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Abstract
Optical stimulation of neural tissue within the cochlea was described as a possible alternative to
electrical stimulation. Most optical stimulation was performed with pulsed lasers operating with
near-infrared (NIR) light and in thermal confinement. Under these conditions, the coexistence of
laser-induced optoacoustic stimulation of the cochlea (“optophony”) has not been analyzed yet.
This study demonstrates that pulsed 1850-nm laser light used for neural stimulation also results in
sound pressure levels up to 62 dB peak-to-peak equivalent sound pressure level (SPL) in air. The
sound field was confined to a small volume along the laser beam. In dry nitrogen, laser-induced
acoustic events disappeared. Hydrophone measurements demonstrated pressure waves for laser
fibers immersed in water. In hearing rats, laser-evoked signals were recorded from the cochlea
without targeting neural tissue. The signals showed a two-domain response differing in amplitude
and latency functions, as well as sensitivity to white-noise masking. The first component had
characteristics of a cochlear microphonic potential, and the second component was characteristic
for a compound action potential. The present data demonstrate that laser-evoked acoustic events
can stimulate a hearing cochlea. Whenever optical stimulation is used, care must be taken to
distinguish between such “optophony” and the true optoneural response.
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I. Introduction
NEURAL stimulation with near-infrared (NIR) optical radiation has been suggested as an
alternative to neural stimulation with electrical current. Such optical stimulation is possible
in peripheral nerves [1]–[6] and in the cochlea [7]–[10]. The potential advantages of optical
stimulation include the absence of physical contact between neural tissues and the
stimulation source and the high spatial selectivity of optical stimulation compared to
electrical stimulation. However, the method also has its limitations. Tissue between the
radiation source and the neurons can be a confounding factor for stimulation. The tissue may
scatter or absorb the radiation. Both will result in a need for increase of the radiation
exposure to stimulate the target tissue. Scatter of the radiation will spread the stimulation,
while absorption will result in heating and subsequent damage of the overlying structures.

The laser parameters recently used for optical stimulation include radiation wavelengths
between 1850 and 2120 nm, pulse lengths between 5 µs and 10 ms, and radiant exposures up
to 2 J/cm2. The laser–tissue interaction thus takes place in so-called “thermal confinement.”
In thermal confinement, even at low energies used to stimulate the neurons, the fast heating
of the small volume in front of the optical fiber results in expansion of this volume and in a
stress-relaxation wave. For neural stimulation in the cochlea, it is important to determine
whether this relaxation wave is audible and constitutes a confounding factor for neural-
stimulation techniques. Although it has been well established that audible acoustic events
appear at high stimulus energies [11], [12] or in the condition of stress confinement [13],
acoustic events in the thermal confinement at low energies have not been investigated in
vivo and their spatiotemporal characteristics have not been provided yet. For the potential
use of neuronal optical stimulation in the cochlea, the awareness of generated pressure
waves is highly important. Laser-induced pressure waves might interfere with auditory-
nerve stimulation by stimulating remaining hair cells. On the other hand, laser-induced
pressure waves could also serve as a new mechanism for sound stimulation in the hearing-
impaired cochlea [14].

II. Material and Methods
A. Laser Stimulation

Optical stimulation was performed with a diode laser (Capella, Model R-1850, Aculight)
with 1850-nm wavelength and variable pulse energies. The laser was operated at 33 or 100
Hz repetition rate. The radiation was coupled to an optical fiber (5 m length, NA 0.22 ±
0.02) with 200 µm core diameter (Ocean Optics, VIS/NIR, FL). The overall stability of the
laser output was maintained by internal closed feedback loops that regulated the diode
temperature (and thus, the emission wavelength) and output energy. Different output
energies per pulse, 1 mm from tip of the optical fibers, were determined in air with an
energy meter (Coherent J50LP-1A with 3Σ Coherent, FL). For comparability with previous
reports all energies were related to the 200 µm core diameter of the used glass fiber.
Dependent on the selected laser-setting radiant exposure ranged from 0.004 to 0.35 J/cm2.

