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ABSTRACT We have pioneered what we believe is a novel method of stimulating cochlear neurons, using pulsed infrared
radiation, based on the hypothesis that optical radiation can provide more spatially selective stimulation of the cochlea than electric
current. Very little of the available optical parameter space has been used for optical stimulation of neurons. Here, we use a pulsed
diode laser (1.94 um) to stimulate auditory neurons of the gerbil. Radiant exposures measured at CAP threshold are similar for
pulse durations of 5, 10, 30, and 100 us, but greater for 300-us-long pulses. There is evidence that water absorption of optical
radiation is a significant factor in optical stimulation. Heat-transfer-based analysis of the data indicates that potential structures
involved in optical stimulation of cochlear neurons have a dimension on the order of ~10 um. The implications of these data could
direct further research and design of an optical cochlear implant.

INTRODUCTION

Pulsed midinfrared lasers have been used to evoke neural
activity in motor systems and sensory systems as an alter-
native to electrical stimulation (1-3). The use of lasers to
evoke neural responses has several appealing features as
compared to electrical stimulation: no direct contact is nec-
essary between the stimulating source and the tissue, spatial
resolution of stimulation can be improved, and no stimulation
artifact is generated hindering simultaneous recordings of
electrical responses from the neurons. However, only a small
portion of the available optical parameter space has been
investigated in the optical stimulation of nerves (4,5). In
addition, parameters that are optimized for one application,
such as motor nerve stimulation, are not necessarily the ideal
parameters to be used for stimulation of a sensory system,
such as the cochlea. In fact, appropriate laser parameters,
such as wavelength that dictates light distribution, are highly
dependent on tissue morphology.

The use of optical stimulation in the auditory system could
be beneficial for cochlear implants. In the mammalian co-
chlea, high frequency tones activate spiral ganglion neurons
in the base of the cochlea, and low frequency tones acti-
vate neurons in the apex; a distribution known as tonotopicity
(6—11). In individuals who are profoundly hearing impaired,
multiple-electrode cochlear implants are designed to stimu-
late electrically discrete spiral ganglion cell populations along
the cochlea to restore the tonotopic responses of the normal
acoustically stimulated cochlea. A successful multichannel
cochlear implant should, therefore, transfer a maximum of
information to discrete, spatially selected groups of auditory
neurons. Stimulation by one electrode should not affect the
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neural response to stimulation resulting from neighboring
electrodes.

The assumption that discrete neural populations can be
activated electrically is, however, not always true. Although
it is widely assumed that stimuli applied between closely
spaced bipolar electrodes can stimulate spiral ganglion cells
locally (12,13), it has been shown that closely spaced elec-
trode pairs will activate a broad region of auditory neurons at
high current levels (12,14). In addition, psychoacoustic ex-
periments (15-18) and electrophysiological studies (12,19—
21) showed that current injected into the cochlea spreads via
the scala tympani and, consequently, stimulates large popu-
lations of spiral ganglion cells. If two electrodes stimulate the
same neural population, sound sensation encoded via these
two electrode contacts might be confused or even be indis-
tinguishable. The electrode interaction reduces the number of
independent channels, and thus frequency bands, that can be
used by a cochlear implant user to parallel process acoustic
information. Recently, however, the interaction of electrical
fields has been used to generate more pitch percepts between
two electrodes (current steering) (22,23). Here, it is not the
amount of information that is reduced but rather the rate by
which information is transferred.

The limitation of spatial selectivity is based on funda-
mental physical principles of electrical stimulation that even
the best electrode design has not yet overcome. By substi-
tuting optical sources for electrodes in cochlear implants, it
may be possible to confine neural activation to spiral gan-
glion cells immediately adjacent to the stimulating optical
source. Spatial confinement of neural activation could lead to
improved performance by implant users. We have shown that
optical stimulation of gerbil cochleae is more selective than
electric stimulation ((24), A. D. Izzo, A. Lin, P. Littlefield,
J. T. Walsh Jr., M. Oberoi, and C.-P. Richter, unpublished).

doi: 10.1529/biophys;.107.117150
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Here, we present data using a different stimulating wave-
length, 1.94 pum, and use shorter stimulating pulses, down to
5 s, than in previous studies to stimulate the auditory system
of the gerbil. Previously, we presented evidence that optical
pulses as short as 35 us could induce laser stimulation of the
auditory system (4). In addition, stimulating with a different
wavelength gives further confirmation that water absorption
plays a significant role in optical nerve stimulation (4). We
have hypothesized that the primary light-tissue interaction
that governs optical nerve stimulation is light absorption by
water in the tissue (2,3,26).

