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When hearing fails, electrical cochlear implants (eCIs) partially restore hearing by direct stimulation of
spiral ganglion neurons (SGNs). As light can be better confined in space than electrical current, optical
CIs (oCIs) provide more spectral information promising a fundamental improvement of hearing restora-
tion by cochlear implants. Here, we turned to computer modelling for predicting the outcome of optoge-
netic hearing restoration by future oCIs in humans. We combined three-dimensional reconstruction of
the human cochlea with ray-tracing simulation of emission from LED or laser-coupled waveguide emit-
ters of the oCI. Irradiance was read out at the somata of SGNs. The irradiance values reached with waveg-
uides were about 14 times higher than with LEDs, at the same radiant flux of the emitter. Moreover,
waveguides outperformed LEDs regarding spectral selectivity. oCIs with either emitter type showed
greater spectral selectivity when compared to eCI. In addition, modeling the effects of the source-to-
SGN distance, orientation of the sources and impact of scar tissue further informs the development of
optogenetic hearing restoration.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Disabling hearing loss is the most common sensory deficit
affecting about 5% of the world’s population [1]. Cochlear implants
(CIs) are used by approximately 1 million otherwise deaf or pro-
foundly hearing-impaired people. CIs enable most users to under-
stand speech in quiet environments and are considered the most
successful neuroprostheses. An electrical cochlear implant (eCI)
converts the sound into electrical pulses, which are delivered to
an electrode array in the cochlea of the inner ear. These electrical
pulses directly stimulate the spiral ganglion neurons (SGNs) to pro-
vide a sense of hearing in the absence of functional sensory hair
cells. eCIs capitalize on the tonotopic organization of the cochlea,
aiming to recruit different SGNs along the tonotopic (frequency)
axis by an array of electrodes that correspond to different sound
frequency bands. A major limitation of eCIs is the wide spread of
electrical current in the cochlea due to the conductive fluid in
the scala tympani. This limits the maximum number of perceptu-
ally different stimulation channels in the implant to typically
<10, thus leading to a poor understanding of speech in noisy envi-
ronments and poor appreciation for music [2–5]. A solution to
reduce the spread of neural excitation and to increase the number
of independent stimulation channels is to use optical stimulation
instead [6]. Light can be conveniently confined in space, therefore
an optical cochlear implant (oCI) combined with cochlear optoge-
netics improves spectral selectivity [7,8]. Dieter et al. recorded
responses from inferior colliculus of gerbils in response to different
stimulation conditions – acoustic, optical, and electrical [9,10].
They showed near-physiological spectral selectivity of optical
stimulation with single waveguides. Moreover, the spectral
selectivity of optical stimulation from single waveguides or
multichannel oCIs using lLEDs was greater than that of monopolar
or bipolar electrical stimulation.
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Waveguide-based and LED-based oCIs have been considered as
‘‘passive” and ‘‘active” implementations (Fig. 1 A), respectively,
each of them with pros and cons [6]. LEDs are Lambertian emitters,
i.e. have a broad emission profile, that reach very high power effi-
ciencies (up to approximately 50% [11]) and generating light emis-
sion inside the cochlea reduces losses. lLEDs can be integrated into
flexible carriers as required for oCI by various approaches such as
flip-chip bonding on the single or multi emitter level [12,13] and
transfer printing [14]. Using appropriate optics the light extraction
and beam profile can be optimized [15]. While no obvious heating
of the cochlea by LEDs was observed in the proof-of-concept study
on multichannel LED-based oCIs [13], the key challenge is to
Fig. 1. Overview of the optical model framework. (A) Illustration of ‘‘active” (LED-based)
and dots indicate the light path. In case of ‘‘active” oCI, light is generated in the implant
example, a waveguide. (B) Combined model with the structures of cochlear scalae (in
Rosenthal’s canal (in blue). Bone (not shown here) was added as a cube engulfing the stru
light emitters (LEDs as green boxes) at the center of the silicone implant. (D) Exemplar ra
0.5, and a waveguide with NA of 0.17 (bone and scala not displayed). (For interpretatio
version of this article.)
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combine hermetic and long-term stable encapsulation and
mechanical flexibility. Passive oCIs employ waveguides that,
dependent on the numerical aperture and outcoupling mechanism,
can have Gaussian emission profiles of different width or even
Lambertian emission. Waveguide arrays would be coupled to
multi-beam laser diodes that can be safely encapsulated in the
sealed titanium housing of the CI. Therefore, passive oCIs promise
better spectral selectivity and long-term safety, yet seem less
power efficient given the emitter type and losses at incoupling,
transmission and outcoupling of light.

