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Abstract

Here | identify two gaps in cochlear implants that have been limiting their performance and
acceptance. First, cochlear implant performance has remained largely unchanged, despite the
number of publications tripling per decade in the last 30 years. Little has been done so far to
address a fundamental limitation in the electrode-to-neuron interface, with the electrode size being
a thousand times larger than the neuron diameter while the number of electrodes being a thousand
times less. Both the small number and the large size of electrodes produce broad spatial activation
and poor frequency resolution that limit current cochlear implant performance. Second, a similarly
rapid growth in cochlear implant volume has not produced an expected decrease in unit price in
the same period. The high cost contributes to low market penetration rate, which is about 20% in
developed countries and less than 1% in developing countries. | will discuss changes needed in
both research strategy and business practice to close the gap between prosthetic and normal
hearing as well as that between haves and have-nots.
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|. Performance vs. publication

Figure 1 shows that the annual number of cochlear implant related publications grew linearly
from 1980 to 1995, then grew exponentially in each succeeding decade. Following the linear
growth trend in publications, the average cochlear implant performance improved from
essentially 0% recognition with the single-electrode 3M/House device in early 1980s to
~80% correct in the middle 1990s, largely thanks to advances in signal processing [1, 2]. In
contrast to the exponential growth trend in publications, cochlear implant performance has
remained largely unchanged in the last 30 years. Indeed, efforts in developing new
stimulation strategies such as fine structure coding, current steering, and electric field
focusing have not led to significant improvement in cochlear implant performance [3-6].
Other efforts focused on front-end sound processing from directional microphone to noise
reduction, and cosmetic improvement from colorful looks to water resistance. Arguably, the
two most successful applications during the last two decades were likely the adoption of
bilateral cochlear implants to improve mostly sound localization [7, 8], and the combination
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with a hearing aid to complement and enhance cochlear implant speech performance in
patients who have residual low-frequency acoustic hearing [9, 10].

Il. The electrode-to-neuron interface problem

I believe the root cause of the lack of improvement in speech understanding is the lack of
progress in the design of cochlear electrodes. In the last 30 years, electrode contacts have
changed shape from balls and rings to plates, while electrode arrays have evolved to have
different length, thickness or straight vs. curved forms [14, 15], but none has changed the
size and number mismatch between electrodes and neurons. Figure 2 shows that there is a
1,000 times mismatch in both the size (1 um vs. 1 mm) and the number (12-24 vs. 35,000)
between present electrodes and auditory neurons. This mismatch in electrode-to-neuron
interface, compounded further by the degraded nature of auditory neurons with as much as
95% reduction in numbers in actual patients who obtain cochlear implants [16, 17], is
responsible for current implant users’ poor frequency resolution [18] and the significant gaps
between normal and prosthetic hearing [11, 19]. There is no evidence that current cochlear
implant users have produced a pitch percept equivalent to a pure tone in normal hearing, let
alone harmonic pitches that require separation of several pure tones with positive integer
multiples of a fundamental frequency. The same interface problem underlies all other neural
prostheses.

lll. Volume vs. price

To demonstrate the second gap, | used publically available data from the Cochlear
Corporation, which is currently the largest cochlear implant manufacturer and which
accounts for 60—-70% of market share worldwide. Figure 3 shows that the market size has
been growing exponentially, tripling the volume per decade, since the early 1990s. However,
the exponential growth in volume has not produced a significant decrease in unit price. |
believe this disconnected relationship between volume and price is due to a lack of
competition in the market. This high price has severely limited accessibility and affordability
of cochlear implants. For example, there is still a 30-fold gap between annual income ($1000
or less) in developing countries and the unit price. Even in the United States, Medicare
reimburses ~$20,000 for a cochlear implant, leaving hospitals losing money for operating on
a Medicare patient, patients paying a significant balance from their pocket, or patients
having to settle for lowered quality of life for not being able to afford the device. At present,
although as many as 14 million people worldwide can potentially benefit from the cochlear
implant, the current market penetration is still about 20% in developed countries and less
than 1% in developing countries [21].

IV. Solutions

Most recent research has focused on expanding the cochlear implant utility and indications,
with little being done to fundamentally solve the electrode-to-neuron interface problem.
Relatively minor improvements included pre-curved electrode arrays to get stimulation sites
closer to the cochlear modiolus, thus to the auditory neurons [22] and atraumatic surgical
techniques to preserve and promote the health of residual auditory neurons [23]. Several
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innovative lines of research are also emerging to change this direction, such as injecting
neurotrophin or stem cells to attract neurons to grow toward electrodes [24, 25], using
needle or thin-film electrodes to penetrate the auditory nerve bundle [26, 27], or
optogenetically stimulating the auditory nerve [28]. Unfortunately, these new strategies are
still in their exploratory stages and are years, if not decades, away from human application.
A contract to develop a promising approach, i.e., penetrating electrodes, was terminated
prematurely by the NIH (N263-2009-00024C) because no manufacturer was willing to take
it to a human clinical trial.

