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cochlea tonotopic, or frequency-selective. The frequency-specific vibrations of the BM are
sensed by the hair cells of the Organ of Corti or OC - a matrix of cells supported on the
BM. As aresult, hair cells release a chemical transmitter substance that initiates discharge
activity and eventually action potentials in peripheral processes between the base of hair
cells and cell bodies of spiral ganglion cells (SGCs) or afferent neurons. The neural stimuli
are then relayed to the auditory cortex of the brain via central processes or nerve fibers of
SGCs. The collection of nerve fibers which descend as the auditory nerve makes the

central axis or modiolus of the cochlea.

Figure 2.1. Anatomy of human ear [5]. By courtesy of Encyclopaedia Britannica, copyright
1997; used with permission.

Figure 2.2. Cross-section of a human cochlear spiral turn [5]. By courtesy of Encyclopaedia
Britannica, copyright 1997; used with permission.



In a diseased cochlea with damaged hair cells as shown in Figure 2.3, the normal
stimulation generation is stopped. In addition, the peripheral processes also start to
degenerate and therefore electrical connections, both afferent and efferent, with the
auditory cortex break down. Alternatively, partial to complete absence of hair cells and
degenerating neurons fail to generate and relay adequate stimuli to the brain resulting in
severe to profound hearing loss. Thus, the extent of damage to hair cells and neurons
determines the degree of deafness. Fortunately, even in severe sensorineural deafness,
some hair cells, neurons peripheral to SGCs, relatively robust SGCs, and associated
nerve fibers in the modiolus remain active and present as putative sites for artificial
excitement. The viability and ability to regain some of the lost hearing by artificially exciting

the auditory nerve thus makes the basis for cochlear implantation [6].
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Figure 2.3. Anatomy of cochlea. A, Normal cochlea. B, Deafened cochlea. Totally damaged
hair cells and partial to complete degeneration of peripheral parts of neurons between SGCs
and OC is shown in case of a deafened cochlea. Reprinted from [7] with permission from
American Scientist Online.



2.2. Components and working of a Cl system

Commercially available multi-channel Cl systems consist of externally worn and
implanted parts. From Figure 2.4, the microphone (1) acting as the outer ear receives the
external sound and amplifies it. After amplification, the voltage output of the amplifier is
sent to the speech processor (2). The speech processor uses filters and converts the
sound waveform into frequency bands. Also, the output voltage of each filter is modified
to fall within the narrow range required for stimulating electrodes implanted in the cochlea
[8]. A stream of electrical signals containing speech data and power are then sent to the
transmitter coil (3) held on the skin over the implanted receiver-stimulator (4-5) using a
magnet. The receiver-stimulator is implanted in the mastoid bone of the skull. The speech
data and power from the transmitter coil is transferred to the receiver-stimulator
transcutaneously via radio waves. The receiver-stimulator decodes the incoming signals

and generates current stimuli which are sent via wires (6) to the electrode array (7).

Figure 2.4. Components and working of a Cl systems [9]. © 2008 |IEEE

The array is a set of electrodes fabricated on a flexible probe-like silicone carrier
or mold. The array portion containing the electrodes or the active-area of the array is
inserted in the ST chamber. The orientation of an inserted array, as shown in Figure 2.5,
is such that the electrodes face and sit close to the modiolus. The array is inserted from
the base end of the cochlea where is it guided into the ST chamber either through the
round window or through a cochleostomy - a surgically drilled 1-2 mm opening inferior and
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anterior to the round window [10-12]. The mean heights and widths of the human ST
chamber near its base and apex over the spiral length of the cochlea are 1.3 mm x 2.1
mm and 0.3 mm x 1.45 mm respectively [13]. Finally, depending upon the loudness and
pitch of the external sound, the electrodes stimulate neurons in the auditory nerve (8) thus

relaying an auditory signal to the brain where it is perceived as sound.
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Figure 2.5. An electrode array inserted in the ST chamber of the cochlea [14]. © 2009 IEEE

