual hearing is
preserved after implantation (hybrid stimulation), or
in both ears (combined stimulation).

Bimodal stimulation can provide significant bene-
fit to adult and pediatric implant recipients when the
contralateral ear has sufficient residual hearing for
successful hearing aid fitting.”**” Benefits include
improved speech perception in noise and sound local-
ization. However, these benefits have not been found
for all subjects,”” and further research is needed to
improve the integration of electric and acoustic signals
delivered to opposite ears. For example, Kong et al”® sug-
gest that additional low-frequency fine-timing informa-
tion delivered to the nonimplanted ear via a hearing aid
might improve music appreciation and speech recogni-
tion in noise. Cochlear is currently investigating new
approaches to further improve bimodal benefits in col-
laborative studies, such as different prescriptive meth-
ods for fitting the contralateral hearing aid, and to also
identify factors that influence outcomes.
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Cochlear has collaborated with the University of
Towa in the development of a short, 10-mm Hybrid™
electrode with 6 contacts designed to preserve the
residual hearing of candidates with considerable
low-frequency hearing.”® High-frequency informa-
tion is presented electrically via the Hybrid implant
and low-frequency information via an ipsilateral
hearing aid. Preliminary results from a Cochlear-
supported multicenter clinical trial in the United
States and Europe indicate that the residual low-
frequency hearing is preserved in the majority of
cases, with a median hearing loss of 11 dB for the
frequencies 125 Hz to 1 kHz, 12 months after sur-
gery (n = 29). Hybrid stimulation (electric plus ipsi-
lateral acoustic) also provides significant benefit for
speech perception in quiet and in noise when com-
pared with preoperative performance in the same ear
using a hearing aid. Performance in the combined
condition, using bilateral hearing aids plus electrical
stimulation, has been significantly better than in the
preoperative bilateral hearing aid condition.”” These
results show that electrical stimulation using a short
array in the basal portion of the cochlea can provide
significant benefit for recipients while preserving
low-frequency residual hearing in the same ear.

Key factors for the success of hearing preserva-
tion are the surgical approach to the entry point
to the cochlea and minimal insertion trauma. For
the 10-mm Hybrid electrode, the location of the
cochleostomy, the technique for creating the open-
ing, and the orientation of the electrode array during
insertion have been shown to be important for hear-
ing preservation.”®?’

A separate multicenter European study is cur-
rently investigating whether hearing can be pre-
served in candidates with residual hearing when the
Contour Advance is inserted using AOS and “soft-
surgery” techniques to create the cochleostomy.'?*!"!
As described previously herein, the Contour Advance
was designed to minimize insertion forces and intra-
cochlear trauma. Preliminary results in 12 recipi-
ents showed a median hearing loss of 28 dB for the
frequencies 125 Hz to 500 Hz. Hearing was pre-
served in 10 subjects, and 6 of these subjects
retained sufficient residual hearing for the success-
ful fitting of a hearing aid in the implanted ear. The
other 2 subjects lost all residual hearing immediately
after surgery, but in both cases the soft-surgery tech-
nique was not followed as planned. These prelimi-
nary findings suggest that it was possible to preserve
some residual hearing with careful insertion of the

Contour Advance. The results also showed that
changes in low-frequency thresholds have been
greater in subjects implanted with the Contour
Advance than with the 10-mm Hybrid electrode.
This could be related to the different depths of inser-
tion of the 2 arrays, although this is only one of the
several differences between these studies.

Cochlear has also been developing a longer Hybrid
electrode array in conjunction with surgeons at
Medizinische Hochschule Hannover, Germany, and
the Cooperative Research Centre for Cochlear
Implant and Hearing Aid Innovation, Melbourne.
The 16-mm Hybrid array has 22 half-banded con-
tacts on a thin and flexible carrier and is designed
for insertion through the round window using surgi-
cal techniques that minimize insertion trauma.'®?
A small number of adults have been implanted, and
residual low-frequency hearing has been success-
fully preserved after surgery.'”

The 10-mm and 16-mm Hybrid electrode arrays
are designed to be positioned with minimal trauma
in the basal portion of the cochlea. Thus, these
arrays meet expanded indications for cochlear
implantation in those candidates with residual hear-
ing. Further research is also needed to understand
how the consequences of trauma arising from the
surgical approach and electrode insertion can be
minimized.

Advanced Speech Coding

Cochlear has an active speech coding research
program, with several studies in its collaborative
research program. Research is driven by the desire
to improve recipient performance and deliver better
performance more efficiently.

Psychoacoustic Masking Models

All speech coding techniques currently available
attempt to translate the major components of the
acoustic signal into a directly equivalent electrical
stimulus: frequency, intensity, and the temporally
changing patterns of these 2 components. For nor-
mally hearing listeners, many of the low-level spec-
tral components are inaudible because they are
masked by other, louder components in the signal.
At the Medizinische Hochschule Hannover,
Germany, a new method for selecting spectral peaks
has been developed in conjunction with Cochlear.
This psychoacoustic strategy selects the largest



spectral peaks to be delivered using a psycho-
acoustic masking model.'” This model is designed
to extract the normally audible components from the
input signal, leaving out components that are
masked by the louder components. This approach is
similar to that used in audio compression algorithms
such as the MP3 scheme, which is able to reduce
the data to approximately 10% of the original size
without noticeable loss of sound quality.