MATERIALS AND METHODS

All measurements were made in vivo using adult gerbils (Meriones
unguiculatus). The care and use of the animals in this study were carried out
in accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and was approved by the Animal Care and Use
Committee of Northwestern University.

Animal surgery and preparation

Animal surgery was conducted as described previously (27). In brief, gerbils
were anesthetized by an initial intraperitoneal injection of sodium pento-
barbital (80 mg/kg body weight). Maintenance doses were 17 mg/kg body
weight and were given throughout an experiment whenever the animal
showed signs of increasing arousal, which was assessed every 30 min by a
paw withdrawal reflex. After the animal was fully anesthetized, breathing
was facilitated by performing a tracheotomy and securing a length of PE90
tubing into the opening in the trachea. The animal was then positioned, belly
up, on a heating pad used to maintain body temperature at 38°C, and its head
was stabilized in a heated head holder. A dermal incision was made from the
lower right jaw to the right shoulder to expose the right submandibular gland,
which was subsequently ligated and removed. The muscles attached to the
bulla and to the styloid bone were carefully dissected. Next, the bulla was
opened to allow access to the cochlea. A silver electrode was hooked onto the
bony rim of the round window of the cochlea, and a ground electrode was
placed under the skin at the left jaw. After cutting the cartilaginous outer ear
canal, a speculum (to connect the sound delivery system) was cemented with
dental acrylic to the bony part of the outer ear canal. The surgical platform
containing the animal was then moved onto a vibration isolation table in
a soundproof booth. Two chest electrodes were attached to monitor heart
rate. For acoustic stimulation, a headphone (DT770Pro, Beyer, Heilbronn,
Germany) was coupled to the speculum at the ear canal.

Acoustic measurements
Sound stimuli

Voltage commands for the stimuli were generated using a computer 1/0
board (KPCI 3110, Keithley, Cleveland, OH) inserted into a personal com-
puter and were used to drive a headphone (DT770Pro, Beyer). For compound
action potential (CAP) measurements, tone bursts (12 ms duration, including
a 1 ms rise/fall) with different carrier frequencies were presented at a rate of
4 Hz. The speculum of the speaker was coupled with a short plastic tubing
to the ear canal. Sound pressure was calibrated with a real head coupler using
an 1/8 inch Bruel & Kjaer microphone.

Compound action potential recordings

CAPs were measured using a modified tracking procedure (28,29). The
computer I/O board (Kiethley) was used to acquire the waveforms at a 250
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kHz sampling rate. CAPs were measured between 50 kHz and 2 kHz, with a
resolution of 6 steps/octave. CAP threshold was defined as 30 = 3 uV (N1/
P1 amplitude). Thirty-two waveforms, presented in opposite phase, were
averaged for a single measurement.

Optical stimulation

A diode laser (Capella RINS, Aculight, Bothell, WA) was used for the optical
stimulation of the auditory nerves. The laser emits infrared radiation ap-
proximately between 1.92 and 1.94 um, by varying the temperature of the
diode. Pulse durations were selected between 5 and 300 us and the repetition
rate of the laser was 2 Hz. The laser output was coupled to a low-OH 200-um-
diameter optical fiber (FIP series, Polymicro, Phoenix, AZ). The distal end of
the fiber was heated and maintained to 36°C with a heating wire coil (NI60,
Omega, Stamford, CT) to prevent hearing loss upon cooling of the cochlea.