During the experiments, the optical fiber was mounted on a three-axis micromanipulator
(MM33, Narishige, Japan). The optical fiber was oriented onto the capsule of the middle
cochlear turn (1 mm distance), next to the cochlea toward the inner wall of the bulla and
perpendicular to the bulla opening (in air). Timing of the laser was controlled by custom
written software (Audiology Laboratory, Otoconsult, Germany) from an external PC using a
National Instruments 6259 M-Series MIO card.
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B. In Vitro Experiments
1) Measurements in the Air—Sound-level measurements were conducted in a
soundproof booth using 1/2 in (type 2669c), 1/4 in (type 2670), and 1/8 in (type 4138)
microphones (Bruel & Kjær, Naerum, Denmark). Measured signals were amplified (Nexus-
Conditioning Amplifier, Type 2690-S02, Bruel & Kjær, filter 20 Hz–100 kHz) and recorded
with custom-written software (Audiology Laboratory). The measuring site was at the tip of
the optical fiber. The fiber was oriented parallel to the membrane of the microphone with 2
mm distance between the tip and the center of the microphone membrane (see Fig. 1(a)).
Laser pulse energies were varied and corresponding sound levels in front of the fiber were
recorded. Afterward, the distance between microphone and laser fiber was increased in
successive 2 mm steps, and a sound-level measurement (measured as peak-to-peak
equivalent, ppe SPL) was conducted at each step (see Fig. 1(c)).

In a second set of experiments, the fiber tip was oriented toward the center of the
microphone but did not touch the membrane of the microphone; it was oriented toward its
casing. The laser fiber was thus perpendicular to the membrane of the microphone. The fiber
tip was moved away from the microphone using 1 cm steps in each direction. At each
position, sound measurements were performed to create a 2-D sound field map (see Fig.
2(a)).

To verify that water vapor is the absorber for the optical radiation in air, qualitative
measurements were conducted while air humidity was changed. For the measurements, a
tube 5 cm in diameter and 30 cm in length was closed at both ends with wax paper. The
optical fiber was inserted at one end of the tube through the wax paper. At the opposite end,
a small hole (<1 mm) was made in the cover to allow constant gas flow through the
chamber. Near the end of the optical fiber, a small insertion hole was drilled into the
polyvinyl tube and a 1/8 in Bruel and Kjær microphone was inserted with the microphone’s
membrane parallel to the optical path. Sound-pressure measurements were conducted for
two conditions: 1) after the tube was ventilated for 2 min with dry nitrogen, and 2) after
breathing for approximately 5 min into the tube. The two conditions are described as dry and
humid.

2) Measurements in the Water—Sound-pressure measurements were also conducted in
a swimming pool (>50 m3). A hydrophone (Reson TC4013, Slangerup, Denmark) was
connected to a 24-bit soundcard (Hammerfall DSP Multiface, RME, Heimhausen, Germany)
of a notebook to register pressure waves in the water. The hydrophone was >2 m away from
the walls and the ground of the pool, as well as from the water surface. The tip of the optical
fiber was oriented perpendicular to the hydrophone with 5 mm distance to its membrane.

C. In Vivo Experiments
In vivo experiments were conducted on six adult rats. All experimental procedures were
approved by German state authorities and were in accordance with the EU and German
guidelines for animal research.

1) Rat surgery and Monitoring of Cochlear Function—Adult Sprague–Dawley rats
(age 1–3 month) were anesthetized with an initial intraperitoneal (i.p.) injection of 50 mg/kg
ketamine and 10 mg/kg xylazine. The level of anesthesia was monitored by the respiratory
rate and a paw-pinch withdrawal reflex. If needed, one-third of the initial dose was injected
to maintain deep anesthesia. Heart rate, respiratory rate, and temperature were monitored.
The body temperature was kept above 37 °C. A tracheotomy was performed and an
endotracheal tube was placed to ventilate the animal. End-tidal CO2 concentrations were
monitored throughout the experiment. Animal heads were secured in a headholder. To
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surgically access the cochlea, a retroauricular incision was made. Soft tissue and neck
muscles were dissected to access the bulla. The bulla was surgically opened and the lateral
wall was removed to access all turns of the cochlea including the round window niche. Care
was taken not to damage the tympanic membrane and the stapedial artery.

