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Abstract (174 words)

Neural excitation profile widths at the neural levfer monopolar stimulation with Nucleus
straight and contour arrays respectively, were kted using a combined volume
conduction-neural model. The electrically evokedhpound action potential profile widths
at the electrode array level were calculated withnaple approximation method employing
stimulus attenuation inside the cochlear duct, wedresults compared to profile width data
from literature. The objective of the article isdevelop a simple method to estimate stimulus
attenuation values by calculating the values thest it the modelled excitation profile
widths to the measured evoked compound action pateprofile widths. Results indicate
that the modelled excitation profile widths deceeagth increasing stimulus attenuation.
However, fitting of modelled excitation profile vits to measured evoked compound action
potential profile widths show that different stimsl attenuation values are needed for
different stimulation levels. It is suggested thad proposed simple model can provide an
estimate of stimulus attenuation by calculating thkie of the parameter that produces the

best fit to experimental data in specific humanects.

Keywords stimulus attenuation, length constant, computationadel, evoked compound

action potential, neural excitation spread, humatitary nerve fibre



INTRODUCTION

Cochlear implants have been developed to help nghéd profoundly deaf persons by
providing them with a measure of sound perceptimaugh electrical stimulation of auditory
nerve fibres (ANFs). However, while the averagefqerance of cochlear implants has
improved over the last three decades, large vétiakdn speech performance across
individual implant users is still a major proble@h@nnon et al., 2004). This can in part be
ascribed to dissimilar neural excitation spreadgoas, both intrasubject and intersubject, as a
result of variability in factors such as implanp¢y degree of degeneration of the auditory
nerve fibre population across human subjects, reléet geometry, intrascalar electrode
location and stimulation strategy (Nadol Jr, 199@huknecht, 1993; Zimmermann et al.,
1995; Nadol Jr, 1997; Cohen et al., 2003; Artd.e2Q03; Abbas et al., 2004; van Wieringen
et al., 2005; Fayad and Linthicum Jr, 2006). Evesugh potential implantees undergo pre-
operative auditory testing, the successful outcofitee implantation is not known until after
the implant has been switched on (Niparko, 200d9ally the electrodes should be situated
closest to the sites of surviving ANFs, since theds to reduced power consumption in the
implant, lower stimulation thresholds, narrower mauexcitation spread patterns and an
increased dynamic range (Townshend and White, 18B8&pherd et al., 1993; Rebscher et
al., 2001; Abbas et al., 2004; Leake and RebscB604; Glueckert et al., 2005).
Middlebrooks and Snyder (2007; 2008) proposed lowerof thresholds through
intramodiolar placement of an electrode array, thus type of electrode placement is
currently not in use in human implantees. A telemmemeasuring system for cochlear
implants, called Neural Response Telemetry (NRT)Qmchlear Limited, is available to
measure the electrically evoked compound actioremniatl (ECAP) of the ANFs (see for

example Abbas et al., 1999; and Dillier et al., 20ECAP data can be used to obtain an



objective estimate of the dynamic range, and pbsgjive a hint as to the extent of neural
survival (see for example Abbas et al., 1999; Ftaaed Norton, 2001; and Dillier et al.,
2002). It is also used to examine the extent talpsychophysical measurements reflect the

amount of neural excitation spread (Cohen et D32

ECAP data are obtained by a forward masking panadigd it is generally assumed that
psychophysical forward masking profiles provide iadirect measure of neural excitation
patterns (van der Heijden and Kohlrausch, 1994 t€hee and Shannon, 1998; Abbas et al.,
2004). In the case of ECAP data, the measure i mavximal to the peripheral neural
activity than for psychophysical forward maskinigce it is assumed that the central auditory
processes do not contribute to the masking prdfilgthermore, the amplitude measurement
of the ECAP gives an indication of the number cfpanding fibres (Miller et al., 1999).
Cohen et al. (2003) reported that larger ECAP [mafidths are measured in implantees with
higher MCLs, indicating a wider spread of neuratiation. The spread in excitation also
increases with an increase in stimulus level (Abdtaad., 2004). Miller et al. (2003) used the
fact that the ECAP reflects the gross ensembleorespof a neural population to investigate
the effects of stimulation mode on neural excitatpread in cats. The results indicate that
monopolar stimulation produces wider ECAP profitaan bipolar stimulation, consistent
with the observation that monopolar stimulation sesuwider neural excitation (van den
Honert and Stypulkowski, 1987). Studies performed hmman subjects, however, either
support or disagree with these animal findings. isivend and White (1987) developed a
paradigm based on the psychophysical thresholdsure for two human implantees to
calculate the current spread patterns around thetretles of a modelled electrode array.
Their simulations confirmed wider neural excitatispread with monopolar compared to

bipolar stimulation, as well as a reduction in &ton spread for an electrode array placed



closer to the modiolus. A more recent study by Kvaod van den Honert (2006), however,
suggest that the neural excitation spread of bipsfinulation is not always consistently
more focussed than for a monopolar stimulus of Elguaness. The difference in results may
indicate that the assumption that the ECAP refldutsgross ensemble response of a neural
population may not be entirely correct, as suggelsyea modeling study of Briaire and Frijns

(2005).

The development of a comprehensive model to simW&APSs is beyond the scope of this
study. However, ECAP profile widths can be usedgtimate stimulus attenuation. Stimulus
attenuation (characterised by length constantcthyreelates to current distribution and thus
the extent of neural excitation inside the cochlBaere have been only a few studies to
determine the stimulus attenuation inside the @a(Black and Clark, 1980; Spelman et al.,
1982; Black et al., 1983; Hartmann and Klinke, 19&€al et al., 1998; Vanpoucke et al.,
2004; Bingabr et al., 2008; Nelson et al., 2008psMof these have been reportedifovivo
andin vitro measurements on cat, with length constants rangatgeen 3 — 16 mm for
monopolar intracochlear stimulation (Black and €)ar980; Black et al., 1983; Hartmann
and Klinke, 1990; Kral et al., 1998). Nelson et @008) obtained a length constant of
6.0 mm for monopolar stimulation in human, whilengabr et al. (2008) predicted

monopolar current decay of about 2 mm length constééh an acoustic vocoder model.