The optical fiber was mounted on an x-y-z translator (Narishge, MMW-
203, East Meadow, NY) attached to a micromanipulator to control the fine
position. The optical fiber was inserted at the basal turn of the cochlea, ap-
proximated to the round window membrane without penetrating it, and
oriented toward the modiolus (Fig. 1). The fiber was fixed in place, as close as
possible toward the modiolus. It is important to note that the distal end of the
optical fiber was inserted past the recording electrode and did not irradiate
the measuring electrode. Radiant exposures, as measured at the distal tip of
the fiber, ranged from 0.05 to 50 mJ/cmz. All laser parameters (radiant ex-
posure, pulse duration, repetition rate, and wavelength) were known and
continuously monitored through a user interface.

Optically evoked CAPs were recorded using a silver electrode at the
round window. Responses to 10 stimulus presentations were averaged for
each measurement. The CAP threshold for optical stimulation (30 uV CAP,
N1 minimum to P1 maximum) was determined at pulse durations of 5, 10,
30, 100, and 300 us, at 1.937 um. In another set of experiments, the
wavelength was varied between 1.923 and 1.937 um and the CAPs were
recorded while the pulse duration was held at 30 us.

Stapedial

artery

FIGURE 1 Optical fiber insertion into the cochlea. This image of the
experimental setup indicates the surgical access to the gerbil cochlea and the
insertion of the optical fiber. The optical fiber is placed at the round window
opening and is directed toward the modiolus, the central supporting structure
of the cochlea that houses the projections of the spiral ganglion cells toward
the central nervous system. The round window and the stapedial artery are
shown as reference points. This image was compiled from serial photos of
different focal planes of the cochlea.
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Data analysis

Mean, standard deviation, and standard error were calculated for the data
obtained when the pulse duration was varied. To determine whether differ-
ences between averages were significant, a one-way analysis-of-variance
(ANOVA) was done for each set of measurement. If significant overall
changes were found, pairwise comparisons were made using a Tukey-hon-
estly-significant-difference test with a 5% significance criterion.

RESULTS

A total of 14 animals were used in the experiments. All an-
imals had normal acoustic thresholds, which were not af-
fected by laser radiation. Attempts to optically evoke CAPs
using the previous placement and orientation of the optical
fiber (4) were not successful. Therefore, the optical fiber was
directed at the modiolus (containing the central projections of
the spiral ganglions cells) in the basal turn of the cochlea. In
this orientation, CAPs were evoked in response to optical
pulses as short as 5 us (Fig. 2). The CAPs for the shorter
duration pulses were composed primarily of one negative
peak (N1) followed by one positive peak (P1). For the longest
duration optical pulses, 300 us, the electrical responses from
the cochlea became more complex: the area under the curve
of P1 broadened as compared to shorter pulse durations.
Evoked responses for increasing radiant exposures (input-
output (I/O) curves) were recorded for all optical pulse du-
rations for each animal (Fig. 3). At the shortest pulse duration
of 5 us, the CAP amplitude increased monotonically as the
radiant exposure was increased to the maximum available
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FIGURE 2 CAPs evoked from the gerbil cochlea in response to varying
pulse durations. The shape of the CAPs evoked by an optical stimulus is
relatively similar for a pulse 10—100 us long. At pulse duration of 5 us, only
one positive peak is present and the maximum amplitude of the CAP is
limited by the maximum output of the laser. For pulses 10-300 us long,
there is a secondary positive peak that becomes more prominent with longer
pulses. These CAPs were measured from the same animal. An acoustically
evoked CAP is presented on the left for comparison, elicited using one cycle
of a 10 kHz tone (click) at 81 dB SPL. Each trace begins at ¢ = 0, with the
start of the laser pulse, and is offset in the figure for clarity.
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FIGURE 3 Input/output curves recorded in response to laser stimulation.
(a) The data show the amplitude of the evoked compound action potential as
the input radiant exposure is varied for a 5-us-long optical pulse. There is a
monotonic increase in evoked CAP amplitude with increasing radiant
exposure. (b) The I/O function for a 30-us-long pulse reveals a monotonic
increase in CAP amplitude with increasing radiant exposure, followed by an
apparent plateau in CAP amplitude above ~15 mJ/cm?. In both panels, data
from individual animals (n = 11) are represented by open squares and the
mean is shown with the standard error.

