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Abstract — Cochlear implants are used by deaf people to recer
partial hearing. The electrode array inserted insi@ the cochlea is an
extensive area of research. The aim of the electred array is to
directly stimulate the nerve fibers inside the Orga of Corti. The
electrical model of the physical system consistingf Organ of Corti
and the electrodes is presented in this paper. Thimodel allowed to
run SPICE simulations in order to theoretically deect the minimal
voltage sufficient for nerve fiber stimulation as vell as the impact of
the electrode voltage on the duration of nerve fitrs stimulation.
Besides, to ensure functional sound perception, thelectrode
potential should depend on their position inside th cochlea. A
afferent nerve fiber repartiton map over the cochka position,
considering the frequency sensitivity of the diffeent parts of the ear
was created. This projection allowed to propose aheoretical
electrodes potential correction based on their codba position.
Keywords. cochlear implant, electrical analog, transient
simulations, afferent nerve fibers repartition, spiral ganglions

. INTRODUCTION

Cochlear implants are an electrical device usedderely
deaf people to gain or recover partial auditioneyallow direct
stimulation of the auditory fibers using an eledis array
designed to reproduce the stimulus that would begded by a
healthy cochlea.

To do so, an external part of the hearing devise®dated
outside the ear and contains a microphone thatucegptthe
acoustic waves and transforms them into an elettsignal used
by the data processing unit. Then, this signalasgmitted to the
receiver, located within the patient’s head, cldse skull. The
receiver is composed of a demodulator and a sefemtrodes
driven by electrical signals that will contract tleechlea and
stimulate the auditory nerve [1], [2], [3].

Cochlear implants directly stimulate the nerve fibéside
the cochlea, and requires surgery to pull the mldes array
inside the scala tympani (Figure 1).

The connection between the electrodes in the dgaipani
and the auditory nerve fibers is critical for efffiat nerve fibers
stimulation.

In an healthy ear, when a sound wave is produtesdrikes
the eardrum and this vibration is reported in tival ovindow

using ossicles. The oval window is the very firstrtpof the
cochlea. This oval window vibration creates a wpr@pagating
inside the scala vestibuli, which is filled withrjpgmph.

Speech processor
Transmitter

Receiverand Wire

stimulator

Vestibularlabyrinth

ﬂocochlearneme

/C'-; Cochlea

: Electrodearray

Eustachiantube

Ossicles h

Tympanic membrane

Auricle /

Earcanal Round window

Figure 1. Cochlear implant devi¢3]

According to biophysical theories [4], [5] when @&chanical
wave propagates inside the cochlea, the Basilar iiiane (BM)
distorts to absorb the wave energy, resulting fireight variation
of the BM, which compresses the organ of Corti.shswn in
Figure 2, the organ of Corti is composed of Haill<CEHC)
(Outer Hair Cells (OHC) and Inner Hair Cells (IHC)hich
have stereocilia at their end. When BM vibrategresicilia
position change allowing potassium channels to ofen7].
Opening of the potassium channels creates the aepation of
the HC allowing complex mechanisms to take plaegi¢wed in
[8], [9], [10]), and finally, resulting in neurotnamitter released
in the synapse. Once released, these neurotraessrmitavel to
the post synaptic cell (the nerve fiber) and creatbe
depolarization of the nerve fiber. This depolaiaat if
sufficiently important, generates an Action Potaint{AP)
running through the nerve cell membrane [11], [12].

The aim of the electrodes array of the cochleardamtpis to
generate an AP once a sound is perceived.
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Consequently, to obtain the same Action Potenttatha
nerve fiber using only electrode stimulation, twosgibilities
exist. First the direct nerve fiber stimulation cke made by
changing the nerve membrane potential in orderromyce a
membrane depolarization above the threshold of adeilt

Sensitive Na+ Channels (lJao create an AP [13]. The second

solution consists in opening the potassium chanmélshe

stereocilia to recreate the complete stimulatiatess. As HC or
stereocilia are disfunctionning in the vast majoof implanted

patients, only the first mechanism is considereihis paper.