To investigate the light spread in the cochlea, optical ray-tracing
models were introduced and simulated for a gerbil cochlea [9,16]
and ‘‘passive” (laser-coupled waveguide-based) optical cochlear implants. Red line
ed array, whereas in ‘‘passive” oCI, light travels to the array through a medium, for
gray), dummy silicone implant (in yellow) sitting inside the scala tympani, and
ctures. (C) Query points (black points) at the centerline of the Rosenthal’s canal, and
y tracing with 500 rays (in red) from the output of an LED, a waveguide with NA of
n of the references to colour in this figure legend, the reader is referred to the web
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and a marmoset cochlea [16,17] to validate the in-vivo stimulation.
Here, we took a further step towards evaluating the potential of
clinical oCIs for improved hearing restoration by investigating
the spectral spread of excitation in a model of human cochlea
(Fig. 1 B–D) using a range of light source parameters and
comparing it to the spread of electrical current in the eCIs. Finally,
we evaluated the impact of parameters relevant to the operation of
oCIs – emitter-to-SGN distance, orientation of emitters, and forma-
tion of scar tissue – on the irradiance profiles.

2. Methods

2.1. Model details

TracePro Standard 7.8.1 (Lambda Research Corporation) running
onWindows 10 Pro PC (Intel i7-6850 K CPU, 128 GB RAM)was used
to perform Monte-Carlo ray-tracing simulation of light spread in a
three-dimensional model of human cochlea. The structures of a
human cochlea were reconstructed using lCT scanned images from
an existing dataset [18] in Avizo (Thermo Fisher Scientific). The
model consists of cochlear scalae (scala tympani as well as scalae
media and vestibuli lumped into one structure), dummy silicone
implant, Rosenthal’s Canal (RC), bone, and multiple light emitters
(Fig. 1 B–D). Published optical models of gerbil and marmoset
cochleae [9,17] served as a framework for the current study.

2.2. Optical parameters

Each component of the cochlea model required certain optical
properties, namely, anisotropy factor (g), scattering coefficient
(ls), refractive index (n), absorption coefficient (la), and extinction
coefficient (K). Table 1 lists the values that were assigned to the
different structures of the model. These values were obtained
and averaged from various literature sources as the methods to
measure these values vary from one study to another. Most of
these values, unless calculated from wavelength-dependent equa-
tions, were observed at near-infrared region. The extinction coeffi-
cients were computed as K = lak/4p, where k is the wavelength.
For simulation of cochlear fibrosis, the whole scalae structure in
the model was assigned the optical properties of scar tissue.

2.3. Light sources and emitter placement

On the centerline of the silicone structure, we placed ten
emitters from apex to base to study the light spread at different
Table 1
Values used for optical properties of the model structures. Anisotropy factor (g), scatterin

Structure g ls (mm�1)e at different wavelength

460 nm 488 nm

Scala 0.88a 1.0 1.0
Rosenthal’s canal 0.84b 17.3 15.7
Bone 0.83c 14.3 13.7
Scar tissue 0.80d 19.4 17.6