Cochlear function was confirmed using click-evoked auditory brainstem responses (ABRs).
For the measurements, two subcutaneous Ag/AgCl electrodes were inserted: one at the level
of the interauricular line and the other retroauricularly. For stimulation, 50 µs condensation
clicks (DT48, Beyerdynamic, Heilbronn, Germany) were applied through a plastic otoscopic
conus positioned into the external meatus (closed system). Sound levels were monitored for
calibration using a KE4 electric microphone (Sennheiser, Wedemark, Germany). Signals
were amplified 80 dB and were bandpass-filtered 0.5–5 kHz using an amplifier (V2) and
filter (F1, Otoconsult Company, Frankfurt, Germany). Responses to 100 click-stimulus
presentations were averaged. Cochlear function was considered normal if the ABR threshold
was below 40 dB SPL.

Subsequently, cochlear compound action potentials (CAPs) were recorded with a silver
electrode (impedance < 5 kΩ), which was secured at the bony rim of the round window. A
reference electrode was placed under the skin of the posterior neck. The signals were
preamplified 40 dB using a V2 amplifier (Otoconsult Company), further amplified 20 dB
and filtered (0.01–10 kHz; Amplifier F1, Otoconsult Company). The signals were digitized
with a 100 kHz sampling rate. The response to 100 stimulus presentations were averaged
and stored on the computer for offline analysis.

Laser-evoked CAPs (LCAP) were recorded afterward. In addition, they were acoustically
masked with a noncoherent white-noise signal (HP Noise Generator 3722A, Great Britain)
presented in a continuous fashion at different sound pressure levels via a calibrated DT48
loudspeaker (Beyerdynamic). The masker started 10 ms before the laser pulse and continued
for the entire recording.

III. Results
A. In Vitro Experiments

Pulsed NIR laser light (pulse duration: 100 µs) reproducibly generated an acoustic event (see
Fig. 1). In the time domain, two peaks of different polarity were recorded at the beginning
and the end of the laser pulse, respectively (see Fig. 1(b)).With increasing distance between
fiber tip and the microphone, a decrease in sound pressure was observed (see Fig. 1(c)).
Increasing the radiant exposure lead to higher peak pressures (see Fig. 1(d)). Repetition rates
between 2 and 33 Hz, and wavelengths between 1845 and 1855 nm revealed no measurable
difference between the peak-pressure levels obtained 2 mm from the optical fiber tip (data
not shown).

Next, a 2-D sound field was determined using a 1/2 in Bruel & Kjær microphone. The sound
field was confined to a cylinder along the optical path of the fiber’s direction. Peak sound
pressure levels reached a maximum of 62 dB ppe SPL close to the fiber’s tip. Even at a
distance of 8 cm from the optical fiber’s beam, peak-pressure levels of 44 dB ppe SPL were
detected (see Fig. 2(a)). In the center of the sound field, the same onset latency was
measured along a distance of 4 cm in front of the fiber. However, perpendicular to the
fiber’s tip, the delay increased with increasing distance, 3 cm away from the fiber resulting
in a delay of 0.06 ms (see Fig. 2(b)).

To investigate whether water vapor might be the absorber for optical radiation in the air,
sound-level measurements were conducted in a closed tube under humid and dry conditions.
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In the humid condition, which was generated by breathing into the tube, a similar sound
event was recorded as in room air. However, when the humid air was replaced by dry
nitrogen, no pressure waves could be elicited (see Fig. 3). This indicates that the absorption
of the radiation by oxygen, carbon dioxide, or water, and the subsequent conversion of the
radiation into heat generated the pressure. Based on the absorption characteristics of the NIR
radiation, water is the most probable candidate [15].

To support this conclusion, acoustic measurements were also performed in water. For this
purpose, hydrophone recordings were conducted in a large swimming pool (>50 m3). For
the given experimental conditions, wave reflections from the pool walls are minimized and
would occur >2 ms after the initial stimulus (thus would not interfere with the original
event).With 0.35 J/cm2 radiant exposure, hydrophone recordings of 31 mPa or 89.9 dB ppe
(N.B.: for water, the reference value of 1 µPa was used) were recorded at 5 mm distance
from the fiber’s tip (see Fig. 4). In summary, pressure waves appear with the present laser
settings also in fluids.

B. In Vivo Experiments
Before initiation of laser stimulation in the cochlea, cochlear function was determined using
click-evoked ABRs. The average ABR threshold was 35 ± 4 dB SPL (n = 6). Opening the
bulla elevated the thresholds on average by 5 ± 3 dB SPL, and thus, affected the hearing
threshold minimally.