from the laser source (Fig. 3 a). For 30-us-long pulses, the
I/O curve showed a monotonic increase in CAP amplitude
with increasing radiant exposure, followed by a plateau in
CAP amplitude for radiant exposures >~15 mJ/cm? (Fig.
3 b). This trend was seen for each animal, independent from
the absolute CAP amplitude values. I/O curves for 100- and
300-us-long pulses (data not shown) exhibited trends similar
to the ones shown for 30-us-long pulses: a monotonic increase
in CAP amplitude in response to radiant exposures of 21 and
61 mJ/cm?, respectively, followed by an apparent plateau.
The threshold for the optically evoked response (CAP
amplitude for N1 to P1 of 30 V) was measured for each
pulse duration (Fig. 4). The threshold radiant exposures
were as follows (mean = SE, n = 11): 5 us: 1.6 £ 0.2 mJ/
em?; 10 ws: 2.1 = 0.3 mJ/em?; 30 ws: 2.9 = 0.6 mJ/cm?; 100
ws: 4.1 = 0.4 mJ/cm?; 300 ws: 15.1 + 2.2 mJ/cm?. When the
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FIGURE 4 Radiant exposure needed to evoke a threshold CAP as a function
of pulse duration. The radiant exposure measured at CAP threshold has a
minimum value for the shortest duration pulse (5 us); the radiant exposure
increases slightly for 10-, 30-, and 100-us-long pulses, and then increases
significantly for 300-us-long pulses. The individual data sets measured from
each animal (n = 11) are represented by the open circles and the mean is shown
with the standard error.

individual thresholds for different pulse durations were
compared, differences were only significant for the 300-ps-
long pulses (ANOVA, p < 0.05).

The I/O curves for all pulse durations measured in an in-
dividual animal revealed an interesting trend. I/O curves
measured at 5, 10, and 30-us-long pulses grouped together. In
other words, the radiant exposure required to evoke a CAP of
the equal magnitude was the same (Fig. 5). When the pulse
duration was increased to 100 us, there was a slight shift of the
curve to higher radiant exposures to evoke the same magni-
tude CAP, and an even greater shift for 300-us-long pulses.

Finally, we examined the effect of varying the wavelength
of the stimulating optical radiation on the evoked response
while holding the radiant exposure constant. At the shortest
wavelength, 1.923 um, we obtained the largest CAP ampli-
tudes; increasing the wavelength to 1.937 wm, there was a
slight decrease in the evoked CAP amplitude (Fig. 6). We
measured a change of —45 = 7 uV (mean * SE, n = 10).
The evoked CAP amplitudes at 1.937 um were significantly
different than the evoked CAPs measured at 1.923 um (p <
0.001).

DISCUSSION

We have successfully stimulated gerbil auditory neurons
with optical radiation at a wavelength of ~1.94 um. More-
over, we evoked CAPs with pulses as short as 5 ws in du-
ration. The radiant exposure required to stimulate the neurons
remains relatively stable at and below 30 us. For pulse du-
rations of 100 ws and longer, more radiant energy is required
to evoke the same neural response.
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FIGURE 5 Comparison of I/O curves across pulse durations. By exam-
ining the I/O curves for each pulse duration from each animal, we find that at
pulse durations of 5, 10, and 30 wus, there is a relatively similar radiant
exposure needed to evoke a CAP of the same magnitude. At a pulse duration
of 100 us, a slightly higher radiant exposure is needed to evoke the same
magnitude CAP, and there is a further increase in radiant exposure to evoke a
CAP using a pulse duration of 300 us. Each of the three panels shows data
measured from one (different) animal. The abscissa is represented on a log
scale for clarity, as opposed to Fig. 3, which represents some of the same
data on a linear scale.
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FIGURE 6 Optically evoked response as a function of changing laser
wavelength. The optically evoked response increases in amplitude when the
irradiating wavelength results in an increased optical penetration depth. The
largest CAP amplitude is measured at 1.923 um and the CAP amplitude is
smallest at 1.937 wm. Each symbol represents data acquired from a different
animal (n = 10).