Electrical model of electrodes inserted within tbechlea
have been proposed by Hartmann et al. [14], wheeespatial
distribution of electrical potential was measuredihtracochlear
stimulation.  In addition, electronic model ogefrode/neuron
coupling is available in [15] in order to reveaétmost efficient
coupling conditions. However, both models lack dfygical
connection with AP generation. In this paper, wespnt an
electrical description of the electrode and orgh€arti in order
to obtain theoretical minimal stimulation voltagens to the
electrodes for AP generation. Furthermore, this ehatlowed us
to link the stimulation voltage with the duratior the nerve
fibers stimulation. Then the impact of surroundielgctrodes
were theoretically investigated.

The next section presents the theoretical modetldped for
the Organ of Corti associated with the electrodesereafter,
simulation results from SPICE software are presknte

The threshold of hearing [16] describes the mininpower
of the acoustic vibration required to perceive angbrelated to
the sound frequency. This relation is not linear feammals,
indicating that various physical properties of te ensure this
frequency selectivity. As the Central Nervous SystéCNS)
interprets the message sent by the afferent ndabersf this
frequency selection has to be recreated in cochleatants
where the afferent nerve fibers are directly stated. In that
intent, we used two topographic maps of the cochlmze
describing the repartition of the afferent nenkeefs (also called
Spiral Ganglion Cells (SGC) (cf Section V)) overithplace
inside the cochlea and another one describing tames
repartition but weighted by a threshold of hearirgated
function. By comparing the number of afferent nersells
stimulated in both maps, we defined corrective ficiehts.
These coefficients were used to correct the patesént to the
electrodes and may permit better sound reconsbiudly the
brain.

Finally,
presented.

the conclusion and future work directiorrea
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1. ORGAN OFCORTI ELECTRICAL ANALOG

The electrical equivalent circuit of human tisswediin this
paper is the one presented in Figure 3 and exttdoten Cole
and Cole impedance model [17], which has been shimwiit
experimental data. The human tissues considered ther one
present in Figure 2. The value of R, , G, and G were obtained
using a gain response extraction over frequencialysis.

The electrical analog model is based on the impsalan
response over frequencies, &d G model the tissue impedance
at low frequencies. As the maximum hearing freqyéa@2khz,
it was considered in this paper thatdhd G could be neglected
as their model the energy loss and tissue responseigh
frequencies.

Rs

Figure 3. Human tissue electrical analog [17]

To obtain the numerical values for, Rnd G, for all the
tissues or interfaces, we use the physical equation the
capacitance (parallel-plate capacitor) and for tesistance
computation (cylindrical resistance model) [18P]1