1) Laser Stimulation of the Hearing Rat Cochlea—Laser-evoked CAPs (LCAPs)
could be recorded with laser stimulation at the round window and along the cochlea.
Depending on the orientation of the optical fiber, the response pattern recorded at the round
window changed. When the optical fiber was oriented toward the round window or the
cochlea 1 mm from the cochlear middle turn, a two-component signal was obtained (see Fig.
5(a)). The first component (peak) revealed a short latency and a small amplitude; the second
component (peak) yielded a longer latency and larger amplitude (see Table I). To examine
the effect of the optical fiber’s position on the recorded signal, different stimulation
configurations were tested. While the laser beam was scanned over the cochlea or was
located close to the cochlea, the two-component signal was elicited. Increasing the distance
of the laser beam from the cochlea, both components decreased in amplitude so that only the
second (larger) component remained when the laser beam was directed away from the
cochlea (see Fig. 5(b)). Interestingly, the distance of the tip of the fiber from the cochlea was
less important than the distance of the laser beam (see Section IV). In summary, the first
response appeared only if the laser beam was very close to the cochlea; however, the second
component could also be recorded in conditions where the laser beam was located further
away.

With the laser beam oriented toward the center of the cochlear middle turn, the radiant
exposure was varied and the corresponding LCAP threshold was determined in six cochleae
(see Fig. 6(a) and (b)). Amplitudes of the first component were up to ninefold smaller than
those of the second component. The mutual relation of the amplitudes of the first and the
second component in LCAP varied considerably. In no experiment, however, were the
amplitudes of the second LCAP component smaller than those of the first one (see Table I).
The threshold was determined for the first and the second LCAP component and was of 0.05
and 0.004 J/cm2, respectively. Amplitudes for the first component increased almost linearly
with increasing laser radiant exposures (see Fig. 6(a)), as did the sound pressure levels
measured with a microphone (see Fig. 1(d)) with radiant energies higher than 0.12 J/cm2.
Amplitudes for the second component increased fast from their thresholds to reach a plateau
at radiant exposures higher than 0.12 J/cm2 (see Fig. 6(a)).
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Above threshold radiant exposures, average latencies for the first component did not change
considerably and were in a range between 0.25 and 0.29 ms. Average latencies of the second
component, however, revealed a systematic decrease from 2.1 ms at threshold radiant
exposures of 0.004 J/cm2 to 1.12 ms at 0.35 J/cm2 (see Fig. 6(b)).

2) Masking Experiments—LCAPs were masked by simultaneous presentation of
noncoherent white noise via a speaker. When the optical fiber was directed onto the cochlear
middle turn (resulting in a two-component LCAP), the second component could be masked,
whereas the early component decreased in amplitude (at maximum 10%) at high masking
levels only (see Fig. 7(a)). The first component was thus difficult to mask by white noise.
With the laser fiber at a greater distance to the cochlea, only the late component was
recordable and could be completely masked by white noise (see Fig. 7(b)).

IV. Discussion
The present experiments revealed that pulsed NIR laser light with pulse lengths in the
microseconds to milliseconds range generates an audible acoustic wave. Such an event is
generated both in humid air as well as in water, and it can activate a hearing rodent cochlea.
In addition to a response to direct neuronal stimulation, NIR lasers can also acoustically
stimulate a hearing cochlea, generating an “optophonic” response.

A. Potential Mechanisms
The interactions between the incident radiation from a laser and the tissue can be described
as photochemical, photomechanical, or photothermal. Therefore, radiation wavelength, pulse
duration, radiant exposure of the laser, scattering, and absorption properties of the target
tissue will determine which of the three mechanisms will dominate the laser–tissue
interaction. For the NIR laser used in the present experiments, the photochemical interaction
is unlikely.

When laser heating takes place in a time shorter or comparable to the time needed to initiate
a collective motion of molecules within the absorbing target, this process is referred to as
stress confinement and occurs for pulse duration under 1 µs.

For pulse durations longer than 1 µs but shorter than 200 ms, the optical energy delivered by
a single pulse accumulates in the irradiated tissue before any of the heat can dissipate by
conduction or convection and thermal confinement appears [16], [17]. The heating of a
confined volume will result in an expansion of this volume, which can also be transmitted as
an expansion wave.