The present study focuses on the influence of #r&ation in the stimulus attenuation on
neural excitation spread for monopolar stimulabé@an electrode located in the basal part of
the human cochlea. A simple method was developesktimate ECAP profile widths as a
function of stimulus attenuation parameter. Thezoliye of the paper is to predict with this

method the values of the stimulus attenuation best map the modelled ECAP profile



widths to the measured ECAP profile widths obtaifrech a study by Cohen et al. (2003). A
recently developed human auditory nerve fibre (ANRpdel, coupled to a volume
conduction cochlear model by Hanekom (2001) wagl usepredict the widths of neural
excitation spread as a result of specific stimain(t et al., 2008; Smit, 2008). Integrity of the
simple method algorithm was verified by obtainingnsilus attenuation estimates with the
longer established Generalised Schwarz-Eikhof-&r{@SEF) auditory nerve fibre model

developed by Frijns et al. (2000).

MATERIALS AND METHODS

1. Models of the implanted cochlea and auditory néiwe

1.1 The volume conduction cochlear model

Simulations were performed using the resistana@s & 3D spiralling finite element volume-

conduction model of the first one-and-a-half tuwfsthe electrically stimulated human

cochlea, coupled to a auditory nerve fibre (ANF)delo(Figs. 1, 3(a) and 3(b)). For more

details on the volume conduction model refer to ¢kam (2001). The amplitudes of

stimulation pulses at the nerve fibres were derifreth the external potential distribution,

which was in turn calculated from the Ohmic resists from the volume-conduction model.

--------------------- Suggested position of Figure-k--------=====mmmmmmmmm oo

The modelled cochlea was stimulated with a monapelectrode configuration, with the

stimulated electrode located in the basal cochigar and the return electrode lying outside



the cochlea. The pulsatile stimulus waveform wdmspaasic, charge-balanced, square pulse
without interphase gap, with equal cathodic anddanphases of 4Qds duration. Only single-

pulse responses were calculated.

Simulations were performed for two electrode arpsitions, one lateral (Nucleus 24
straight array) and one medial (Nucleus 24 conéoray), relative to the modiolus (Cohen et
al., 2003; Miller et al., 2004). The straight arragis modelled with full-band electrodes and

the contour array with half-band electrodes (Abétaal., 2004; Miller et al., 2004)

1.2 The human auditory nerve fibre model

The Type | human ANF model was based on the ANFecaitndel by Rattay et al. (2001),
but with the axon replaced with a recently devetbgeneralised human sensory nerve fibre
model (Smit, 2008). The nerve fibre morphology own in Fig. 2. An additional
modification to the ANF model was a shortening leé tlendrite to fit the somal position of
its counterpart in the volume conduction cochleadai. Details of the human ANF model

are provided in Appendix A.

1.3 The generalised Schwarz-Eikhof-Frijns nervesfimodel

Frijns et al. (1994; 1995; 2000) developed a mddsied on the Schwarz-Eikhof nerve fibre
model for rat (Schwarz and Eikhof, 1987), but addptvith guinea-pig morphometry.

Recently this Generalised Schwarz-Eikhof-Frijns BEEpmodel was adapted for human ANF



simulations by employing human morphometric datly gBriaire and Frijns, 2005; Briaire
and Frijns, 2006). This model, however, cannotyfltcount for the ECAP morphology
observed in humans. To facilitate comparison of difeerences between an animal and

human nerve fibre models, the former guinea-pigieerwas employed in this study.

1.4 Modelling the degenerate nerve fibre

The degeneration and subsequent loss of ANFs igguitt hearing loss can be classified as
primary or secondary. Primary neural degeneratsotheé normal age-related hearing loss a
person experiences, while secondary (retrogradaejyahelegeneration is due to various
factors including ototoxic substances, diseaseanmta to the cochlear structures (Nadol Jr,
1990; Schuknecht, 1993). Retrograde neural degemeran which the dendrites retract but
the somas and axons survive, occurs in persons pudfound sensory hearing loss, and
concerns mostly Type | ANFs (Spoendlin and Schit#89; Nadol Jr, 1990; Schuknecht,

1993; Fayad and Linthicum Jr, 2006).

Since not all ANFs are affected by retrograde degaion, simulations were performed with
two versions of the nerve fibre models, simulatithg effects of non-degenerated and
increasingly degenerated nerve fibres respectivi@ggenerated versions of the nerve fibre
models were used to simulate the effect of neuggkederation, i.e. to simulate a nerve fibre
with almost no peripheral (dendritic) process. This effected by removing the first four
nodal and internodal sections in the case of theéetled human ANF (refer to Fig. 1) and the
first four internodal sections in the case of tfeEE model respectively. This was similar to
the method employed by Frijns et al. (1996) andiBziand Frijns (2006). The first node in

the degenerated versions thus corresponded tomadd-ig. 2.



2. ECAP profile widths at the electrode array level

The output of the ANF model is a neural excitatofile (Fig. 3(c)), at the location of the
ANFs (subsequently called neural level), showirgggtimulus intensity at which an ANF at a
specific location along the length of the basilagmirane will be excited. To compare the
predicted excitation widths and NRT results, theitation widths, i.e. the ECAP profile
widths, at the location of the stimulating electaray (subsequently called electrode array
level) need to be determined. Ideally, this will dene by solving the inverse problem (for

details see Briaire and Frijns, 2005, where thaastrefer to this as the backward problem).