The values of the relative permeability and eleatri
conductivity for the nerves were extracted from][@0from [21]
for platinum as electrodes are mainly composed ¢fowever as
far as the authors know, no relative permeabilityetectrical
conductivity was available for Deiter cells or BasiMembrane
tissue. As Deiter cells are mainly composed of atidsules [22],
which are involved in mechanical transport as agfinteins
found in muscles cells and because the width of Biv is
negligible compared to the Deiter cell height, iese to take
the relative permeability and electrical condugyivof muscle
cells to characterize those two tissues.
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Figure 4. Two surrounding electrodes influencesiarre fibers targeted.
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On the other hand, the computation of the capacitamd the z y >4
resistances (fach RMach R$ach ) between two electrodes is -
more complex, as highlighted Figure 4, those véemdepend on
the distance between the two electrodes. The Chtidel
Theory was used to compute those variables aptmdetween
two electrodes is composed of various tissues remgléhe Cole
and Cole model implementation difficult. We sim@d the
tissue between two electrodes as only made of Degits, then
we implemented the Cable Model Theory in order libaim a
general impedance depending on the electrodesdesta
To compute Rgen the cylindrical model of resistance was
considered. The cylinder going from the first elede to the
second electrode, as defined in Figure 5.a, wad ttseompute
Rsparcn (expressed in (1)):
Rspatch = i* éspﬂ
M spatch Z
Yot \
with lspatch(y) = f y*dy 7;‘;#
0 SR N
2*TT % X — -
and Spaen )= [ |y prdprdo @
0 I
whereoy, is the electrical conductivity of muscle cellsy, ¥s the y
distance between the two electrodes,is<the distance between &N - Yot
one electrode and the corresponding nerve fibenesd values :
were respectively extracted from [23] and [24]sythe variable
shown in Figures 5.a, 5.b and 5.c. Y 5b
Rppach models the resistance between the two longitudidges
of the cylinder defined previously. Hence, this qutation 7
changes as expressed in (2), as it models allasse$ through Yy ‘Tﬁﬂ
the ground from one electrode to another one. _ —
l
Rppatch = i* Sppﬂ X
0
M mzaztfh wu‘—’;;s’:fr—&w : Yot
with Lpen ) = [ dz B/
2oy O =
and Span)= [ [ prdordo @ Ve
0 0 .
where Z is the distance between the electrode and theenerv
fibers and we supposed; Zequal to X for simplification Figure 5. Physical model of Rgn(5.2), Rpacn(5.b) and Cpuen (5.€)
purposes.
We defined Cpyen @s a squared parallel plate capacity (Figure The electrical description containing only a singlectrode is
5.c¢) (developed in (3)): shown Figure 6.a. The input voltage generator isectly
C e Apaten connected to the electrodes analog model (low fBqgies
p T CoeM Datch model), which can be eventually considered as degier
Z; conductor compared to the other resistance valiben the
with dpgecn () = f dz current can flow to the nerve cell or can go baxkht ground.
y Xf The current loss through_ the physical isola;ionmbeln the
and  Apgen(y) = f dy, f dx 3) electrode and the grognq is neglected as the mlﬂm§ a low
0 0 loss tangent (high resistivity). The membrane psgential of a
Where &, is the vacuum permeability an€ly is the muscle nerve cell is around -70mV, explaining the two -X0wpltage
relative permeability. generators, in Figure 6.a. We defined the analogivatent
For reader's convenience, the value of the capamitaand circuit of a nerve cell using a resistance)(R parallel with a
resistance described previously are summarize@imeTl. capacitor (G) (this electrical description should not be coefiis

with the Hodgkin-Huxley model [25], which is used todel
ions flow through the nerve cell membrane and hetdlectron
flow).

In addition, the electrical description of the gyst starting
from the nerve and going through all the body te darth was
not considered because very little electrical autrris going
through this pathway.
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effect of the capacitors, Vm varied linearly witkelgc and thi

TABLE I. RESISTANCES AND CAPACITANCES USED IN TH variation of 30mV was reached for an electrode giis around
ELECTRICAL MODEL 0.9V

‘Electrodes ~ Re=15Q,Ce=1iff _ when anemwe fiber s stimulated consta it will not
produce an AP indefinitely but rather produce acsasion o

Basilar Membrane and Ryc=933Q, G= 300 nF randomly spaced AP called spike trains. The spifizn tlength

Deiter pells — — that could be produced by a sound of given intgrisits to be
Nerve fibers Ry= 10782, Gy= 3uF reproduced with the electrodes of the cochlear amy We
Cable Model Theory RSt 8 MQ, Rppa= 1265 performed transient simulation including the cafmasieffects by

Q Cphater= 92.6 ni injecting a square voltage with a period of 150mgThis
experiment was repeated for input squeoltages varying from

Figure 6.b exhibits the electrical descriptiontud bverall syster 1V to 5V (Fgure 7.a). The aim of this simulation was to stifc
with two surrounding electrodes added. They arepmsed of ¢ the voltage amplitude sent to the electrode wofflecathe spike
voltage generator, the platinum electrode equivabéncuit and train duration and starting time. Figure 7.b resehht the delay
the cable model (Rsch Rppach and Gawr), to connect the for Vm potential to reach its maximum value werewsrd 0.1ps
peripheral electrodes with the nerve fiber that want to which were small compared to the duration of a @ekP (few
activate. ms). This result pointed out that theoretically thkectrode
voltage magnitude had a very insignificant effent the spike