aRef. [19].
bMean of values for white matter, gray matter and brain from ref. [20–23].
cMean of values for skull bone and cochlear bone from ref. [21,24–26].
dRef. [20,27].
eValues were calculated using equations for brain, bone, and other fibrous tissues in ref
fRef. [20].
gMean of values for gray matter, neuron, and brain from ref. [20,29–31].
hRef. [25,32].
iRef. [33].
jRef. [28].
kMean of values for white matter, gray matter and brain from ref.[34,35].
lMean of values for cochlear bone, adult skull, pig skull, and mouse skull from ref. [24,2
mMean of values for breast tissue without fibrocystic tissue, and skin dermis from ref. [
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locations (Fig. 1 C). It is important to note that these emitters have
different distances from the RC which may result in varying irradi-
ance levels. Physical dimensions and radiation pattern of the Lam-
bertian LEDs were obtained from the manufacturer datasheet of
Cree TR2227. The laser-coupled waveguides were modelled with
a diameter of 10 lm, and Gaussian radiation pattern with numer-
ical aperture (NA) of 0.17 or 0.5. The emitting surface of each emit-
ter faced towards the closest surface of the RC and projected three
million rays at a wavelength of 655 nm (Fig. 1 D). To obtain the
incident irradiance values at the RC, we placed 300 query points
along the centerline of the RC (Fig. 1 C, black points). To provide
an outlook on implants with greater number of channels, we gen-
erated models with 32 and 64 emitters as well. In order to evaluate
the potential for improving spectral selectivity of the 64-channel
oCI, the 64 emitters were placed such that they had same distance
from the RC center and therefore not all of them lay inside the sil-
icone. The query points and emitters were computationally placed
using custom scripts in MATLAB R2016a (The MathWorks, Inc.).

2.4. Calculation and comparison of spectral spread

The analysis was performed with custom scripts in MATLAB
R2016a (The MathWorks, Inc.). The irradiance profiles, displaying
irradiance at the query points, were calculated for a radiant flux
of 30 mW/emitter. Spectral spread was estimated as full width at
half maximum (FWHM, see an example in Fig. 2 A2) of the irradi-
ance profiles. This was measured in octaves by taking the base-2
logarithm of the ratio of the corresponding higher and lower fre-
quencies (Fhigh and Flow, respectively, marked in Fig. 2 A2) so that
for each emitter i octave was calculated as Octavei = log2(Fi,high/Fi,
low). Subsequently, the values of maximum irradiance and spectral
spread were grouped in three cochlear regions: apical (<600 Hz),
middle (600–2000 Hz) and basal (>2000 Hz). To compare the val-
ues of spectral spread with the current spread of eCIs, we utilized
electric field imaging (EFI) data from Jürgens et al. [38]. They calcu-
lated FWHM of the fits to the spatial spread of electrical fields
obtained from 14 participants having the same CI device and sound
coding strategy. As the data did not have corresponding frequen-
cies, we converted the values of spatial spread (in mm) to spectral
spread (in octaves) by dividing the spread (in mm) by the cochlear
length and multiplying with the total number of octaves. We
assumed the cochlear length to be 35 mm [38] (the length of scala
tympani where the EFI data was recorded) with 10 octaves so that
for each emitter i octaves were calculated as Octavei = 3.
5 � FWHMi.
g coefficient (ls), refractive index (n), and absorption coefficient (la).

s n la (mm�1)

594 nm 638 nm

1.0 1.0 1.35f 0.016j

11.5 10.2 1.37g 0.050k

11.9 11.3 1.50h 1.290l

12.8 11.4 1.47i 0.200m

. [21] For scala, ref. [28].

6,36,37].
34].



Fig. 2. Comparison of irradiance profiles, maximum irradiance, and spectral spread
for LED and waveguide emitter arrays. (A–C) Irradiance profiles along the tonotopic
axis, for LEDs (Lambertian-profile active light sources), laser-coupled waveguides
(Gaussian-profile passive light sources) with NA of 0.5 and 0.17, with same y-scale
(A1, B1, C1), and with y-scales adjusted to maximal irradiance reached with a given
emitter (A2, B2, C2). Different colors represent the ten different emitters. (D)
Quantification of maximum irradiance (D1) and spectral spread (D2) of LEDs and
waveguides. The spectral spread in octaves was determined by taking base-2
logarithm of ratio of high and low frequencies (Fhigh/Flow) corresponding to the full
width at half maximum (FWHM, as indicated for 10th emitter in A2). (E)
Categorization of maximum irradiance (E1) and spectral spread (E2) into three
cochlear regions – apical, middle, and basal. Box plots indicate median (center line),
as well as 25th percentile and 75th percentile as the bottom and top edges. The
whiskers extend to the maximum and minimum data points not considered
outliers. The asterisks represent statistical significance (* indicates p < 0.05, **
indicates p < 0.01, and *** indicates p < 0.001).
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2.5. Statistical analysis