2.3. Multi-channel CI systems

The term multi-channel in a Cl system may refer to channels of processing,
stimulation, or reception. While the processing channels refer to the number of frequency-
bands resolved by the sound processor, the stimulation channels refer to the number of
stimulation sites. The reception channels refer to independent sources of information that
a patient can utilize [15]. Today’s multi-channel implants evolved from their single-channel
predecessors. The single-channel implants consisted of either a single fairly large-area
electrode or multiple electrodes grouped together as a single unit inserted into the ST
chamber [16]. In either case, they stimulated a single site in the cochlea facilitating
marginal to very low levels of unaided speech recognition [17]. Specifically, these implants
could not exploit the cochlear tonotopy so provided limited frequency or pitch perception
[1]. On the other hand, multi-channel implants consist of an array of electrodes which
stimulate nerve fibers at multiple locations along the modiolus providing enhanced pitch
perception by exploiting cochlear tonotopy. Although the overall performance of current
Cl systems is greatly attributed to advanced speech processors and receiver-stimulators,
it is also due to the multitude of design changes that the arrays have gone through. Over

the period, array designs have continuously evolved to primarily achieve three goals:
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modiolar proximity or high coupling efficiency to the auditory nerve bundle, higher insertion

depth, and minimal insertion trauma [9,18].

Early arrays rested along the outer wall of the ST upon insertion and thus were
positioned away from the cochlear modiolus [19]. It was later proved that an array
positioned close to the modiolus results in lower required stimulation current thresholds
[20,21], reduces inter-channel interaction by delivering focused and discrete electrical
fields to target neurons [20,22], and higher dynamic range [23]. Clinical tests also validated
that modiolar positioning favors higher levels of speech perception [24]. The above
findings have led to today’s widely clinically accepted pre-formed or perimodiolar arrays.
Such arrays are fabricated on a pre-curved molded carrier to match the inner wall
curvature of the ST. Thus, a perimodiolar array spirals around the modiolus and therefore
sits closer to the SGCs and nerve fibers facilitating localized stimulation. Although the
majority of present arrays are perimodiolar, non-perimodiolar or straight arrays are also in

practice.

Ideally, an array should be inserted deep enough so that it maps the entire cochlear
tonotopy. This might suggest that for maximum pitch perception arrays be designed for
insertions up to the apex of the cochlea. However, how far along the cochlear spiral do
excitable neural tissues spread and thus what should be the optimal insertion depth of an
array, is a matter of debate [25-27]. For instance, the SGCs which tend to survive longer
have been reported to extend only up to ~1"/, turns or 540° along the cochlear spiral [28].
In contrast, based on the residual low-frequency hearing in younger children and
postlingually deafened adults, presence of intact dendrites are believed to survive near
the cochlear apex [29]. Per such findings, it would seem logical to excite the cochlea as
far as the OC extends. What likely supports this debate even more are the different angular
extents of OC and SGCs yet having comparable frequency-maps. For example, based on
the frequency map and angular spread of human cochlear SGCs and OC by
Stakhovskaya et al., an array inserted up to 630°-720° deep, but placed closely around
the modiolus, would cover the entire angular spread of SGCs and be able to address
almost all frequencies compared to an array inserted up to ~990°following the total angular
extent of the OC [30]. Such arguments, at least in part, have led manufacturers to

continuously refine array designs for different insertion depths.
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At present, the US Food and Drug Administration (FDA) approved multi-channel
Cl systems for human use are available from three manufacturers: Cochlear Limited
(Australia), Advanced Bionics Corporation (USA), and MED-EL (Austria). Depending upon
the manufacturer, both straight and perimodiolar arrays are available. All systems provide
platinum or platinum iridium electrodes and connecting wires. The wires connecting
electrodes are embedded in a silicone mold in all models. The wires are either crinkled,
stacked, or custom shaped to control array flexibility, stiffness, and maneuverability in
horizontal and transverse directions for eventually achieving guided insertion and minimal

trauma.

The Nucleus® CI system, as shown in Figure 2.6, is manufactured by Cochlear
Limited. It offers Contour Advance™ or CA perimodiolar array and Slim Straight array
among several straight arrays. The CA array, as shown in Figure 2.7, has 22 electrodes
[31]. It has a Softip™ which was designed to minimize damage to delicate intracochlear
structures and aid in the Advanced Off-Stylet™ or AOS insertion technique. In this
technique, as shown in Figure 2.8, a thin and flexible stylet is first inserted in a channel
molded in the silicone carrier of the array to straighten the array before insertion. During
insertion, the straightened array is first inserted up to a fixed mark (1 in step A) inside the
ST chamber and then advanced off the stylet by holding the stylet stationary (steps B and
C). The array is advanced until its third basal rib reaches outside the cochleostomy site.
At this stage, the stylet is withdrawn which causes the self-curling array to closely match