It was necessary to modify the position of the optical fiber
within the cochlea to achieve stimulation, as compared to
previous experiments in which the optical fiber was directed
at Rosenthal’s canal, which contains the spiral ganglion cell
bodies (4). The major difference between the two sets of
experiments was the stimulating wavelength, ~1.94 um
used for these experiments and ~1.85 um used for the pre-
vious experiments. The change of wavelength can have a
significant impact on the light distribution in the tissue. We
hypothesize that the major absorber of these wavelengths of
light is water in the tissue. Peripheral nerve tissue is com-
posed of ~80% water, with the remainder largely composed
of lipids and proteins (30,31). Examining the water absorp-
tion curve (Fig. 7) then explains the discrepancy of optical
fiber position. From the known optical properties of water
(32-34), we calculate that at 1.94 wm, the absorption coef-
ficient of water is ~115 cm™ ', which corresponds to an op-
tical penetration depth of ~85 um. (Optical penetration
depth is defined as the distance over which the incident light
is reduced in magnitude by 1/e. At the wavelengths used in
this set of experiments, the penetration depth is primarily a
function of the absorption coefficient of the tissue; scattering
is expected to minimally affect the penetration depth.) At
1.85 um, the water absorption coefficient is ~10 cm ™', which
gives an optical penetration depth of ~1000 wm. In our
previous experiments using 1.85 wm stimulating light, the
distal end of the optical fiber was immersed in cochlear fluids,
~500 wm away from the neurons (oriented toward the spiral
ganglion cell bodies) and the energy delivered at the end of
the optical fiber was reduced to ~38% of the original value by
the time it reached the neurons. (We use the Beer-Lambert law
to calculate the axial attenuation of light: H, = Hpe ** ™ %
where H is the radiant exposure at distance z = 0 and u, is
the absorption coefficient.) If we used a stimulating wave-
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length of ~1.94 um in the same experimental setup, the
energy delivered at the distal tip of the optical fiber would be
reduced to 0.3% of the original value by the time it reached the
neurons. By simply positioning the optical fiber closer toward
the modiolus, with significantly shorter distance between the
optical fiber and the neurons, we circumvent the large reduc-
tion of stimulating energy by absorption of cochlear fluids.

In this set of experiments, we modified the stimulating
wavelength from 1.923 to 1.937 wm, and measured a change
in evoked CAP of —45 wV. Again, this can be explained by
examining the water absorption within this wavelength
range. At 1.923 wm, the optical penetration depth is ~95 um,
and at 1.937 um, the optical penetration depth is ~85 um. It
is likely that, with a longer optical penetration depth at 1.923
pm, there are more auditory neurons receiving supra-
threshold laser irradiation, which would contribute to a larger
CAP amplitude.

Recall that the input/output curves of 5-us, 10-us, and 30-us
duration pulses grouped within animals, demonstrating that
the same radiant exposure was required to evoke the same
magnitude CAP. However, with 100-us and 300-us-long
pulses, a larger radiant exposure was required to evoke the
same magnitude CAPs. These data are consistent with the
following explanation of the mechanism of action. In general,
the laser energy is absorbed by the tissue and converted to
heat. The data indicate that the tissue heating is spatially
confined for pulses ~30 us and shorter. Energy that is de-
posited after ~100 us does not as significantly contribute to
the generation of the CAP, i.e., the heat is no longer com-
pletely confined because some of the heat generated by the
beginning of the optical pulse diffuses away from the site of
absorption by the end of the pulse. A similar trend is ob-
servable in our previous data using a different stimulating
wavelength: the radiant exposures needed to induce a thresh-
old CAP increased with pulse durations longer than 35 ws (4).