Statistical testing was performed using the statistics toolbox of
MATLAB R2016a (The MathWorks, Inc.). The data of maximum
irradiance and spectral spread for all three light sources were ana-
lyzed with one-way ANOVA. To analyze the data further in the cat-
egories of apical, middle, and basal regions, two-way ANOVA was
used. ANOVA were followed by post hoc Tukey’s test. In case of
only two groups of data (i.e. ‘‘with” and ‘‘without” scar tissue),
analysis was done using paired t-test.

3. Results

3.1. Simulating optical SGN stimulation with different types of emitters

In order to bridge the gap between current preclinical work and
future clinical trials we turned to a model-based prediction of
spectral selectivity of optogenetic sound encoding in the human
cochlea. Scala tympani containing a silicone CI carrier, bone and
Rosenthal’s Canal (RC) of a human cochlea were reconstructed
using existing lCT scanned images [18] in Avizo software follow-
ing procedures previously described (Fig. 1 B–D, Methods;
[9,17]). While the first in-man trial will likely employ oCIs
with �32 channels (model predictions below), here, for analyzing
basic principles, we only placed 10 emitters either along the cen-
terline of the CI carrier (Fig. 1 C) or in a fixed distance from RC into
scala tympani (for the simulation of 64 channels, Fig. 5). Monte-
Carlo modeling of emitted rays were performed using TracePro
software as previously described [9,17] building on published opti-
cal tissue properties (Table 1). As a conservative estimate of irradi-
ance and spectral selectivity for optogenetic SGN stimulation, we
read out the position of SGN somata (centerline of RC) rather than
the peripheral neurites that project to the organ of Corti in closer
proximity to scala tympani in the healthy cochlea, but are thought
be lost in pathology long before the somata and central SGN axons.
We employed three different oCI implementations: Lambertian
emission from LEDs (Cree TR2227, i.e. ‘‘active” oCI implementa-
tion) and Gaussian emission from 10 lm waveguides with NAs
of 0.5 and 0.17 (i.e. ‘‘passive” oCI implementation). These emission
profiles could be seen as ‘‘worst”, ‘‘standard”, and ‘‘best” case sce-
narios of optical stimulation when considering efficiency and spec-
tral selectivity upon proper emitter orientation towards RC. The
waveguides provided high irradiance of SGNs with medians of
21.59 and 18.24 mW/mm2 for NAs of 0.17 and 0.5, respectively.
LEDs provided significantly lower irradiance with a median of
1.52 mW/mm2 (Fig. 2 A1–D1; ANOVA p = 0.001; post hoc tests
p = 0.03 and < 0.001 for waveguide NAs of 0.5 and 0.17, respec-
tively). The same irradiance profiles visualized at different y-
scales, shows differences in the width of the curves between differ-
ent emitter types, hence the spectral spread, can be appreciated
(Fig. 2 A2–C2). We compared the median values of spectral spread
of excitation using definition of apical, middle and basal regions
and converting FWHM of each channel to octaves as described in
Methods. Across the different tonotopic locations the median val-
ues of spectral spread of excitation with LEDs, waveguides of NA
0.5, and waveguides of NA 0.17 were 0.52, 0.3, and 0.19 octaves,
respectively (Fig. 2 D2; ANOVA p = 0.001).