To facilitate estimation of the stimulus attenuatfactor, a simple approximation to solving
the inverse problem is used. The data of Coheh é2@03) provide ECAP response widths
at various loudness levels, specified as percesatafyhe MCL. The position of the modelled
probe electrode corresponded to Cohen et al.’dretéx 6 (i.e. a basal position). To model
ECAP profile widths, the measured dynamic ranga @@t electrode 6 of each of the seven
Cohen et al. subjects were mapped onto the estinedaral excitation profiles calculated
with the nerve fibre model. Mapping was performgdranslating the dynamic range data to
decibel values above threshold (defined at zerdbdBacorresponding to the 20%, 50% and
80% loudness levels for each subject. The estimaidths of the ECAP response at the
neural level at these loudness levels were thed fiean the modelled neural excitation

profiles (Fig. 3(c)).

--------------------- Suggested position of Figure-3--------=-=======m=mmmmmmmme oo



A dimensionless, normalized potential step (valug for activated nerve fibres, and zero
elsewhere) was generated for each of these wiéfilgs 3(d)) and used as the source in the
calculation of potential field distributions at te&ectrode array level (Fig. 3(e)). To perform
these calculations, three simplifications with megto real cochleae were made. First, an
isotropic medium was assumed in the space betweemdural and electrode array levels,
although an anisotropic medium was assumed in theme-conduction cochlear model.
Second, constant distances were assumed betweanuha level and each of the respective
electrode array levels. Values for these distames® sourced from the volume-conduction
model. Third, a transverse exponential decay otagel inside the scala tympani was
assumed (Black and Clark, 1980; O'Leary et al.,.5198ingabr et al., 2008). Using an
estimated value for the stimulus attenuation, gaatential field distribution at the electrode
array level was derived as the summation of theerg@l field contributions of all the
activated ANFs as specified by the individual shepctions. The full width half maximum
(FWHM) of each distribution, i.e. the width of tipetential distribution at 50% of its peak
amplitude, determined the excitation widths, simitta the technique used by Cohen et al.

(2003).

RESULTS

1. Neural excitation profiles

Neural excitation profiles were calculated with tABIF model (Figs. 4(a) and (b)). For

contour array stimulation profiles for degeneragrve fibres predicted wider profiles,

compared to straight array stimulation where the-degenerate and degenerate nerve fibre

10



populations predicted similar profile widths. Nduraxcitation profile widths were

determined as discussed in the Materials and Methedtion.

Neural excitation profile widths were also calcatatwith the Generalised Schwarz-Eikof-
Frijns (GSEF) model by Frijns et al. (1994; 199®0Q) in combination with the same
volume-conduction model used in this study (Fig&)4and (d)). For details refer to

Hanekom (2001).

GSEF model neural excitation profiles differed frémose of the ANF model. In contrast to
the ANF model the GSEF model predicted similar akwxcitation profiles, and hence
profile widths, for degenerate and non-degenerateenfibre populations when stimulated

with the contour array. For the straight array wideural excitation profiles are predicted for

a degenerate than a non-degenerate nerve fibrégbiopu

2. Predicted versus measured ECAP profile widths

2.1. Measured ECAP profile widths

Cohen et al. (2003) reported the widths of the E@Aéfiles at FWHM at 80%, 50% and

20% loudness levels. The width ranges of sevenestsh) four straight array and three

contour array subjects, for probe electrode 6 anensarised in Table 1.

--------------------- Suggested position of Table-------------mmmmmmmmmmm oo oeeem
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Width data at the 20% level are available for ame subject using the straight array, and for
none of the subjects using the contour array. Catexh. observed that the profile widths of

the contour array are narrower than those of ttaégsit array.

3.2.2. ANF model predicted ECAP profile widths

Predicted ECAP profile width results at the eled&rarray level for degenerate and non-
degenerate ANF populations respectively, are showiiable 2. A stimulus attenuation

length constant of 1.58 mm was used in the simariatfor goodness of fit to the Cohen et al.
results. This value was within the range of stirsudiitenuation values reported in literature
(Black and Clark, 1980; Spelman et al.,, 1982; Blatkal., 1983; Kral et al., 1998;

Vanpoucke et al., 2004; Bingabr et al., 2008; Nelst al., 2008) and was reached after
consideration of the results presented in Tablen® Eigs. 5(a) and (b). The width of the

distribution was taken at FWHM.

--------------------- Suggested position of Table-2---------=-====-mmmmmmmmmmm oo meeem

The ECAP profile widths for both the straight anohtour arrays followed the expected
trend, i.e. to decrease with a decrease in loudegst However, if the profile width ranges
between the two arrays were compared, the differemavidth at the electrode array level
was smaller compared to the difference observeteaheural level. The contour array also
demonstrated narrower profile width ranges thanstr@ght array. Furthermore, the profile
width values for the contour array lay closer te tower limit of the value range for the

straight array.
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Comparison between the degenerate and non-degeweasss for the straight array predicted
similar width ranges, with the degenerate casétyigvider than the non-degenerate case.
For the contour array the width ranges for the degste case were wider than for the non-
degenerate case. The reason for these differescésai at the neural level, the neural
excitation profiles for the degenerate and non-degee cases were similar, while for the

contour array there was a marked difference betws®two cases.

3.2.3. Normalised ECAP profile width ranges

Figs. 5(a) and (b) shows the simulated ECAP profildth ranges calculated with the ANF
model, normalised to the width ranges measureddie® et al. Normalisation was done by
dividing measured values by predicted widths. TBRAE profile widths for the straight array
generally compared well for both degenerate and-dewenerate ANF cases, with the
measured ranges at the 80% level reasonably centrdde predicted ranges, although the
upper limits were underestimated by up to 48%. ther50% levels the width ranges were
underestimated, but were within 53% of the uppaité of the measured ranges. Cohen et al.
measured the ECAP profile width for only one stnaigrray subject at the 20% level, and the

predicted value overestimated the measured valyaddut 30%.