Initial results of a pilot study with 8 subjects
showed equivalent levels of performance comparing
a standard 8-channel ACE strategy with a 4-chan-
nel prototype psychoacoustic strategy.'® Although
there was a reduction in the number of stimulating
channels, performance was not compromised, which
verified the application of the model. Further stud-
ies are continuing to confirm these initial findings
and to develop better masking models for electrical
stimulation.

Another advantage of reduced data throughput
when using psychoacoustic masking model strate-
gies is the potential to reduce power requirements,
which could increase speech processor battery life.
In addition, for recipients of the first-generation
CI22M system there is the potential to increase
stimulation rate when using a psychoacoustic strat-
egy, as fewer electrodes will need to be stimulated
than for the SPEAK strategy. These possibilities will
be explored in future research studies to ensure that
recipients of all generations of Nucleus implants
receive the benefits of advances in speech coding
technology.

Number of Channels

Nucleus Freedom has the capability to stimulate up
to 43 electrodes: 22 single electrodes and 21 dual
electrodes. As described previously, dual-electrode
stimulation is produced by electrically coupling 2
adjacent intracochlear electrodes. In addition, all
Nucleus implant systems have been able to produce
“virtual” channels. Virtual channels are the interme-
diate pitch percepts produced by stimulation on
2 closely spaced electrodes.'” Stimulation can be
sequential,’””'% as used in Nucleus processors, or
simultaneous.'”''” Intermediate pitch percepts can
be produced by varying the ratio of current delivered
to the 2 electrodes. The underlying mechanism is
probably related to the extent of current field over-
lap and neural integration.
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Nucleus speech processing strategies incorporate
virtual channels by default because of the overlap in
the widths of the analysis bandpass filters. For exam-
ple, when 2 adjacent electrodes are being stimulated,
the relative current levels delivered to each electrode
will vary depending on the energy in each filter band,
with changes in spectral energy distribution causing
shifts in perceived pitch. However, several studies
have shown that increasing the number of effective
channels above approximately 8 to 10 electrodes does
not result in marked changes in speech understand-
ing in quiet.""""* Thus, it is not clear whether the
explicit use of virtual channels in speech coding will
lead to marked improvements in speech understand-
ing. On the other hand, it has been hypothesized that
to obtain better performance in noisy environments
and for music appreciation, the number of effective
channels might need to be increased substantially in
order to convey more spectral information.'"> Cochlear
is currently investigating methods to increase the num-
ber of effective channels by increasing the number of
electrodes on the array and by current focusing using
phased-array stimulation.''®

Streamlined and Self-Programming

Recent studies have shown that streamlined fitting
methods, where a limited amount of information
about threshold and comfortable levels is used to fit
a speech processor, can be successfully used without
compromising recipient outcomes. Plant et al””
showed that 2 streamlined techniques could be suc-
cessfully used in the clinical setting. The first tech-
nique was interpolation across 3 measured threshold
levels and 3 measured comfortable listening levels,
while the other was interpolation across 5 measured
threshold or comfortable levels and the interpolated
profile was used for fitting the alternative profile. A
multicenter North American study’® also found that
streamlined fitting methods provided outcomes similar
to traditional methods, and that there was consider-
able time saving when using streamlined methods.
Fitting methods based on objective measures, such
as ECAP, ESRT, and EABR, combined with limited
behavioral measures have also been successfully
used.?>*>!""118 The Custom Sound Suite supports
streamlined fitting using behavioral and electrophys-
iologic measures.

More recently, research studies have inves-
tigated the application of genetic algorithms in
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recipient-controlled MAP optimization.""? In this
adaptive procedure, the recipient selects from
among several MAP choices that vary along a number
of parametric dimensions such as pulse rate and num-
ber of maxima. The procedure converges to the recipient-
preferred MAP. Preliminary results suggest that a
large number of dimensions can be efficiently opti-
mized by the recipient using user-controlled software.

In addition, Cochlear is exploring the application
of Internet-based service systems for recipient support,
where the recipient does not need to attend the clinic,
reducing the time and trouble necessary for ongoing
maintenance. It might also be possible to establish
satellite services through other clinical service
providers for noncomplex cases using similar technol-
ogy, freeing up clinician time.

Conclusion

The cochlear implant has come a very long way since
the early single-channel implants. Multichannel
implants typically provide significant benefits to
severe-profoundly deaf adults and children. Cochlear’s
fourth-generation system, Nucleus Freedom, builds
on 25 years of experience and, since the release in
2005, has demonstrated better levels of speech per-
ception than the previous system and improved
implant reliability. The Nucleus Freedom system is
designed to give access to further advances in signal
processing, as well as being backward compatible to
earlier generations of the Nucleus implant. Cochlear
continues to work with the implant research commu-
nity in a wide range of studies to further improve
recipient outcomes.
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