We also looked at the maximum irradiance and spectral spread
for the same regions of the cochlea—apical, middle, and basal
(Fig. 2 E). Higher irradiance and spectral selectivity of waveguides
were consistently found in all regions. However, substantial
heterogeneity of irradiance was observed across the emitters for
all three implementations. Given their narrow emission profiles,
NA 0.17 waveguides varied maximal irradiance the most. Spectral
selectivity for LEDs was substantially poorer in the apical region
than in the basal regions (p = 0.025).
3624
3.2. Comparing predicted spectral selectivity of oCI to published eCI
measurements

In an effort to put our simulations of optical stimulation in rela-
tion to measurement with the current state of clinical care, we
turned to the results of a recent electric field imaging study [38].
We compared spectral spread of excitation averaged across the
eCI electrodes to the median spectral spread of excitation obtained
for optical simulation of apical, middle and basal emitters of the
three different implementations (Fig. 3). The median of average
spectral spread of excitation from 14 eCI participants with a 22-
channel-implant was 2.28 octaves, with the medians of best candi-
date (with lowest median) at 1.16 and worst candidate at 3.06
octaves, respectively. The median spectral spread of excitation
with the modeled oCIs was approximately 4 to 12 times lower (de-
pending on the light source parameters). The decrease of spectral
spread in oCIs compared to eCI was highly significant (p < 0.001).

3.3. Considering the effects of cochlear fibrosis and emitter position for
oCI stimulation

Since cochlear implantation is often followed by cochlear fibrosis
we investigated how buildup of scar tissue affects oCI stimulation.
Wemodelled cochlear fibrosis by replacing perilymph of scala tym-
pani by scar tissue (for details seeMethods).We primarily observed
a reduction of irradiance and to a lesser extent an increase of the
spectral spread of excitationwhichwe interpret to reflect prevailing
forward scattering. Fibrosis hadmore severe impact for waveguides
than for LEDs. The median value of maximum irradiance with LEDs
decreased from 1.52 to 0.60 mW/mm2 (Fig. 4 A; p = 0.009) and the
spectral spread of excitation increased from 0.52 to 0.58 octaves
(Fig. S1 A). For NA 0.5 waveguides spectral spread increased from
0.3 to 0.6 octaves (Fig. S1 B; p = 0.03) and irradiance decreased from
18.24 to 2.04 mW/mm2 (Fig. S1 C; p < 0.001).

Next, we investigated the effects of emitter-to-RC distance and
orientation of the emitters. As expected, the irradiance values fol-
lowed the inverse-square law of optics when we exemplarily
shifted emitter 5 by 0.2 mm towards or away from the RC (Fig. 4
B). Changing emitter orientation most prominently affected NA
0.17-waveguides than LEDs (Fig. 4 C). Due to the sharp Gaussian
profile of these waveguides, the irradiance decreased sharply when
the orientation of the emitter 5 was changed by ± 30� relative to
the direct vector from emitter surface to the RC.

3.4. Upscaling the number of oCI channels

Reduced spectral spread of oCI enables implementation of
greater number of independent stimulation channels. We explored
the potential for upscaling this number, as future waveguide-
based oCIs will likely employ�32 channels to cover the physiologi-
cally available 24 critical bands [39]. We run simulations to obtain
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Fig. 3. Comparison of spectral spread in the cochlea from LEDs, waveguides and eCIs. (Left) Spectral spread of LEDs and waveguides as shown in Figure 2 D2. (Right) Spectral
spread for eCIs from electrical field imaging of 14 subjects, each with 22-channel implant having same CI processor and sound coding strategy. The data of spatial spread (in
mm) was obtained from Jürgens et al. [38] and converted to the spectral spread (in octaves) by assuming the cochlea length to be 35 mm with 10 octaves. The box plots of
‘‘best” and ‘‘worst” candidate show data from the participants with lowest and highest median spectral spread, respectively. Box plots indicate median (center line), as well as
25th percentile and 75th percentile as the bottom and top edges. The whiskers extend to the maximum and minimum data points not considered outliers. The asterisks
represent statistical significance (* indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001). The statistical comparison was performed for all three light sources
with the mean eCI data only, therefore, lack of significance markers between groups does not imply insignificance.