Width ranges at the 80% level were overestimatedhi® contour array, but the upper limits
of the measured ranges were within 22% of the ptediranges. The upper limits of the
measured values at the 50% level were overestimgtetb 36% by the predicted values,

while the lower limits fell within 15% underestinmat by the predicted values.
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Normalised ECAP width ranges calculate with the &S&odel for straight and contour
arrays for degenerate and non-degenerate neneefddpulations are shown in Figs. 5(c) and
(d). Normalisation was done in the same way asfgs. 5(a) and (b). The best fit to the
Cohen et al. results was for a stimulus attenudgagth constant of 2.48 mm. The contour
array demonstrated narrower profile width rangestthe straight array. The profile width
ranges between the two arrays for the non-degestecatse were also similar, in contrast to
the larger differences observed for the degeneredisd (compare with Figs. 4(c) and (d)).
Furthermore, the profile width values for the camtarray lie closer to the upper limit of the
value range for the straight array. The reasonshese differences lay in the way the two
cases were modelled, with resultant similar poatrgiep functions for the non-degenerated

case resulting in similar neural response potedistibutions.

3.3. Stimulus attenuation

To exemplify the effect of stimulus attenuation BAP profile widths, the latter (for
Cohen’s subject S3) are shown as a function ofutisnattenuation length constant at the
electrode array level (Fig. 6). Results for theeotbubjects were similar and are not shown.
The ECAP profile widths decreased with decreastngudus attenuation length constant.
Since we assumed an exponential relationship betweagth constant and stimulus
attenuation (in dB/mm), this meant that the ECA®fifg widths asymptotically approached

zero for large values of the stimulus attenuatien $¢mall values of the length constant).
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The stimulus attenuation length constant values phavided the best fit to Cohen et al.’s
results are presented in Table 3. Owing to lackformation about the 20% loudness level
data for the contour array, no stimulus attenuati@es could be estimated. It appeared as
though i) stimulus attenuation was relatively unaed between the 50% and 80% loudness
levels but increased for the 20% level and ii) tivaersubject variation in stimulus

attenuation existed at a specific loudness level.

DISCUSSION

Javel et al. (1987) reported lower thresholds fbres located closer to the stimulating
electrodes. Fibres located further from the stitmdpelectrode could only be excited at
higher stimulus intensities. Miller et al. (1993)daShepherd et al. (1993) showed large
threshold changes and growth rate of the fibre’sAECesponse when the location of the
intracochlear stimulus electrode was changed. Mindetlata by Briaire and Frijns (2006)
and Hanekom (2001) also predicted a reduction iaratethreshold as the stimulating
electrodes were moved closer to the modiolus, with greatest reduction for fibres lying
closest to the electrodes. The modelled resultdddin the human ANF and GSEF models
agreed with these and Cohen et al.’s (2003) firglispowing that as the loudness levels (or
stimulus intensity) increased, the ECAP profile thid(i.e. neural excitation spread)

increased.

Simulation results showed more localised excitasipread for the contour array compared to

the straight array, in both the non-degenerated dagenerated nerve fibre cases. This is

15



consistent with the observation that the straighéyais located further away from the
modiolus than the contour array. Single-fibre stgdiy Ranck (1975) and model results by,
among others, Rattay (1990) indicate that the Hwlelscurrent increases with the square of
the distance from the electrode, with a resultadewpotential field distribution. This has the
effect that as the fibre distance from the eledroatreases, the excitation region around the
electrode increases, since more Ranvier nodedalliihside the depolarised region, causing
a larger number of nerve fibres to be excited apecific stimulus intensity relative to the
threshold stimulus intensity (e.g. Shepherd etl&93; Cohen et al., 2001; Frijns et al., 2001;

and Cohen et al., 2003).

Excitation in degenerate fibres is expected to powore centrally along the fibre, i.e. axonal
excitation, since retrograde degeneration causedehdrites to retract, while the somas and
axons survive (Spoendlin and Schrott, 1989; Nadpl1l990; Schuknecht, 1993). This is
confirmed by, among others, a modelling study hbyngret al. (1996) employing the GSEF
model, and more recently with their updated humensien of the GSEF model (Briaire and
Frijns, 2006). It can therefore be assumed thastiolds predicted for non-degenerate fibres
located in close vicinity to the stimulating elexte will be lower than for degenerate fibres,
owing to the spatial arrangement of fibres (referthe cross-sectional diagram of the
modelled cochlea employed in this study, as showkig. 2). From Fig. 2 it is clear that each
ANF is shaped in a curved fashion, with the deedriin general located closer to the
electrode array than the axons, even more so foFsAMcated close to an electrode
compared to ANFs located between two consecuteereldes. Unfortunately this cannot be
seen clearly from the neural excitation profilepideed in Fig. 4, since the minima of all

profiles was shifted to O dB to facilitate easiemparison of profile widths.
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What is apparent from the profiles in Fig. 4 howesee the differences in profile shape
between non-degenerate and degenerate ANFs foptiteur and straight arrays respectively
when the human ANF (Figs. 4(a) and (b)) and GSEEs(F4(c) and (d)) models are
compared. In the case of contour array stimulabbrithe human ANF model there is a
marked difference in excitation profile widths beem non-degenerate and degenerate ANFs
and not so for straight array stimulation, while tipposite is true for the GSEF model. These
differences cannot be explained in terms of thriestdstance and nerve fibre degeneracy
alone, but in terms of the modelled morphologyhaf ANFs of the two separate models as
well. The dendritic part of the Rattay et al. (2p@dodel, which is assumed myelinated, is
reserved in the ANF model and has a diameter It of the axon (refer to Fig.1).
Furthermore, comparison between the internodaltfesngf the dendrite and axon shows
longer dendritic than axonal internodal lengthsthe GSEF model the dendrite and axonal
diameters are the same, and the dendritic intetnledgths are shorter than the axonal
internodal lengths. In myelinated fibres locatedsel to electrodes, the threshold current is
mainly dependent on the electrode-to-node distaaoesnot so much on the electrode-to-
fibre distance as is the case of unmyelinated gibfrefer to Fig. 6 in Rattay, 1987).
Furthermore, nerve fibres having a larger diamater excited at lower threshold currents
than thinner fibres (McNeal, 1976). Lastly, theluehce of the soma (nerve fibre cell body)
must be brought into consideration as well. The asaihthe GSEF nerve fibre is 10 um in
diameter and is myelinated, while the human ANF &oim 27 pm in diameter and
unmyelinated. In their recently developed humarsioer of the GSEF model, Briaire and
Frijns (2005) increased the size of the soma. Thange led to upward shifts in threshold