the curvature around the cochlear modiolus (step D) [32].
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Figure 2.6. Nucleus Cl system from Cochlear Limited [31]. Picture provided courtesy of
Cochlear Americas, © 2014 Cochlear Americas.
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The total intracochlear length of the array up to the third-rib location is ~20 mm.
The active length, the distance over which the electrodes are spread is 15 mm. The tip to
basal diameters of the array over the active length are 0.5 mm and 0.8 mm respectively.
The Softip™ tapers from 0.5 mm near the apical electrode to 0.2 mm [31, 33]. Unlike the
CA array, the Slim Straight array follows the outer lateral wall of the ST chamber when
inserted. Its cross-sectional profile is however smaller than the CA array. The Slim Straight
array tapers from 0.3 mm near the tip at electrode 1 to 0.6 mm at electrode 22 near the
basal end. The active and insertion lengths of this array are 20 mm and 20-25 mm
respectively [31].

Figure 2.7. Contour Advance™ array from Cochlear Limited [9]. © 2008 IEEE

D

Figure 2.8. Advanced Off-Stylet™ insertion technique [32]. Picture provided courtesy of
Cochlear Americas, © 2014 Cochlear Americas.

The Cl system manufactured by Advanced Bionics is called HiResolution™ Bionic
Ear as shown in Figure 2.9. It offers HiFocus™ electrode arrays namely 1j, Helix™, and

Mid-Scala with 16 electrodes in each. While the 1j model is straight, both Helix™ and Mid-
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Scala are perimodiolar in shape. When inserted, the 1j array follows a path close to the
lateral wall of the ST chamber, Helix™ follows the contour of the cochlea and is placed
close to the modiolus, and Mid-Scala is placed in the middle of the ST chamber. The tip
of the Mid-Scala array as shown in Figure 2.10 is designed for reducing chances of array
foldover during insertion. The active lengths of the 1j and Helix™ are 17.6 mm and 13 mm
respectively. The apical to basal diameters over the active lengths of 1j, Helix™, and Mid-
Scala electrodes are 0.4 to 0.7 mm, 0.6 to 1.1 mm, and 0.5 to 0.7 mm respectively [34,35].
For insertion, the Helix™ array is supplied preloaded on a stylet assembly guide which is
attached to an electrode insertion tool (EIT). The EIT acts as a plunger to advance the
electrode off the stylet during insertion [36,37]. The 1j array can be inserted both manually
using surgical claws and forceps or using a metal insertion tube recommended by the
manufacturer [36]. The Mid-Scala array can be inserted using a stylet both freehand or
with the help of an insertion tool [35]. Insertion lengths of 1j, Helix™, and Mid-Scala arrays
have been reported to be 18-23 mm, 18-21 mm, and 18.5 mm respectively [37-39].

Receiver-stimulator
b electronics

Behind-the-Ear
Electrode array sound processor

Flexible wearable
sound processor

Figure 2.9. HiResolution™ Bionic Ear Cl system from Advanced Bionics [35]. Image provided
courtesy of Advanced Bionics.

MED-EL manufactures the Maestro™ CI system as shown in Figure 2.11. MED-
EL offers a range of straight electrode arrays. As shown in Figure 2.12, MED-EL’s
Standard and FLEXSO'T are the industry’s longest straight arrays which are intended for
insertion up to ~31.5 mm in the cochlea. While the Standard array has 24 sites in 12 pairs,
the FLEXSCFT has a total of 19 electrodes with 7 basal pairs and 5 single sites near its tip.

The Standard array tapers from ~1.3 mm in diameter at the basal end to 0.5 mm diameter
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at the tip. The FLEXS®FT array, due to the special configuration of its apical sites, was
designed slimmer and more flexible near its tip than the Standard array for reducing
trauma from deep insertions. While its basal diameter is the same as the Standard array,
its tip is somewhat oval with diameters 0.5 mm x 0.4 mm. MED-EL recommends surgical

claws and forceps for array insertion [36,40,41].