Hair cell train duration. In addition, the recreated spilka@ntrstarting time
) has negligible delay with the electrode stimulattering time.
Deiter cells NF
. Velec2_transient=3V
e f§RbC |
T Re10, Ce= ‘
P — i Vm | [ i
Positive cbe 4§ Rbe Cbe < § Rbe BM (,:qv)‘ Velec2_transient= 2.375V
electrode ({ / |
‘ Velec2_transient=1.75V
Ground Insulator ol Vm threshold for Action Potential
electrode / T — ! generation
_E Velec2 transient=1.125V |
6.a el tenalenio Lz
Figure 6.aElectrical analog of the electrode and ne ﬁ Velech_transient=0.5V
Nerve membrane 2
B relative potential (Vm) Time (us)
RN CN
j v 7.3
Rspatch A Rspatch Figure 7.a. Transient simulatiovith different electrode voltage as input and '
voltage as outpt
Rbi Chbe
Rppatch Cppatch RN CN Rbe | Cbe Cppatch | Rppatch .
Re T Ce {—J— {_-]- {j- Re T Ce %:j- Re =T Ce r L
T T T T
Velec_peripHerical Velec Velec_peripherical

6.b

Figure 6.bElectrical analog with three electror

The main goal of the addition of the twsurrounding
electrodes was to study theoretically the influeotthese on th
stimulation of selected nerve fibers (or more melyi of the
packet of nerve fibers that should only be stimadaby the
central electrode). These perturbations, if sigant, could make
the sound reconstitution inaccurate. 0

time before AP generation (s)

1 15 2 25 3
Electrode voltage (V)

1. INTERPRETATION OF THS ELECTRICAL ANALOG 7 b
Figure 7.bTime before AP generation depending on the elctuaitage

The membrane potential (Vmwhich corresponds to tf

difference of potentiabetween point A and point B inigure A general overview of the spike trarelated to the Vm
6.b) had to vary of 30mV to generate an /The electrode amplitude is presented inigure 8. The AP generated were
stimulation (Velec) was made using a DC source.l&#gg the obtained from basic mathematical functions in otdemodel the
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nerve fiber AP created after square voltage eldetsiimulation. The current peaks during each input signal trasrssticould reach
The interspike time was taken randomly and gred¢igends on 1A. Consequently, the maximum power consumed dugng
the amplitude of the stimulus [26]. However, thectlical analog square input signal generation by the electrodes avaund 1W

presented in this paper does not account for ffeste (peak value), whereas the mean power consumedepieidpvas
around 50mW. These results may be used for théretkcarray
Transient Response design to define battery size as well as electrooémum width.
—_— « = Spike traing
no Iv. NERVE REPARTITION MAP

The biomechanical most widespread theory of BM atibn
/ f is the Traveling Wave theory: following acoustibnations, the

BM is excited and vibrates at a particular placsida the

i

1

" cochlea. This place depends on the sound wavednaguas well

E} as sound amplitude [27], [28]. Cochlear implanta & recreate

;'ul the neural stimuli of an healthy cochlea using @amedvelectrodes
\ " array inserted inside the scala tympani, closé¢oBM. As each

[N ]

¥

[ ]

(]

i

11

electrode is at a fixed place inside the cochleactede

stimulation will excite only a limited region ofdélcochlea which

will be further interpreted in the brain as a sowfda certain

"800 ' frequency as indicated in Figure 10. Consequensigund

division into single frequency (using the Fast keuifransform

400 (FFT) algorithm for instance) is necessary to detbe right

0 25.0 00 ey 0 1000 electrode to activate which then stimulates its@aurding nerve

fibers.