While the price of cochlear implants has remained relatively unchanged worldwide, the price
has come down at least in one market recently. With approval of a high-quality domestic
device in China in 2011 [13], the unit cost for both domestic and foreign devices, reflected
by the Chinese government tender program, dropped from US$25,000 in 2011 to US$6,030
in 2016. In 2017, the unit price was further dropped to US$5,490, with all four companies,
i.e., Advanced Bionics, Cochlear, Med EIl and Nurotron, competing for the tender and three
of them winning a tender at a similar price. This drop in unit price means that the same
amount of money, which helped only one deaf child five years ago, can now help four or five
of them now. The exponentially decreasing trend in the unit price and the active participation
by multiple companies in the tender program further suggest that the current low price is
unlikely to be a one-shot event to gain the market share, rather the low price is sustainable
and will likely spread from only one market to the rest of the world. To ultimately address
the performance and affordability gaps, biomedical engineers need to pursue innovative
research, manufacturers need to undertake risky research and development projects, and
regulatory agencies need to foster competition.

V. Conclusion

Cochlear implants were developed by visionary and bold physicians and engineers, and are
now widely considered as the most successful neural prosthesis. Although the cochlear
implant has initially served as the catalyst for many other applications from restoring vision
to relieving pain, the cochlear implant field, as a whole, has become quite conservative and
incremental recently. Lessons learned and solutions proposed here will help not only push
forward the cochlear implant field but also apply to the other neural implants. It is even more
important than ever to keep pushing the technology, science, regulatory and public aspects to
improve these neural implants, given the emergent needs and new efforts in this realm across
government, industry and academia, e.g., the BRAIN Initiative, DARPA Neuroprosthetics,
and NIH Stimulating Peripheral Activity to Relieve Conditions (SPARC) programs.
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Fig. 1.

Contrast between cochlear implant research and performance measures. The annual number
of cochlear implant related publications (blue line with units on the left y-axis) and the
average implant user’s sentence recognition (orange line with percent correct scores on the
right y-axis) is plotted as a function of year since 1980. The number of publications was
retrieved from PubMed on November 28, 2016 (www.pubmed.gov using “cochlear” and
“implant” as keywords). Cochlear implant performance used percent sentence recognition in
quiet scores including the 3M/House and Cochlear’s devices from the early Wearable
Speech Processor (WSP) and Mini Speech Processor (MSP) to more recent Spectra and
Freedom processors [11] and the latest N5 [12] and N6 processors (FDA Premarket
Approval P130016). Data from N5 and N6 used AzBio scores, which were converted into
HINT scores using Figure 7B [12]. Devices from other manufacturers produced similar
performance [13].
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Fig. 2.

M?smatch between cochlear electrodes and auditory neurons. The bottom panel shows an
electrode contact of the Nurotron device inserted in a cadaver human temporal bone [13].
The top panel shows the enlarged organ of Corti where outer hair cells (OHC) and inner hair
cells (IHC) are displayed on the left, with 95% of the auditory neurons, displayed on the
right, being connected to the inner hair cells (picture courtesy of MC Liberman). The
diameter is about 1 um for the terminal process of the auditory neurons, 10 um for the cell
body, and 4 um for the central process projecting to the brain. Each inner hair cell is
innervated by 10-20 auditory neurons, which have the same characteristic frequency but
different spontaneous discharges, thresholds and dynamic ranges [20].

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2018 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Zeng

Number of Units

(per year)

Page 8

50000
300004 — o
- OD 6
=
4
20000- -30uoo.3;73.
iy S
O Q)
L20000 < &=
oo
10000+ =3
- 10000 o
=
@D
O L L L | Ll Ll L L L O

o uH o uw o [Ty o uw

(s 0] (s 6] (#)] (#)] = o e L

(o] (o] o7} (o2} o o o o

 2ud -— L L od o o o~

Year
Fig. 3.

Contrast between cochlear implant volume and price. The number of annual cochlear
implants sold by Cochlear Corporation (blue line with units on the left y-axis) and the unit
price (orange line with units on the right y-axis) is plotted as a function of year. The unit
price was estimated by dividing the annual revenue by the annual volume and had been
adjusted for inflation according to 2016 Australian (AUD) dollars. Data from 1994 to 2016
were extracted from Cochlear Annual Reports (http://www.cochlear.com/wps/wecm/connect/
intl/about/investor/annual-reports). Earlier data were extracted other sources [11].
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