Figure 2.10. Mid-Scala array from Advanced Bionics [35]. Image provided courtesy of
Advanced Bionics.
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Figure 2.11. Maestro Cl system from MED-EL [40]. © MED-EL

Figure 2.12. MED-EL arrays. A, Cross-sectional views of the Standard array. B, Cross-
sectional views of the FLEXSOFT array [40]. © MED-EL
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MED-EL also investigated an experimental perimodiolar array design [42]. A
longitudinal microgroove was molded near the edge of the silicone carrier in this array. A
thin nitinol wire slid through the microgroove tunnel. While the apical end of the wire was
fixed to a notch fabricated at the carrier apex, the basal end remained free to slide in the
microgroove. During insertion, the array was first inserted like a straight array along with
the nitinol wire in the carrier groove. Once implanted, the wire was held stationary while
the array was withdrawn slightly backwards. The retractile motion of the array separated
the wire from the microgroove causing the array to wrap around the inner wall of the

cochlea.
2.4. Effect of electrode array profile on insertion trauma

As with any surgical procedure, the risk of trauma also persists with array
implantation. From Figure 2.2, minimizing trauma to intracochlear structures such as spiral
ligament (SL), stria vascularis (StV), BM, OC, osseous spiral lamina (OSL), modiolus, and
SGCs is crucial for preserving residual hearing and increasing implant performance. If
impinged by an array tip or compressed by the array body, both the blood vessels under
the highly textured surfaces of SL, StV, and the BM where the latter is attached to the SL
are prone to damage. A torn or ruptured BM near the SL risks intermixing of cochlear fluids
and array excursions into either the SM or SV. Intermixing of cochlear fluids is known to
be toxic for the StV and OC. On the other hand, array excursion into the SM and/or SV
may cause direct mechanical damage to remaining peripheral processes eventually
leading to further degeneration of SGCs. In addition, an array’s modiolar proximity, desired
orientation, and intended trajectory are lost during such excursions resulting in ineffective
stimulation of target neurons and thus lowering overall implant performance. Even when
the BM is only distorted or elevated due to upward pressure from an array, its natural
vibrational mechanics might be affected reducing the chances of employing implants
based on electroacoustic stimulation. The OSL is equally prone to fracture from array
impingement or due to forced advancement of a blocked array. The risk of severing
dendrites of SGCs and eventually leading to their degeneration is high if the OSL is
traumatized. The SGCs housed in the modiolus are protected by a fragile bone covering.
Any fracture in this cover either due to pressure from the array body or frictional forces
generated during array insertion may lead to both acute and chronic degeneration of
SGCs and their dendrites.
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All present day arrays strive for atraumatic insertion in the cochlea, unfortunately
none of the arrays are truly atraumatic. The nature, severity, and frequency of trauma has
been found to be related to an array’s shape, size, stiffness, and insertion methodology in
many cases. Besides, the anatomical complexity and dimensional variability of the cochlea
and delicate surgical procedures also increase the risk of trauma during insertion. The
insertional trauma which is directly influenced by an array’s dimensional attributes, mainly
its cross-sectional profile, is of our interest and hence the following discussions focus on

these aspects only.

In 1980, Zrunek et al. demonstrated the relationship between cross-section of an
array and that of the ST chamber with respect to the insertion depth achievable with the
array. Their study involving thick and thin array models and measurement of ST cross-
sections showed that the maximum achievable insertion depth with the arrays was limited
by the ST height [43]. At the same time, Sutton et al. compared the post-implantation
cochlear histopathology in monkeys inserted with snug and free fitting arrays. It was
concluded that while both arrays resulted in trauma, the snug-fitting type posed a greater
hazard. The snug-fitting arrays caused ruptured BM and fractured OSL which was not
noticed with the free-fitting arrays. In addition, all animals implanted with the snug-fitting
arrays showed signs of greater SGC loss compared to those with free-fitting arrays [44].
In 1985, Walby advocated that by avoiding arrays with cross-sections too large to fit in the
ST, achieving insertion depths enough to cover the total span of the excitable OC will be
possible. Also, it will reduce the risk of retrograde neural degeneration of the cochlea [45].
In 1990, Hatsushika et al. iterated a similar need for free-fitting arrays. Based on their
comparative study of human ST dimensions and a commercial array, the base to tip
diameters of the array were found to be ~50 to 60% of the ST height throughout 25 mm
insertion length of the array [46]. They recommended that future improvements of the

array should limit the array diameter for ensuring minimal trauma.