Figure 8. Spike train generated by the electrogatimoltage In order to only select the nerve fibers associatéti the

resonating IHC, we created an afferent nerve finap of the

We performed also a parametric simulation using tlg@chlea including the frequency selective mechasishithe ear.

electrical description of Figure 6.b, where the reunding

electrodes are added. The central electrode ha@ adhiage of

1V and we varied the voltage of the surroundingctebeles

between 0.9 and 5V. According to resistances apadtnces

values used in Figure 6.b, analytical computatibowed that I I ) )

when the voltage of the surrounding electrodes magimum o os oot oms pme 0bm 003 0O

(5V), the nerve fibers (above the central eled)oshembrane

potential Vm variation was 0.5mV, which was nothignough

to stimulate these nerve fibers (the ones thatldhmei stimulated
only by the central electrode).

-B0.0

Electrodes
position
o
m
1

o

Normalized BM
displacement
o

L L I L 1
0 0.005 o0 0.015 o002 0.025 003

The overall system consumption is a great signifieaas £
cochlear implants are not convenient for the useetharge. The £ s
. . - s Electrede 3 ([941 Hz — 00O Hz
study of the power consumption is presented Figure 2 ost rode 3 ([oan iz yooo el
% Electrode 4 ([1101 Hz 4 1180 Hz])
eafispues % DD U,E:U:s 0 I‘ZH ) ﬁ 515 [i] 62 0 E;25 003

distance frorn the cochlea apex(m)
Figure 10. The auditory nerve fibers position stated by the electrodes array
, s (a), BM displacement for a 1250Hz sine wave (l&s®Rting electrodes
stimulated by the 1250 Hz sine wave based on thelBRlacement theory (c).

Current

consurnption V. SPIRAL GANGLIONS

Membrane
~  potential{Vm)

| B There are between 30000 to 40000 nerve fibersdarctithlea of
z = . a normal adult [29]. Three types of nerve fiberseivate the
|/ cochlea: autonomic, which are associated with dloessel and
other physiological functions, afferent (conductimjormation
from the cochlea to the brain) and efferent (cotidgc
information from the brain to the cochlea, espégi the Outer
f Hair Cells). Afferent nerve fibers are produced Bpiral
‘ Ganglions Cells (SGC) [30]. Spiral ganglions areaptically
connected to the IHC and OHC as indicated in Figdre
s B Type | SGC represent 95% of the SGC and each ameects
Figure 9. Current consumption during one stimutapieriod to a single IHC whereas a single IHC is conneabeti0:20 type |
SGC [30].There are around 15 nerve fibers per Iri@e lower
second turn of the cochlea and this number chdingesthe base
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to the apex, most probably slightly contributinge tikochle:
sensitivity toward certain frequencies [3132], [33].

Type Il spiral ganglions are smaller and unmyebdatnc
mostly connect OHC.

It may be deduced that IHC are surrounded by alralbshe
afferent nerve fibers, therefor¢hey are thought to functic
primarily as sensory receptors [34DHC otherwise are mo
connected with motor properties of the stereo([35], they may
permit an higher accuracy in sound percep

In [36], the spiral ganglions repartition over the coclt
distance from the base psesented for cats. We assumed tha
spiral ganglions cochlea distribution for otherréstrial mamma
species was similar [37], [38] (this aggotion may be used
first approximation).

Spiral ganglions type ‘)‘ ‘
Il (adderent nerv ‘
fibers) I ‘

A 'K

Outter Hair Cells
(OHC)

Inner Hair Cells (IHC)

Radial fibers

Spiral ganglions type
I (afferent nerve
fibers)

Spiral Ganglions cells

Figure 11 Auditory Nerve fibers and hair cells. Redrawn fr[39]

As type Il SGC function in hearing sensation hasnbpartially
understood and because their numbdimged compared to typ
| SGC number, we neglected type Il SGC, and sugpos¢his
model that:
e the total SGC number and repartition was enti
defined by type | SGC.
e the total afferent nerve cell humber and reparti
inside the cochlea was theredosimilar to type | SG(
number and repatrtition.