The likely mechanism by which optical stimulation occurs
is a small, transient increase in tissue temperature upon light
absorption by water (5). A photochemical mechanism is
unlikely because there is no single wavelength or narrow
wavelength band at which the nerve stimulation is enhanced.
In addition, the energy contained in infrared photons is too
low (<0.1 eV) to cause a photochemical reaction. A photo-
mechanical process has also been ruled out as a possible
mechanism. Specifically, we note a lack of a cochlear mi-
crophonic in the optically evoked CAPs (3). Cochlear mi-
crophonics, which are present in acoustic CAPs, indicate
deflection of cochlear hair cell cilia in response to a me-
chanical perturbation of the cochlear fluids. Furthermore,
experiments on acute and long-term deafened gerbils indicate
that it is possible to stimulate deafened cochlea in which no
hair cells (the mechanoelectric transducers) exist and opti-
cally evoked CAP thresholds of deafened animals are not
significantly different from normal hearing animals (deaf-
ened animals exhibit acoustic threshold elevations of =40
dB) (3,35).

Biophysical Journal 94(8) 3159-3166
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FIGURE 7 Absorption curve of water for midinfrared wavelengths. For the wavelengths used in these experiments, 1.923—1.937 um, the water absorption
coefficient is 105—115 cm ™', which corresponds to a penetration depth of ~95-85 wm (32-34). In the previously published experiments (4), the stimulating
wavelength was 1.844—1.873 um. These wavelengths have water absorption coefficients of 9—20 cm ™', which correspond to penetration depths of ~1120-400 wm.
The shaded box indicates the region of interest that is replicated at a higher magnification on the right.

We can estimate the instantaneous temperature rise asso-
ciated with cochlear nerve stimulation at time ¢t = 0 after a
laser pulse:

T(z,0) = w1 (2)7
pc

where ., is the wavelength-dependent absorption coefficient
of the material, which would be 115 cm ™! at 1.94 pm; H(z)is
the radiant exposure at depth, z, into the tissue; p is the
density, which is 1030 kg/m? for most soft tissues; and ¢ is
the specific heat of the tissue with a value of 3600 J/kg°C
(36). At 1.94 um using a radiant exposure of SmJ/cm?, the
calculated temperature rise would be 0.15°C at the distal tip
of the optical fiber and 0.08°C at the neurons.

It is recognized that for thermally induced laser-tissue in-
teractions when the laser pulse is less than the thermal re-
laxation time of the heated target, the energy is significantly
confined within the target and the process is highly efficient.
In other words, laser energy is deposited and the temperature
increase occurs before heat dissipates from the tissue. When
the laser pulse is longer than this thermal relaxation time,
energy diffuses from the target during the laser pulse, pre-
venting the same confined temperature increase for the same
laser energy deposited, and the process is less efficient
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(37,38). The thermal relaxation of a long cylindrical heated
target can be calculated from
2

TS
where 7 is the thermal relaxation time constant of the tissue, x
is the length parameter of the tissue, and k is the thermal
diffusivity with a value of 1.4 X 1077 m?/s (37,39). The data
in Figs. 3-5 suggest that the thermal relaxation time of the
target for optical stimulation is in the range of ~30-100 us;
that is, for pulses <~30 us, the thermalized optical energy is
still confined and thus a significant fraction of the optical
energy contributes to the temperature rise necessary for the
production of a CAP. For a thermal relaxation time of 50 us,
one calculates a length constant, x, of ~10 wm. Thus, it
appears that the relevant tissue structure involved in the
neural stimulation has a dimension on the order of a few
microns. Although we cannot definitively prove the target
structure with the data presented here, we note that the
diameter of the central process of a spiral ganglion cell has
been measured histologically to be ~3 um (40-43).

A further comment should be made regarding the change
in threshold radiant exposure with pulse duration. When one
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measures an increase in the threshold radiant exposure as the
pulse duration increases, two possible explanations are most
obvious: 1), what matters is the temperature needed to induce
a CAP, or 2), what matters is the slope of the tissue tem-
perature versus time (i.e., the temperature rise time). We note
that for pulses 5-30 us in duration (i.e., over durations that
vary by a factor of 6) there is no difference in the radiant
exposure required to elicit the same amplitude CAP. Thus,
for pulses 5-30 ws in duration, what matters is not the rise
time but rather the temperature achieved. Further, the data
indicate that if the pulse gets too long, then one needs even
more energy. Thus the data indicate that the size of the target
is important: that is, during a longer pulse, thermal energy
diffuses away from the target during the pulse, therefore one
needs more energy input during the longer pulse to overcome
the thermal energy loss occurring during these longer pulses.