In spite of reports of trauma with bulky arrays, a number of perimodiolar arrays and
insertion methods emerged during 1990s to mid-2000s that were directly or indirectly
space-filling. Like snug-fitting arrays, these directly space-filling arrays were molded to fill
the ST volume. Some of these were designed to displace the ST fluid and facilitate array
positioning much closer around the modiolus. It was anticipated that relatively free-fitting
arrays lacked optimal electrode-neuron selectivity and stimulation localization due to

current spreading, partially worsened by the presence of conducting ST fluid. Further
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details can be found in the literature [47,48]. In 1993, Welling et al. compared insertion
trauma among 3 multi-channel arrays one of which was a snug-fitting UCSF/Storz
perimodiolar array [49,50]. Temporal bone (TB) studies with this array could only achieve
limited insertion depths and were associated with severe trauma including torn SL,
ruptured BM, and distorted OC, StV, and the OSL. It was reported that out of the three

arrays compared, the least space-filling array caused the least trauma.

Besides directly space-filling arrays, some array designs used active array curling
attachments for improving their modiolar proximity and thus indirectly filled the ST
chamber. Alternatively, the use of attachments changed the resultant array to resemble
and behave like a space-filling array. While such arrays could be placed closer to the
modiolus, their insertion inflicted severe trauma outweighing their intended benefits.
Tykocinski et al. compared Cochlear Limited’s Mini 22 electrode array attached with a
teflon strip with two other perimodiolar designs having no attachments. The teflon strip
acted as an active array curling attachment that facilitated curving of the straight array
around the modiolus. During insertion studies, the array/teflon strip assembly induced
greater trauma than that with other arrays studied. The teflon strip often severed the BM
where it is joined with the SL along the outer wall of the ST. The array on the other hand,
having been placed very close to the modiolus, fractured the OSL. Such damage across
either side of the ST was similar to that observed with the directly space-filling UCSF/Storz
array [51]. MED-EL’s experimental perimodiolar array as discussed previously also used
a retropositioning attachment that caused trauma while placing the array closer to the
modiolus [52,53].

Other indirectly space-filling arrays used bulky positioners that were inserted to
push an already inserted array further close to the modiolus. Gstoettner and Richter
compared trauma caused by the Advanced Bionics’s Clarion™ array inserted with or
without a positioner. This array with apical and basal diameters 0.64 mm and 0.75 mm
respectively was pre-curved to mimic the cochlear spiral. The recommended positioner
for this array was 23 mm long with basal to apical diameters 0.93 mm and 1.3 mm
respectively. When inserted without the positioner, the array rested in an intermediate
position between the lateral and modiolar walls of the ST. Although its modiolar proximity
was not considered optimum, no major damage to the intracochlear structures was
observed. In contrast, when inserted with the positioner, while the array was placed very

close to the modiolus, major trauma including BM penetration causing array incursion into
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the SV and widespread fractures of the OSL was observed [53,54]. In a similar study,
Wardrop et al. compared insertion trauma caused by the Clarion™ array without the
positioner with its successor HiFocus II™ array with a permanently attached positioner. It
was reported that inserting the HiFocus II™ array/positioner beyond 400° in the ST was
significantly more traumatic than the Clarion™ array. Microscopic examination of trauma
sites revealed that the combined cross-sectional area of the HiFocus 11™ array/positioner
was too large to fit in the ST chamber at those locations. Based on these trials, atraumatic
insertion of the HiFocus II™ array/positioner was only possible when it was inserted to an
average depth of only 70% of what the manufacturer recommended. To compare the ST
space-filling by these electrodes, the group also compared ST cross-sectional profiles at
180° and 360° from the round window of the cochlear spiral to corresponding profiles of
the electrodes. As shown in Figure 2.13, this comparison also included HiFocus I™ array,
the predecessor of HiFocus II™ array, without the positioner. Severe trauma caused by
HiFocus 1I™ array/positioner was clearly evident. In addition, while the other two arrays
did not overfill the ST, they had minimal space left horizontally and/or vertically for
maneuvering during insertion [55].

180° Location

Spiral Clarion™ HiFocus || w/ Positioner ™ HiFocus I™

Figure 2.13. Comparison of cochlear ST chamber filling by 3 commercial electrodes at
different angular insertion depths. Reprinted from [55] with permission from Elsevier.