VI. EAR FREQUENCY SENSITVITY HYPOTHESIS

When the eardrum is stimulated, the nerve respavee
frequency presents a peak amplitude around 4[40]. The
human ear is composed of the outer ear, the medanand the
inner ear (where BM makes the Organ of Corti osth)[41].
This particular human hearing frequency sensitivitsty resul
from the combined effects of outer ear resoe, the middle ear
resonance and the cochlea sound filtering and &ogtion.

It has been suggested that the outer ear and theumesar
contributes to frequency sensitivity in mammaliaeating,
especially for frequencies around 3KH£2Z], [43], [39], [44]
[45].

The cochlea frequency sensitivity may also it from others
various mechanisms still controversial. Considerionly the
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cochlea biophysics, thetracochlear/eardrum magnitude o?
scala tympani over frequency found[46] may indicate varying
vibrations amplitude depending on the sound waeguency
The BM displacementwhen stimulated by a mechanical wave,
contributes to produce the frequency sensitivitythe cochlea
due to the BM differenphysical properties (stiffness, € inside
the cochleddistance from the bas.

The cochlea sensitivity toward certain frequenaiesy be
further affected by other physiological factorsctswas differen
afferent nere fibers repartition and stimulation, dependingtos
position on the cochlea. Several mechanisms hage pepose:
such as:

¢« |IHCs frequency response (similar to a low pas®r
with a resonating pulse around 10KH47], [48]. The
IHCs frequency response meresult from different
IHCs length inside the cochlea or to their steréeaind
cellular mechanical properties. Furtherm, gradient of
IHC ionic channels along the cochlea length exist
increase the frequency hearing sensitivity of thehtea
[49]

e Spiral ganglions density increases slowly and lilye
with the cochlea position with spect of the cochlea
location hencespiral ganglions repartition is related
the frequency of the sound wabut fails to explain the
4KHz frequency peal(cf spiral ganglions frequency
map presented in Figurl3) [36], [46]

To the authors personal interpretation the frequeetecivity of
the cochlea is greatly linked to biophysics of tehlea, to IHC:
potential change and repartition and ear/middle reabnanc
rather than nerve fiber topography (as it failedetlain the
amplification peak in the 3KHz range[46]).

VII. AFFERENTNERVE FIBERS REPARTIION INSIDE THE

COCHLEA

As indicated in [29]the number of afferent nerve fibers in
cochlea is around 40000 and their effective stitua is
depending on the sound wave frequency. We hendeetkto
create an afferent nerve repartition map alreadiuding all the
physical or anatomical mechanisms presented indeV (that
we called Afferent Nerve Fibers Repartition Maplinting Ear
Frequency Selection Mechanisms or MEFFRINAM maym)
order toroughly define the number of afferent nerve fik
affected by a sound wave. This map presents gneatest fol
cochlear implants application as the electrodeayaare directly
stimulating these nerve fibers and the outer/neiddar
resonance, the BMariations depending on wave frequencies.
Organ of Corti selective mechanisms, ¢ are bypassed in
cochlear implants, making the use of this map fumelgtal tc
recreate a realistic hearing.

To develop this topographic map we took first tleeerse
function of the human hearing threshold ofrequencies [16] to
get the human ear sensitivity toward the frequen

By making this function linear (R(f)) and then resiag it
(Ir(f), it allowed us to estimate the cochlea sevisjtitoward
frequency. Transforming the g(f) function into a probability
density function (R(f)) and multiplying it with the total numb
of afferent nerves in the cochlea (s erenmervey resulted in the
Afferent Nerve Fibers Repartition Map Including Baequency
Selection Mechanisms (MEFFRINAM m: of the cochlea as
expressed in (4):
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Threshold of hearing = 10log|R(f)|
- 10log|Iz(f)| = —10log [R(f)|

I
PIRT(f) = X (f)

e @)
I 1y ()

af ferentnerves
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VIII. BENEFITS OF THE CREATED TOPOGRAPHIC MAP FOR