compared to their original GSEF model, since tihgdasoma acted as a current drain.
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Black et al. (1980; 1983) measured length constah&— 16 mm (0.54 — 1.09 dB/mm) for

monopolar stimulation in vivo in cats. Their thr@eensional resistance model predicts
Scala Tympani length constants of 3.04 — 3.57 m#3(2 2.86 dB/mm) in scalar fluids,

while the Organ of Corti current length constames R00 — 1.15 mm (7.55 — 8.69 dB/mm).
Kral et al. (1998) and Hartmann and Klinke (199@Vvén reported attenuation slopes of
around 3 dB/mm (length constant of about 3 mm)nfi@nopolar stimulation of single fibre

units in the basal part of cat cochleae. The lewgtistant value of 2.48 mm predicted with
the GSEF model of a guinea-pig ANF was comparalile these length constants for cat.
This is in line with a conclusion drawn by Kraladt (1998) that guinea-pig results by Jolly et
al. (1996) compared qualitatively with their casukts. From this it can be inferred that our

simple model algorithm can produce reasonable asgtisof length constant values.

A recent study of the average forward-masked pgyaysical spatial tuning curve slopes
obtained for monopolar stimulation of human sulgettggests an average length constant of
6 mm (1.2 dB/mm), which falls within the range ehgth constants (3 — 16 mm) reported for
cat (Nelson et al., 2008). Bingabr et al. (2008yeatigped an acoustic simulation vocoder
model to simulate the effect of excitation spreadhe human cochlea. By employing an
electrical dynamic range of 15 dB, they calculageditation spreads (comparable to our
ECAP profile widths) of 3.75 — 7.5 mm for a stimsilattenuation length constant of about 2
mm. They attributed the larger length constant @afi Nelson et al. (2008) and the large
variability across human subjects to possible inesdes in the measuring technique
employed by Nelson et al., where the tuning curdepend on the survival rate of the
subject’s ANFs. The length constant value of 1.58 predicted with the human ANF model
was smaller than the values obtained by Nelsonl.ef2808) and Bingabr et al. (2008),

although closer to the values of the latter study.
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The differences in results between the human ANFEleh@nd abovementioneid vivo
measurements may be due to methodological diffeser@ur combined volume conduction
nerve fibore model made use of single-fibre respsrigecalculating the neural excitation
profiles (Fig. 3) used as input to our simple mdthwhile in vivo ECAP measurements in
animal and human depends on compound nerve figpnsesAnother way of comparing
predicted results with measured psychophysical dosvmasking experimental results gained
from human implantees is modelling the full ECAPtinoel used in NRT. A comprehensive
model to predict ECAP data has been developed layeBand Frijns (2005). However, their
results indicated that their human ANF model, whighan adapted version of the GSEF
model, could not fully predict measured human ECdda. Furthermore, the level of
physiological detail developed in the GSEF and humd\F models also differs. For
instance, in the human ANF model the myelinatedrimddes were modelled, while not so in
the GSEF model. The use of the ANF model in thiglgtin combination with Briare and
Frijns' ECAP method could be investigated in a feitstudy to determine whether an

improved estimate of ECAP response can thus barguched.

In general, ECAP profile widths calculated with BEEF model (Figs. 5(c) and (d)) were
narrower than those calculated with the human AN eh (Figs. 5(a) and (b)). Similar to the
ANF model, the ECAP profile widths for both theasght and contour arrays decreased with
a decrease in loudness levéhe simulated ECAP profile width data were furtheren
sensitive to the value of the stimulus attenuafiarameter chosen (see Fig. 6 and Table 3).
Smaller parameter values predicted smaller ECARilgrwidths. Also, a homogeneous,
isotropic medium was assumed in the space betweendural and electrode array levels in

the simple approximation method. This assumptian isontrast to an actual cochlea, where
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the conductivities of the different cochlear tisswary significantly (see for example Frijns
et al., 1995). Since stimulus attenuation is a tioncof conductivity, predictions of ECAP
profile widths will be influenced by a non-homogens, anisotropic model of the space

between the nerve fibres and the electrode array.

The inclusion of non-homogeneous, anisotropic nedtproperties in the inverse calculation
of the ECAP profile widths could also improve thetimated value of the stimulus

attenuation parameter and could relate this paemethe specific location of the electrode
array relative to the target nerve fibres. Indiatised volume-conduction models that take
the location of the electrode array relative to thrget nerve fibres of a subject into account,

could also improve the stimulus attenuation vaktereate.