Fig. 4. Effect of fibrosis, emitter distance and emitter orientation on maximum irradiance values. (A) Impact of fibrosis (scar tissue formation) in the LED model. (B) Shift of
medial–lateral position of a waveguide emitter (NA 0.17) by ± 0.2 mm, resulting in an inverse-square curve. (C) Decrease of irradiance for all three light sources with change
of angle towards the RC by ± 30�. Ray tracing with the change of orientation for waveguide (NA 0.17) is displayed on the right. Box plots indicate median (center line), as well
as 25th percentile and 75th percentile as the bottom and top edges. The whiskers extend to the maximum and minimum data points not considered outliers. The asterisk
represents statistical significance (* indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001). Data in (B) and (C) were not analyzed for significance due to limited
number of data points.
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the irradiance profiles with 32 and 64 waveguide emitters of NA 0.5
(Fig. 5). For the sake of the 64-channel simulation, we maintained a
fixed emitter-to-RC distance (approximately 0.56 mm) in order to
minimize differences in irradiance between the channels. The esti-
mated irradiance values were higher than with the emitter place-
ment followed the centerline of the silicone structure in our
previous models.
3626
4. Discussion

The present study was designed to predict the spread of light
emitted from oCIs in a human cochlea. Our optical ray-tracing sim-
ulations covered different emission profiles, orientations, and posi-
tions of the emitters as well as cochlear fibrosis. Our hypothesis
was that the spectral spread of SGN excitation is lower with optical



Fig. 5. Irradiance profiles, along the tonotopic axis, with increased number of oCI emitters. (A) 32 waveguide-emitters with NA of 0.5 were placed in the centerline of silicone.
Different colors represent the 32 different emitters. (B) 64 waveguide-emitters with NA of 0.5 placed at equal distances from the nearest RC vertex. Different colors represent
the 64 different emitters.
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than with electrical stimulation. We employed an optical ray-
tracing model of the cochlea in an optical engineering software
and placed light emitters with three different emission profiles
into the scala tympani. We obtained irradiance profiles for the
SGN somata in Rosenthal’s canal along the tonotopic axis. More-
over, we estimated the spectral spread of excitation for the differ-
ent oCI implementations and compared it to the electrical current
spread in eCIs. Finally, we scaled up the optical model to cover the
large number of stimulation channels foreseen in future clinical tri-
als. Our modeling confirms the expected improvement of spectral
selectivity in oCI compared to eCI. Irradiance and spectral selectiv-
ity were weaker, the broader the emission angle. In contrast, broad
angle stimulation was less susceptible to losses due to attenuation
by cochlear fibrosis and mismatched emitter orientation.

4.1. Evaluating the properties of optical stimulation en route to clinical
trials

Proof-of-concept animal studies have indicated feasibility of
optogenetic hearing restoration [13,40–42] with improved spec-
tral selectivity and dynamic range [9,10,13,43]. Experimental
evaluation of spectral spread of cochlear excitation typically
employs recordings from the tonotopically layered inferior
3627
colliculus [9,44,45]. Using optogenetic stimulation by
waveguide-based ‘‘passive” oCIs (200 lm, NA 0.39) of the gerbil
cochlea in comparison to clinical-style rodent eCI and acoustic
stimulation, a near physiological spectral selectivity outperform-
ing monopolar and bipolar electrical stimulation was demon-
strated [9]. The experimental average estimates of spectral
spread of excitation ranged from approximately 1 octave for
soft stimulation to 3 octaves for strong stimulation. Similar
results were obtained with multichannel lLED-based ‘‘active”
oCIs also in gerbils [10,13]. Given that the size of the gerbil
cochlea is approximately a third of the human one, these
results likely underestimated the spectral selectivity of optoge-
netic excitation in the human cochlea. The present study, there-
fore, aimed to obtain first predictions for optogenetic
stimulation of the human cochlea. The model followed the
framework of Monte Carlo ray-tracing simulations performed
by Dieter et al. and Keppeler et al [9,17]. These studies used
the models of gerbil and marmoset cochleae to evaluate the
spectral spread at threshold levels obtained from in-vivo exper-
iments in gerbils. While it was a reasonable approach to com-
pare the spread at the threshold values, it constrained the
study to the radiant flux used in these studies. Instead, here,
we calculated FWHM which is independent of the radiant flux
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due to the linear nature of the irradiances and does not require
a fixed threshold to be set, which simplifies comparison with
the literature values of current spread.