The time constant of 30-100 ws has important implications
for a cochlear implant. An optical cochlear implant will need
to deliver stimulating pulses at rates of up to 1 kHz, partly to
encode information in the auditory system. Stimulating with
100-us-long pulses at 1 kHz will allow 900 us between
pulses to allow the thermalized optical energy to dissipate.
From theoretical considerations, one can estimate the nec-
essary interpulse cooling time from the thermal relaxation
time of the target. The thermal relaxation time is that time
during which little thermal energy leaves the target. How-
ever, after one thermal relaxation time, significant thermal
energy does not immediately leave the target. Indeed, thermal
diffusion is not an exponential process. It is slower, thus it
takes many thermal relaxation times for significant thermal
energy to diffuse from the target (a good estimate is ~10 X
Therm) (44—47). Consequently, if a second pulse arrives be-
fore there is significant cooling, there will be a rise in the
baseline temperature of all tissue structures near the target.
Using the estimated cooling time of 10 X Ty, from the data
presented here one calculates a maximum pulse repetition
rate of ~2000 Hz, i.e., (10 X 50 ,us)_l. For some laser-based
medical applications, it is recommended to allow 100 thermal
relaxation times to elapse for cooling before the next pulse is
presented, which in our case would correspond to ~200 Hz.
However, the typical applications for which these thermal
relaxations times are described achieve a clinical endpoint of
tissue coagulation or ablation and involve much larger tem-
perature rises than our case. There is evidence that a pulse
repetition rate faster than allowed by 100 7y,e, can stimulate
cochlear nerves without damage. Specifically, stimulating
with 35-us-long laser pulses at 400 Hz did not show any
acute damage over several hours (4). More experiments will
be needed to determine the thermal relaxation of the tissue for
chronic stimulation paradigms and when stimulating with
multiple sources in parallel.

Given that a major objective of this research is toward
constructing an optical cochlear implant, we should consider
potential design issues in light of the current data. The human
cochlea is a spiral structure (snail-shaped) containing fluid-
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filled spiral tubes, which measures ~9 mm across its base and
~5 mm from base to apex (top to bottom). The diameter of
the scala tympani, in which the cochlear implant arrays are
inserted, is ~2.5 mm at the base and ~1.25 mm in the middle
of the cochlea. Ideally, the stimulating source would be po-
sitioned as close as possible to the neurons. The minimum
distance between the scala tympani and the spiral ganglion
cells, across the bony modiolar wall, is ~200 wm. The
maximum distance is the wall thickness plus the scala tym-
pani diameter. Since there would likely be a distance of 200—
500 wm between the stimulating source and the neurons, it
would make sense to select a stimulating wavelength(s) that
give(s) optical penetration depths of 2—3 times this distance.
There are several wavelengths in the midinfrared wavelength
range that have such water absorption characteristics. To
adequately design for variable individual anatomies and ar-
ray placements, a variable wavelength source would allow
for a range of penetration depths that could be programmed to
the implantee and reprogrammed as the implantee was
reevaluated.

From the data gathered here, we see that pulse durations
from 5 to 30 us efficiently delivered stimulating energy to the
neurons. For longer pulse durations, one needs to deposit
more energy to achieve the same neural stimulation. The
extra energy in these longer pulses may increase the risk of an
overall temperature increase of the tissue, which might be-
come important if optical pulses are presented at a high
repetition rate. Although it may seem best to use the shortest
pulse duration possible, there will exist a design tradeoff with
the power requirements of the laser control circuitry to gen-
erate such high optical energy in such a short time period. For
the application of stimulating cochlear nerves, pulses in the
range of 1-100 us seem ideal.

This project has been funded with federal money from the National Institute
on Deafness and Other Communication Disorders, National Institutes of
Health, Department of Health and Human Services, under contract No.
HHSN260-2006-00006-C/NIH NO1-DC-6-0006.
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