COCHLEAR IMPLANTS

In severely deaf people the use of cochlear implaetps to

Where Rkr (f) is the equivalent afferent nerve stimulategartially recover the hearing function. In implahteatients the

repartition map over the frequencies (f).

afferent nerve fibers stimulation is directly dortBrough

The Greenwood function [50] was used to pass from telectrodes and does not require the Organ of @srtixplained in

resonant frequency into a position in the cochlegtvwieen the

Section |. By remembering that we made the appration that

base and the apex) [50]. Thereforgr@) can be transformed into the afferent nerve fibers were equivalent to theCStRe afferent
Prr (da) where ¢ is the distance from the apex as described ierve fibers selected by the electrodes is giventhay spiral

(5):

f =165.4(10%1%4 — 1)

Pirr(f) = Py (165-4 (10%* a4 — 1)) (5)

According to Greenwood parameters for human eamdi{50].
Figure 12 displays the afferent nerve fibers stated map
including ear amplification mechanisms (MEFFRINAMap)
compared to cochlea position. The comparison betlee spiral
ganglions topographic map (extracted from [36]) #mel created
topographic map is presented in Figure 13. Basedtten
assumptions presented in Section V, both maps tteesame
number of cells but these are differently affecteder
frequencies.

[
=

@

=

=

o

Afferent nerve fibers (using the Threshold of hearing function)
=

0015 0.02
Dsitance from the apex (i)
Figure 12. Afferent Nerve Fibers Repartition Mapliding Ear Frequency
Selection Mechanisms (MEFFRINAM map) in relatiorthe distance from the
apex
20 T T T

Spiral ganglions repartition from [45]

—= Equivalent nerve fibers repartion including the Organ of Corti amplification

h o ' |

LT KR
T |

0.015 0.02
Distance from the apex (m)
Figure 13. Comparison of spiral ganglions activats] and equivalent afferent
nerve fibers stimulated map depending on the caciitel ear biophysics
(MEFFRINAM map in dark blue)

0.025

ganglions repartition map.

We use Cl422 device characteristics with an insertdepth
of 20-25mm, a mean diameter of the electrodes ar@85mm
and a spacing between the electrodes around 0.45&sm.
explained in [23] the number of nerve fibers stiatetl by an
electrode is a function of the power magnitude &l as the
proximity of the electrodes with the SGC.

We supposed that the electrodes are very closket&GC,
resulting in a window type selection (very accuyaté the
afferent nerve fibers. In practice, this may bexaw as the
insertion of the electrode array inside the scalapiani is
difficult and usually result in spacing between thlectrodes
array and the Spiral ganglions [51] .In consequent@ractice,
the nerve fibers selection mathematical descripigodoser to a
Gaussian function.

g T T T T

Mumber of Spiral ganglions

e ‘ — Spiral ganglions selected by the cochlear implant

BF

(]

w
= =

]

0015 0.0z 0.025

Distance fram apex (m)

0 0.005 0o 0.03 0.035

Figure 14. Packet of afferent nerve fibers selebtethe electrodes of the
cochlear implants

From Figures 13 and 14, it can be easily deducad ttre
cochlear implant electrodes do not provide the iredqu
amplification in the 2KHz — 6KHz frequency range @Gschlear
amplification is not done. Algorithmic correctiory lnodifying
the energy sent to the electrodes may be usedrtect this
defective amplification. This algorithmic correcticchould be
based on the human hearing threshold or similary toe
equivalent afferent nerve fibers stimulated mapictvtiakes into
consideration the amplification mechanisms of aralthg
cochlea.