The observation that stimulus attenuation seemegaitp with stimulus intensity (Table 3)
might be related to a more localised spread oftattan at lower stimulus intensities relative
to that at higher stimulus intensities. Stimulusajeoccurs in two directions: transversal (i.e.
perpendicular to the electrode array) and longritadi(i.e. in a direction parallel to the
electrode array) because currents distribute ih doections throughout the cochlear tissue,
as reported by Kral et al. (1998). It is possilhlattthe weight that stimulus decay in each
direction carries toward the determination of tleeinal excitation profiles is dependent on
stimulus intensity. However, this hypothesis regsiifurther investigation. Variations in
cochlear structure and location of the electrodayainside the scala tympani could also lead
to variations in the conductivity profile of theatdear tissue between the array and the nerve
fibores and could thus be responsible for observaersubject variability in stimulus
attenuation. A further observation is that the twtete-electrolyte interface impedance is a

function of stimulus intensity (i.e., current degsthrough the interface) (Ragheb and
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Geddes, 1990). Changes in electrode impedance leetm observedh vivo andin vitro
(Newbold et al., 2004; Huang et al., 2007), as wasllpredicted with a volume-conduction
cochlear model (Hanekom, 2005). These changes lbeee mostly attributed to the growth
of fibrous tissue around the electrodes, althoughng et al. (2007) suggested that changes
in the perilymph composition after implantation magult in increased impedances. The
impedance of the electrode-electrolyte interfacalisegarded in the volume-conduction
model. In the model a current source is modellstesd of a potential source and the input
current will be constant as long as the impedaridbeoelectrode-electrolyte interface stays
within required compliance limits. Hence the fordiacalculation problem does not
dependent on the impedance. However, the data@ohen et al., which are an integral part
of the reverse calculation, include the effect lné interface impedance. This may partly

explain the dependency of stimulus attenuationtiomsus intensity.

The marked difference in the stimulus attenuatiarameter values between the GSEF and
human ANF models that best predicted the experiah@asults of Cohen et al. (2003) can
possibly highlight the differences in predictionade between animal and human auditory
systems respectively. The differences in cochleactiral morphology between animals and
humans, differences in the number and percentagdimagion of ANFs and innervation
patterns of both inner and outer hair cells acepesies, may be physiologically significant
and care must be taken when extrapolating the amesalts to predict results in human
implantees (Nadol Jr, 1988; Frijns et al., 2001 atdtioka et al. (2000) also discussed the
differences and similarities between animal and &umata. In most animal studies, acutely
deafened animals are used. Therefore, a largdivediaintact neural population is expected,
in contrast to the more degenerative neural pojouatf the longer-term deafened animal or

human. Acutely deafened animal models can thus giMg a best case scenario for the
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electrical excitation of the human ANF (Abbas andlévl 2004). In some of the animal
experiments, a single electrode is placed inside tlochlea (van den Honert and
Stypulkowski, 1984) and in others a multiple-elede array (Kral et al., 1998), while in
humans multiple-electrode arrays are used. Theanabdf the animal and human ANFs also
differs (Liberman and Oliver, 1984; Brown, 1987;d¢& Jr, 1988; Nadol Jr et al., 1990;
Gleich and Wilson, 1993; Rattay et al., 2001; Baaand Frijns, 2005). Thus, nerve fibre
models based on animal physiology at this stageooinroughly approximate human ANF

behaviour.

In spite of a number of shortcomings in the currerddel as discussed above, results
suggested that matching predicted neural excitapoofile widths to ECAP data by

manipulation of the stimulus attenuation parameteuld provide estimates of stimulus
attenuation for specific subjects. An accuratengstie of stimulus attenuation could be useful
in models that depend on stimulus attenuation loutate excitation profiles (e.g. Bruce et

al., 1999; and Conning, 2006).

CONCLUSION

The human ANF model correctly predicts an increasexcitation spread with an increase in
loudness level, as well as wider ECAP profile wadtbr the straight array compared to those
for the contour array. The model also predictsiseal ECAP profile width ranges for the
straight array while the lower limit for the widtanges predicted for the contour electrode is

comparable to measured width ranges.
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Comparison between simulations with the human AR# @SEF models showed the same
trends regarding ECAP profile widths. However, thiference in stimulus attenuation
parameter value between the two models that prdvible best fit to the measured ECAP
width results from the Cohen et al. study, as vesllthe differences between the neural
excitation profiles (Fig. 4) predicted with thesedels, support the suggestions by Matsuoka
et al. (2000) and Briaire and Frijns (2005) thatrveefibre models based on animal
physiology at this stage can only roughly approxenauman ANF behaviour. It therefore
seems that comparison of trends between human Adflaviiour and nerve fibre models

forms the extent of usefulness of such models.

It is observed that the fitting of modelled exaitat profile widths to measured ECAP profile
widths requires different stimulus attenuation ealat different stimulation levels. Whether
this actually indicates a shortcoming in the maslelot certain since the impedance, which is
related to stimulus attenuation, could be dependanstimulus intensity. This observation
thus suggests that the effects of stimulus intgrmitthe mechanisms of stimulus decay and

on the electrode-electrolyte interface impedanageire further investigation.
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Equations and parameter values for the human AN&lem@n earlier version of the model is
described in Smit et al. (2008). A comprehensiva&dption of the development of the model
appears in Smit (2008), but a summary is provickre.hThe model was implemented at body

temperature (37°C), but the temperature dependgribe parameters is also stated.

The model was based on the cable model by Rat@§0(12001). The dendrite and soma
(except for the somal diameter) was still Rattag@del and only the axon was replaced by a
recently developed generalised human sensory rfdare model, the details of which are
presented here. Nodes of Ranvier were unmyeliratgde axolemmae with only the axonal
nodes utilising the human Ranvier node model desdrin Smit et al. (Smit et al., 2009).
Electrical parameter values for the axonal parthef model are listed in Table A.1. and

morphometric parameter values in Table A.2.

The change in the membrane potenti4) &t the centre of the" compartment was described

by the cable equation (2001)

4 (Vk—1+ve,k—1)_(vk+ve k) + (Vm"' Ve kl)_( Vit Ve)
mCdt R./2+R/2 Ra/2+ R/2

(A.1)

The membrane potential is given Yy= Vix — Vex— Vles, having an initial valu&/(0) equal
to 0. Vix is the intracellular potentialVe k the extracellular potential and.s the resting
membrane potential. The HH-model ionic membraneecuir(ion ) Was described in terms of
the transient Na(subscriptedt'), persistent N& (subscripted p), slow K* (subscripted

‘s)and leakage ionic membrane currents (Hodgkinduxley, 1952)
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lon (T) = 92 (T) ¢ (V- V(1) +0.975d( ) nf b v W )

(A.2)
+0.0250 (T) mP (V=N 9)+ a( J( ¥ U J) [ mA cnp
Equilibrium potentials were given by
_ 1007 (fion] )
ViarVie L = =2 |n([i0n]J Ve, [mY (A-3)

with R the universal gas constahtthe Faraday constarfy the temperature (in Kelvin) and
[ion]/[ion]; the extracellular to intracellular ion concentatiratio for N&, K™ and leakage

ions respectively.