All present experiments were performed in thermal confinement, comparable to previous
studies using pulsed 1850-nm laser light [7]–[10]. As a result of the low-radiant exposures
required for the optoneural cochlea stimulation (threshold 0.004 J/cm2), the generation of
pressure waves was thought to be negligible. This study demonstrated that even with low-
radiant exposure (0.004 J/cm2), laser-induced activation of the cochlea by sound waves
takes place.

The question for this study was whether this expansion wave is audible. In general,
photoacoustic (optoacoustic) effects are not a novel discovery. The description of a
photoacoustic effect dates back to the year 1880 [18]. Optoacoustic sound generation by
lasers is nowadays technically exploited with absorption in solids [19], liquids [20], and
gases [21]. To our knowledge, this study is the first describing that the NIR-laser light used
for direct neural stimulation at low-radiant exposures produces an audible pressure wave
when operating in thermal confinement.
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B. In Vitro Experiments—Pressure Waves in Air and Water
To test the pulsed 1850-nm laser for recordable sound phenomena, microphone recordings
were performed in room air and water. In water, the absorption of 1850-nm laser light is
reported with lλ=1850 nm ≈ 0.84 mm [15]. As the experiments presented here show, this
absorption is sufficient to generate an acoustic pressure wave.

In air, the recorded pressure waves were most likely generated by the absorption of laser
radiation in water vapor. With ambient conditions during the experiment being 21 °C and
35% relative humidity an absolute humidity of 6.46 g/m3 or 0.358 mmol/cm3 (molar mass of
water 18.015 g/mol) can be calculated. Thus, with the absorption of water using the
Lambert–Beer law, a length constant of 1/(ε′c) = lλ=1850 nm ≈ 13.0 cm results for these
conditions. Hence, the laser absorption is not restricted to a small volume at the outlet but to
an extended narrow cone in front of the fiber. The power density along the direction of the
laser beam at a distance d from the fiber exit is given by

where r is the radius of the laser beam at a distance d from the optical fiber tip, ε′ the molar
absorption coefficient of water and c the concentration. Assuming a linear relationship
between sound pressure and power density, the data correspond qualitatively well, showing
a “stripe-like” sound source with decreasing intensity along the laser beam (see Fig. 2(a)).
However, in biological environments, the parameters might differ substantially from the
above considerations (e.g., 44.2 g/m3 H2O at 100% relative humidity and 37 °C), leading to
a less extended sound generation site and more spherical wavefront.

Whereas sound pressure waves in air reached up to 62 dB ppe SPL, well in the audible
range, the latencies of the sound signals in front of the laser fiber were consistent with an
axially extended sound source along the center beam path (see Fig. 2(b)). Peak pressures
appeared simultaneously along the laser beam axis but were delayed for off-axis positions.
For the sound propagation velocity in air (t = 20 °C) of 343 m/s, a delay of 0.089 ms would
have been expected for a distance of 3 cm. In our experiment, the latency isocontour plot
(see Fig. 2(b)) revealed a time delay of 0.06 ms. The difference can be explained by
shortening the effective distance by the radius of the microphone (~0.63 cm) and the radial
extension of the generation site. This result demonstrates that the pressure wave is generated
along the laser beam and propagates sideways as a sound wave.

The cochlea is filled by endo- and perilymph, thus it is of interest to what extent laser-
induced sound waves exist when the absorbing volume is significantly decreased by
immersion in water. Measurements in a swimming pool showed that radiant exposures of
0.35 J/cm2 generated a sound pressure of 31 mPa in water. Within the cochlea, this 89.9 dB
ppe (referred to water with reference value 1 µPa) is enough pressure to cause either a direct
hair cell deflection or to set the basilar membrane into motion. Laser-induced pressure
waves in water are well documented for experiments with high local absorption [22], [23].

Recently, 10 ns pulses of green laser light (532 nm) were used to vibrate circumscribed parts
of the Guinea pig basilar membrane [14], [24] with the goal of restoring outer hair cell
function. The green laser is not absorbed in water but in cellular structures and operates in
stress confinement and not in thermal confinement as the laser used in this study. Regardless
of the underlying optomechanical process, highly focused laser-induced pressure waves
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yield an interesting approach for stimulating the hearing impaired cochlea, but may have the
disadvantage of acoustically generated artifacts in pure neural applications.