Using the mathematical logarithmic spiral repreaton
presented in [52], the spatial representation efdbchlea can be
performed. The mathematical equation in the citeduchent
describes a flat spiral disagreeing with a realhtes; however
we may use the z direction to plot information sashthe nerve
fiber topographic map or those nerve fibers setedig the
electrodes array, as indicated in Figures 15 and 16
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Figure 15. Afferent Nerve Fibers Repartition Mapliding Ear Frequency
Selection Mechanisms inside the cochlea dependinthecochlea spatial
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5 LY
| 6 o

Murnber of Spiral Ganglions

-100

¥ {mm) ¥ frmm)

Figure 16. Portion afferent nerve fibers insidedbehlea stimulated by the
cochlear implant electrodes

IX. AMPLIFICATION COEFFICIENTS ASSOCIATED WITH THE

TOPOGRAPHIC MAPS COMPARISON

Cochlear implant electrodes should hence be migtpby a
scalar coefficient to correctly model the frequesepsitivity of
the ear. This correction is compulsory as the Gérittervous
System interprets neuronal signals already amglifie some
particular frequencies. If the frequency amplituwigendence is
not reproduced in cochlear implants it may resuliniability to
correctly hear certain frequencies (especially e 3-4KHz
band), ultimately resulting in sound distortion. mjmarison
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T Merve repartition map including ear frequency mechanisms
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Figure 17. Comparison between the Spiral Gangktinsulated by the electrodes
and the created MEFFRIMAM map

To compute this average coefficient a simple divisivas
performed between the afferent nerve fibers numibeithe
MEFFRIMAM map and the afferent nerve fibers numtiefined
by the spiral ganglions map for the same positiosidie the
cochlea. The average value of this coefficient wetained for
each electrode.

The multiplication of these coefficients with theltage value
that must be sent at an electrode to stimulateff@neat nerve
fiber response (defined in Section Ill) could benéoin the
processing unit of the cochlear implant. Furthemnepefficients
amplitude tuning tests performed in deaf peoplegisiochlear
implants for each electrode may add precision i liearing
response of these patients.

Correction coefficient

D 5 i e - | ¥ 7

10 12
Electrode number

Figure 18. Electrodes amplification coefficientetmsure similar frequency
response with an healthy cochlea

X. CONCLUSION

between the MEFFRIMAM map and the Spiral Ganglions

topographic map selected by the cochlear implanexposed in
Figure 17.

To correctly model the frequency response of attlineaar,
each electrode should be multiplied with the coéffit indicated
in Figure 18. We further supposed that the numbeeove fibers
stimulated is linearly increasing with the ampliéudf the
electrode. This may be inaccurate for high voltagmulus or
very low voltage stimulus due to saturation mecsasi [53],
[54], [55].

The theoretical electrical description presentedhis paper
was used to carry out simulations allowing the ci&e of the
minimum voltage needed to ensure nerve fibers &itiom. This
voltage was found around 0.9 V. Furthermore, theeci peaks
during each input signal transitions could reach(fi@ak value),
and the mean power consumed per period was aroOmVs
These results may be used as requirements foteb&ale array
design and corresponding control electronics.

It has also been suggested that two consecutiwdraties
were not disturbing one another and that the dumatf the
stimulation did not depend on the input electrodikage. A more
complex model, including the spike trains frequeifafich is

2014, © Copyright by authors, Published under agreement with IARIA - www.iaria.org
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the number of spikes generated per second) relaiethe [14]
electrode input voltage is being currently devetbpe
Furthermore, using the threshold of hearing fumctiove
created a topographic map of afferent nerve filrepmartition
inside the cochlea weighted by the frequency selgctof an  [15]
healthy ear. This map may be of great value toedss sound
distortion in cochlear implants. Corrective codffits were
defined for each electrodes in order to allow et&t# potential
fine tuning based on the biophysical propertieghefear. [16]
Besides physical tests are ongoing to ensure that t
theoretical results obtained match the measurembetsf people
using cochlear implants were asked to kindly suliheimselves
to cochlear implant reprogramming in order to téstthe [17]
threshold of 0.9 V was sufficient; if not, it woulgteatly affect
the perturbation between electrodes. We are alsoerdly
implementing the electrode potential correctionodathm in a [18]
portative platform in order to estimate its powensumption and
facilitate its integration in cochlear implant dewi
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