While the subject of need for array insertion beyond 1'/, turns or 540° for
stimulating apical regions of the cochlea is debated, MED-EL’s Standard and FLEXSCFT
arrays are designed for insertion beyond 2 turns of the cochlea. Adunka et al. reported on
insertion depth and associated trauma with these arrays under soft insertion i.e.
advancement stopped at first resistance and forceful insertion conditions. With the soft

method, the FLEXSOFT could be inserted to an average angular depth of ~505°%-540°
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compared to ~276°-305%in case of the Standard array. It was suspected that the modified
tip and low volume of the FLEXSCFT array increased its flexibility and reduced friction which
helped in achieving higher depths. It was also anticipated that in specific cases its modified
tip likely reduced the perception of resistance during insertion thus resulting deep
insertions, but also caused greater trauma than the Standard array. On the other hand,
the trauma with Standard array was significantly greater when it was inserted forcefully to
an average ~536° or to its recommended ~31.5 mm insertion length as opposed to when
inserted shallower using the soft method. Their analysis did not correlate this enhanced
trauma with the array’s 0.5 mm tip diameter being larger than the ST chamber cross-
section at 536° angular depth [41]. From the ST cross-sectional profile measurements
reported by Rebscher et al., the 0.5 mm diameter will be near completely space-filling for
at least 20% or 4 out of 20 profiles of the ST at 540° along the cochlear spiral [18]. Hence,
the significantly increased trauma during forceful insertion of the Standard array to its full
length was most likely due to filling the ST chamber. Nonetheless, it is worth noting that
the FLEXSOFT array, although designed for insertions up to ~720° or more, is the only
relatively free-fitting array among other currently available arrays that has been inserted
up to ~540° depth in the cochlea without requiring any forceful insertion and causing any

severe trauma.

Manrique et al. and Hassepass et al. recently reported on insertion quality and
atraumaticity of Advanced Bionics’s currently available 1j, Helix™, and Mid-Scala
electrode arrays. Two out of 10 human TB insertion trials conducted with 1j and Helix™
arrays showed trauma related to array dislocation into the SV. The trauma cases were
attributed to improper angle during insertion and insertion maneuvers using the insertion
tool and not the electrode design. Two out of 20 human TB insertion trials conducted with
Mid-Scala arrays showed trauma involving BM elevation and insertion into the SV. The
BM elevation was attributed to the surgeon’s attempt at full insertion and not the electrode
design. Near complete insertion depths were achieved in all trials The absence of major
trauma cases with the free-fitting Mid-Scala arrays was emphasized by reflecting on a past
reporting of severe trauma by Advanced Bionics’s bulky HiFocus™ arrays with positioners
as discussed earlier [38,39]. Based on the TB study by Wright et al., Advanced Bionics
also tested the Thin Lateral, a lateral wall array, and Helix II™ a perimodiolar array. These
were similar in total length and electrode count yet slightly slimmer than currently available

1j and Mid-Scala arrays. The apical to basal cross-sectional dimensions over the active
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lengths of Thin Lateral and Helix II™ arrays varied from 0.25 mm x 0.5 mm and 0.4 mm x
0.45 mm to 0.5 mm x 0.5 mm and 0.6 mm x 0.7 mm respectively. Atraumatic insertions
up to near complete angular depths with respect to their designed angular insertion depths
were reported. Again, the smaller cross-sections of these arrays were attributed to minimal

trauma during insertions [56].

Cochlear Limited, under a multi-center collaboration, also recently conducted
human TB studies with a prototype thin perimodiolar array the modiolar research array or
MRA. It was similar to their currently available CA array in electrode count and designed
angular insertion depth of 390° to 450°, but thinner in cross-section. The apical to basal
diameters of the MRA array over its active length were 0.3 mm to 0.5 mm respectively. It
was shown that this low space-filling array could not only be atraumatically inserted up to
390°-420°, being thinner and more flexible than the currently available CA array, it also

resulted in less modiolar contact and ST lateral wall forces than that of the CA array [57].

Based on the above, there is no dearth of evidence that the space-filling arrays
and trauma are strongly correlated. Not all users however suffered severe trauma during
insertion because depending upon how space-filling an array is, it is sometimes
accordingly inserted partially to avoid potentially detrimental intracochlear trauma. Apart
from the likelihood of sub-optimal array performance, the approach of partial insertion is
counteractive to the need of developing arrays with cross-sectional profiles smaller than

the currently available options.