Our study confirmed the intuitive notion that Gaussian-profile
waveguides are more suitable candidates than Lambertian-profile
LEDs for use in an emitter array in oCIs, as they provide higher irra-
diance for the same radiant flux and lower spectral spread. This is
an important result, keeping in mind the other benefits of using a
‘‘passive” emitter array, as mentioned in the introduction. Another
finding was that the LEDs resulted in higher spectral spread in api-
cal region than in middle or basal regions. Such wider excitation in
apex than other regions has been previously reported for electrical
stimulation [46–49].

Moreover, in an effort to evaluate the potential of oCIs for
clinical translation, we investigated some factors which could
negatively impact optogenetic stimulation. Firstly, cochlear
fibrosis in response to CI implantation is known to negatively
affect eCI performance and might as well hamper oCI function.
In eCI cochlear fibrosis increases impedance for electrical stim-
ulation. This decreases dynamic range as well as increases
energy consumption and spectral spread [50–52]. We simulated
our model in a worst-case scenario where all the scalae were
filled with scar tissue. We found that the irradiance at the SGNs
decreased, which would lead to the same impact, i.e., decreased
dynamic range and increased energy consumption. However,
the spectral spread was not significantly impacted even in this
worst-case simulation. Secondly, for eCIs, increased electrode-
to-SGN distance has been demonstrated to have negative
impact in previous studies using computational models [53–
55] and electrically-evoked compound action potential record-
ings [56], in similar ways as fibrosis. Since, for oCIs, the inten-
sity of light decreases with increasing distance from emitter,
the only possible solution to counter the effect is to decrease
the emitter-to-SGN distance (see below). Thirdly, as the spectral
spread gets narrower with oCIs, it needs to be better aligned
towards the target SGNs. A trade-off might be necessary
between narrower spectral spread and the loss of irradiance
due to misaligned orientation.

For all these aspects, advancements in cochlear implant design
and surgical techniques will greatly improve the efficiency of opti-
cal stimulation. For example, studies involving release of corticos-
teroids in the cochlea have shown promising results towards
decreasing formation of scar tissue [57–59]. Perimodiolar (or
‘‘modiolus-hugging”) implants, which are designed to lie in closer
proximity to the SGNs, provide more reliable stimulation with less
spectral spread [60,61]. New implantation techniques, involving
imaging to plan a safe trajectory preoperatively and robotics for
precise insertion, have also indicated benefits [62,63].
4.2. Comparison to the state of the art

When compared to the current spread measured using electri-
cal field imaging in a previous study [38], all three light sources
showed substantial improvement in spectral selectivity confirming
our hypothesis. These results are in agreement with the electro-
physiological findings of Dieter et al. which showed that the spread
of excitation is more confined with optical stimulation than with
electrical stimulation [9]. We note that this comparison seems
valid only as a first approximation: electric field imaging does
not read out the stimulation profile at the level of SGNs, which is
what we employed for optical simulations. While we do not know
precisely how these estimated fields relate to SGN excitation and
the spread of optogenetic SGN excitation also depends on their
light sensitivity, we assume it to be a good approximation for the
sake of our comparison.
3628
5. Limitations and future directions

This computational approach rests on the validity of optical
parameters and together with further limitations discussed above
can only provide a first approximation of what we can expected
for oCI stimulation of the human cochlea. Finally, it seems difficult
if not impossible to relate the estimated spectral selectivity to
audiological outcomes such as speech recognition in background
noise. Future studies to predict speech perception of potential
oCI users and compare it with that of eCI users should combine
optical modelling with a sound coding strategy, a biophysical
model of SGN firing, and an objective intelligibility measure. The
modelling studies presented here represent simplification of a
much more complex system, nevertheless, these lay the ground-
work for future research into the design and evaluation of emitter
arrays and sound coding strategy for future clinical oCI system. In
conclusion, this study strengthens the idea that oCI would provide
improved sound perception by reducing the spectral spread, pro-
vided that the translational aspects are considered for the design
of the implants.
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