Myelinated internodes were simple double cablectines (Blight, 1985). The leaky myelin
sheath and axolemma was considered combined tagetiseries, having a high resistance

and low capacitance. The total capacitance wasdiye

-1
N
Cm’k:(ci+c_w] [ uFicnt ] (A.4)

mem my

with cmemthe same value as the nodal membrane capacitadog,gthe myelin membrane

capacitance (Table A.1.). The number of myelin tayi,) was given by

Npy =[05(d =) |/ 1oy (A5)
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with d; the total internodal nerve fibre diameter (cioh)the internodal axolemmal diameter

(cm) andmy the myelin layer thickness equal to 0.Qi6 (1985).
The internodal conductance was given by

1

I (1) = (N R T+ Rl

[mS/ crﬂ (A.6)

with Nmy number of myelin layersRny the temperature-dependent myelin membrane
resistance an&nemthe temperature-dependent axolemmal membrandamsis(Table A.2

and Blight (1985))lin; was therefore given by

Lok (T) =1 (T) = 9 (T)V [ A/ enf |, (A7)

--------------------- Suggested position of Table Ackr--m-m-mmmmmmmmmmm oo

--------------------- Suggested position of Table Ac2:------m=mmmmmmmmmmmmm oo eeeoe

The dynamics of the opening probabilities, (m,, h andns respectively) of the ion channels

were described by

S=aV-A-B(Y) x = m m n (18)

with initial values (Hodgkin and Huxley, 1952)
mp(0) =m(0) =0.05

h(0) = 0.6
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ng(0) = 0.32

lon channel gating variables were given by

a a =AQmg_ B-CV [m 4, (A9a)

B Brw @, = AQG Bexp(%) [m/, (A.9b)
— (T-Tp)/10 1
IBh AQlO Dl"‘ eXd B-— CV) ' [ m/ é (A.QC)
= AQ) 0 B-C(v-aV) [m/d, (A.9d)
D(exp(B-C(V-AaV)))-1
Bp = AQl(g—To)/lO BGXD(WJ [ m/ % ' (A.9€)

where4V indicates that the persistent sodium current at#tf 20 mV more negative than the
transient sodium current. Acceleration of the atton and inactivation of the membrane’s
permeability to specific ion species, as suggelteduxley (1959), are given by paramefer
values (Table A.3). Paramet®rC andD the original HH model parameters (Hodgkin and

Huxley, 1952) (Table A.3).
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--------------------- Suggested position of Table AcB:------=-m=m=mmmmmmmmmmmmo oo eeee
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Figure captions

Fig. 1. The two-dimensional finite element model geomefrs plane through the cochlea.
The medial and lateral positions of the electradayaare shown as circular geometries
towards the top of the scala tympani. The label® ny; indicate the twelve locations
(nodes) in the neural tissue where electrical gatbwalues are calculated. (Figure used with

permission from Hanekom (2001))

Fig. 2. Representation of the human auditory nerve fibhe dendrite and axon are divided
into cylindrical compartments, while the soma isuased to be spherical (Rattay et al.,
2001). The dendrite is considered myelinated, ¥ internodes of variable lengths (Rattay
et al., 2001). The myelin of these internodes ssiased a perfect insulator. The presomatic
segment is divided into three sections (not inéidain sketch). Although the soma employs
the Hodgkin-Huxley dynamics as described by Ragtasl. (2001), its diameter is smaller
than in the Rattay model. The axonal section englbg human sensory nerve fibre
dynamics and morphometry and morphology. UnlikthanRattay model, internodal lengths

are considered constant and are shorter than iRattay model.

Fig. 3.Outline of the simple method used to estimate E@ARile widths at the electrode
array level for non-degenerate and degenerate fibres. Representations of the (a) volume
conductance cochlear model and (b) nerve fibre lnécdeThe output of the ANF model is a
neural excitation profile indicating the thresholatrents at which the nerve fibres along the
basilar membrane become excited. (d) Neural exmitapread is estimated at the neural

level and (e) the simple method estimates ECARIpraidths at the electrode array level.
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Fig. 4. (a, b) Neural excitation profiles calculated wilte volume-conduction ANF model
(open markers). Predicted neural excitation profildths for 80%, 50% and 20% loudness
levels for Cohen et al.’s (2003) subjects S3 (ghtaarray, solid lines) and C1 (contour array,
dot-dash lines) for (a) a degenerate and (b) adegenerate ANF population are indicated
with horizontal lines. (c, d) Neural excitation ples simulated with the GSEF model

combined with the volume-conduction model. All ctiiwhs are the same as in (a) and (b).

Fig. 5. Normalised ECAP profile width ranges, at the eled® array level, calculated with

the ANF model for 80%, 50% and 20% loudness lefalga) straight array and (b) contour
array for a degenerate and non-degenerate ANF atopuill Calculations are for a stimulus
attenuation length constant of 1.58 mm. Filled sgimbindicates degenerate and open
symbols non-degenerate ANF cases respectively.hdheontal line indicates the predicted
widths. (c, d) Normalised ECAP profile width rangedculated with the GSEF model. ECAP
profile widths shown are for a stimulus attenuatiemgth constant of 2.48 mm. All

conditions are the same as in (a) and (b).