Lastly, commercial arrays have up to a maximum 24 electrodes which normally
support up to 22 stimulation channels. This provided spectral information for users to
effectively recognize speech in a quiet environment. Understanding music, tonal
languages such as Mandarin, and speech recognition or pitch discrimination in noisy
backgrounds, however requires increased resolution [58-60]. One potential way to
achieve this would be to increase the number of stimulation sites or electrodes in arrays
[48,61,62]. Developing arrays with significantly higher numbers of sites or high-density
arrays can help with adapting stimulation needs of users differing in patterns of surviving
nerve fibers. The high-density arrays can make use of multi-polar current shaping and
current focusing strategies for selective stimulation of distinct groups of nerves therefore
providing enhanced pitch perception [62-65]. Unfortunately, increasing electrode density

will also require increasing numbers of buried wires and as a result the overall cross-
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sectional profile of the array. As is, the manual assembly of current commercial electrodes
using wires down to 25 um [66] in diameter is tedious, time-taking, and expensive. Hence,
scaling present designs further for packing more contact sites, yet limiting the array cross-
sectional profile, would be all the more challenging. If the electrode density is increased
at the cost of cross-sectional area of an array, it would be counteractive to the need of
developing minimally space-filling atraumatic arrays as discussed above. In recent years,
Cl system manufacturers have employed innovative strategies to address limited spectral
resolution, pitch perception, and stimulation channel issues. MED-EL, for example, uses
FineHearing™ sound processing technology along with long electrode arrays designed for
deep insertion thus stimulating the entire range of the cochlea. Advanced Bionics employs
HiRes™ speech processing and current steering technologies for adding virtual
stimulation channels, beyond what the number of physical stimulating sites independently
support. Creation of up to 120 channels using this method is reported by Advanced Bionics
[35,40]. Besides these advancements, several attempts have also been made to use
MEMS and semiconductor fabrication technologies to develop thin-film based high-density
arrays as discussed below. Some of the drivers behind using Si and MEMS technologies
include ease of miniaturization i.e. possibility of array designs capable of supporting
electrode densities much higher than currently available arrays yet maintaining very low
cross-sectional profiles, greater repeatability, automated manufacturing, and reduced cost

due to batch fabrication.
2.5. High-density thin-film arrays and backing devices

The first flexible microelectrode array, fabricated using thin-film technology, for
intracochlear stimulation dates back to 1974 [67]. The first lithographically fabricated
silicon-dielectric-metal thin-film array was reported by Bell and Wise at the University of
Michigan, Ann Arbor [68]. Subsequently, the NSF Engineering Research Center for
Wireless Integrated Micro-systems or WIMS-ERC at the University of Michigan first
reported silicon-dielectric-metal-parylene thin-film based 32-site, 4-channel, high-density
arrays as shown in Figure 2.14 [69,70]. Developed for cat and guinea pig cochlea, these
arrays were 6-16 mm in length, 600 um to 200 ym in width over the array length, and 6-8
um thick [71]. Based on this template, a 128-site, 16-channel array for the human cochlea

has been proposed by the same group [69].
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Figure 2.14. Silicon-based 32-site, 4-channel arrays. Reprinted from [71] with permission from
Elsevier.

The silicon-based arrays used iridium oxide rather than platinum or platinum-
iridium as in commercial arrays for contact sites and were embedded with position and
wall-contact sensors to aid in achieving full insertion while minimizing damage to delicate
intracochlear structures. Although significantly flexible, the silicon arrays were fragile and
easily shattered during pre-forming the arrays into perimodiolar shape [72]. Briefly, given
the rectangular cross-section, while the silicon arrays could be easily bent around the
centroidal-axis parallel to the array width, they were highly stiff and easily shattered when
bent around the centroidal-axis perpendicular to the array width. As a solution, the
Michigan group under WIMS-ERC developed parylene-metal-parylene thin-film based
arrays as shown in Figure 2.15. Parylene’s low elastic modulus, high elongation to break,
ease with thin-film processing, and excellent biocompatibility were reasons for its

preference over silicon for thin-film arrays [73].
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Figure 2.15. Layout and dimensions of a 32-site cat parylene array. A, Full-length view of
arrays showing 11.24 mm long active-area front end and 50 mm long back end leads. B,
Close-view and dimensions of the active-area of the array. Array thickness: ~10-12 um. Arrays
courtesy of Angelique Johnson, University of Michigan, Ann Arbor.

22