Fig. 6. Predicted ECAP profile widths, at the electrodaytevel, for 80%, 50% and 20%
loudness levels for subject S3 (straight array)&ra degenerate and (b) a non-degenerate
ANF population. The ECAP profile widths are plottaghinst stimulus attenuation length

constant.
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Table 1. Measured ECAP profile width ranges focttile 6 (Cohen et al., 2003) for four straight
array and three contour array subjects. Width dathe 20% level were available for only one subjec
using the straight array, and for none of the subjeising the contour array. Profile widths were
measured at FWHM, i.e. the profile width at 50%hef peak amplitude.

80% loudness level 50% loudness level 20% loudness level
. 3.73 mm (measured for
Straight array  4.26 mmto 6.78 mm 4.58 mmto 6.67 mm single subject)
Contour array  2.98 mm to 3.41 mm 2.13 mmto 3.62 mm No data available
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Table 2. Simulated ECAP profile widths at the eledt array level for a stimulation attenuation

length constant of 1.58 mm. Similar to Cohen e{2003) profile widths were measuredFAWVHM,

i.e. the profile width at 50% of the peak amplitude

80% loudness level

50% loudness level

20% loudness level

Straight array:
degenerate
Contour array:
degenerate
Straight array:
non-degenerate
Contour array:
non-degenerate

3.88 mmto 6.76 mm

3.67 mmto 3.82 mm

3.48 mm to 6.64 mm

3.44 mm to 3.57 mm

3.88 mm to 5.86 mm

3.31 mmto 3.67 mm

3.48 mmto 5.39 mm

3.21 mmto 3.44 mm

3.65 mmto 5.29 mm

3.15 mm

2.92 mm to 5.09 mm

3.02 mm
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Table 3: Stimulus attenuation length constant \sathat provide the best fit of the modelled data to
the data of Cohen et al. (2003).

80% loudness level

50% loudness level

20% loudness level

Straight array:
degenerate
Contour array:
degenerate
Straight array:
non-degenerate
Contour array:
non-degenerate

1.45 - 3.47 mm

1.45-1.58 mm

1.45-3.47 mm

1.45-1.58 mm

1.45 - 3.47 mm

1.45-1.74 mm

1.45-3.47 mm

1.45-1.74 mm

1.45-1.58 mm
No data to compare with
1.93-2.17 mm

No data to compare with
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Table A.1. Electrical parameters for the axonal part of taman auditory nerve fibre model.

Parameter Value Qo To(°C) Reference
. ) o (Hodgkin and Huxley, 1952;
Membrane resting potential 794 mV 1.0356 for all T< 20 E: 6.3 Schwarz et al., 1995 Wesselink et
(Viesd 1.0345 for all T > 20°C ;
al., 1999)
Gas constanf) 8.3145 J/K.mol (Atkins, 1995)
Faraday constanEj 9.6485x 10* C/mol (Atkins, 1995)
(Hodgkin and Huxley, 1952;
[Na'lJ/[Na’]; 7.2102 Schwarz et al., 1995; Wesselink et
al., 1999; Hille, 2001
(Reid et al., 1993; Scholz et al.,
[K*1J/IK i 0.0361 1993; Schwarz et al., 1995; Reid et
al., 1999)
[Leakagd/[Leakagd 0.036645 (fggg))lﬁ etal., 1993; Schwarz et al.,
Sodium conductancen) 640.00 mS/ch 1.02 24 (Scholz et al., 1993; Hille, 2001)
(Reid et al., 1993; Scholz et al.,
Potassium conductancgx] 60.0 mS/crh 1.16 20 1993; Schwarz et al., 1995; Reid et
al., 1999)'"
(Schwarz and Eikhof, 1987; Scholz
Leakage conductance,f 57.5 mS/crh 1.418 24 et al., 1993; Schwarz et al., 1995)
Axoplasmic (intracellular) 1 .
resistivity (o) 0.025 K2.cm (1.35) 37 (Wesselink et al., 1999)
Membrane capacitance.fr) 2.8 uF/cn? (Schwarz et al., 1995)
Myelin membrane .
capacitancec),) 0.6 uF/cnt (Blight, 1985)
Membrane resistanc®{e)  4.8707x 10*Q.cn? (1.3} 25 (Blight, 1985)
Myelin membrane resistance 1040 .c? (1.3)" o5 (Blight, 1985)

(Rm)

" Value deduced from reference(s) and then optimisednodel.Q,, value not from reference, but optimised
for model

* Discrepancy exists between HH model value andegafar human. Value hence optimised for model

" Values deduced from reference(s) and correcteddiocentration and temperature differences

" Considered constant for temperatures between @@2tC
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Table A.2.Model morphometric parameters.

Parameter Value Reference

Fibre diameter 3.75um (Rosbe et al., 1996)

Internodal axon diameter 2.63um *

Myelin layer thickness 0.016pm (Blight, 1985)

Number of myelin layersNy,) 35 *

Internodal lengthL{n) 77.4pm (Wesselink et al., 1999)

Nodal diameter 1.23pum *

Nodal length 1.061um *

Dendrite diameter 1.0pm (Rattay et al., 2001)

Soma diameter 27.0pm (Schuknecht, 1993; Rosbe et al., 1996)

* Deduced from previous parameters
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Table A.3. Parameters used for calculation of the voltage-dégeat opening and closing
rates of the ion channels for the axonal part ef tbman auditory nerve fibre model. The
transient sodium current activation parameterssatescripted with at” and the persistent

sodium current activation parameters bypa ‘

Parameter Quo To (°C) A B C D
Ot 2.16 20 4.42 2.5 0.1 1
Bt 2.16 20 4.42 4.0 18 -
an 15 20 1.47 0.07 20 -
G 15 20 1.47 3.0 0.1 -
s 1.5 20 0.2 1.0 0.1 10
Bis 15 20 0.2 0.125 80 -
Qhp 1.99 20 2.06 2.5 0.1 1
B 1.99 20 2.06 4.0 18 -
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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