C. In Vivo Experiments—The “Optophonic” Response
With the present experiments, we have demonstrated that the pressure wave generated by
low-level pulsed NIR-laser light is sufficient to evoke a cochlear response through
acoustical stimulation of a hearing cochlea. This happened with laser pulses in the
microsecond range, far away from the region of stress confinement. Measurements in
hearing rats revealed a two-component LCAP when the optical fiber was close to the
cochlea and a single LCAP when the fiber was further away from the cochlea. The single-
component LCAP and the late component of the two-component LCAP revealed a mean
latency of 1.34 ms and could be masked by acoustic white noise (see Fig. 7(a) and (b)), thus
showing all characteristics of an acoustic CAP response (see Table I). In adult cats, CAP
latencies are reported between 1.2 and 1.8 ms, depending on stimulus intensity [25]. This
corresponds to the here presented LCAP mean latency of 1.34 ms. In rats, acoustic
brainstem audiometry (ABR) wave I latencies (generated in the auditory nerve) were
published that are close to the here determined CAP latency: wave I latencies in rats were
1.52–1.6 ms for sinusoidal stimulation at 8 and 6 kHz, respectively [26], and about 1.55 ms
[27] for 60 dB SPL clicks.

This study analyzed laser-induced sound waves generated by low laser pulse energies. In the
experiments, optophonic responses could be recorded with radiant exposure down to 0.004
J/cm2. Based on the present results, the second response of LCAP represents a cochlear
response to the sound elicited by the laser. In analogy to the “electrophonic response” [28],
it thus represents an “optophonic response”—a response of the hearing cochlea (hair cells)
to the laser. In contrast to electric stimulation, however, this response is not due to direct
hair cell stimulation, but due to an indirect acoustic event generated by the laser beam when
it hits water molecules.

D. First LCAP Component
In addition to the second component, another response with a shorter latency could be
recorded when the laser fiber targeted the cochlea or was positioned very close to the
cochlea. This response was more difficult to mask and had a short latency (0.27 ms).
Latencies of afferent axons responses have been above 0.8 ms [29], much longer than the
present first component. One possible source of the signal would be a direct stimulation of
primary afferent neurons through the cochlear wall (optoneural effect). The aforementioned
latency of 0.27 ms, however, is much shorter than latencies obtained with direct electrical
stimulation of the auditory nerve. For example, latencies of electrically evoked CAP with
monophasic current pulses delivered to a monopolar intracochlear electrode (cathodic
stimuli) have P2 latencies from 0.67 to 0.82 ms for cats and from 0.65 to 0.75 ms for Guinea
pigs [30]. The short latency of the first LCAP component and its linear relation to radiant
exposure makes a transcochlear optoneural stimulation in the present setup (stimulation
from outside of the cochlea) improbable. In addition, the long pathway of the laser to the
neurons, passing through water like perilymph (a good absorber) and bone, makes a direct
stimulation unlikely. Another candidate for the early signal would be bone conduction
versus air conduction. However, bone conduction has been reported with longer, not shorter,
latencies than air conduction, and thus, yields no explanation for the short latency of the first
component [31], [32]. Artifacts caused by laser light interactions with the electrode could be
ruled out since the signal disappeared ~4 min postmortem in the euthanized animal.

A possible explanation for the early component is a cochlear microphonic potential (CM).
CMs generated in hair cells have latencies of 0.2–0.5 ms [33], and are known to have a
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similar relation of amplitudes to sound pressure level. Dependent on sound frequency, a
linearity remains up to a “limit of linearity,” above which the input–output function flattens
[34]. In Guinea pigs, a linear increase of CM could be recorded with acoustic stimuli up to
80 dB SPL, and even at 100–110 dB SPL, a further increase in CM amplitude is reported
[35].As the sound pressure level of the acoustic event increases in an almost linear fashion
with radiant exposure above 0.08 J/cm2 (see Fig. 1(d)), the first component could represent
CMs. When stimulating with laser pulses of longer duration (up to 2 ms) in vivo, signals of
different polarity were revealed at the on- and offset of the laser pulse when masking the
CAP with noise (data not shown). This result closely corresponds to the signal picked up by
the microphone, again corresponding to the microphonic potentials. The difficulty to mask
CM by white noise is easy to explain: masking CAPs acts by desynchronizing the action
potentials of the auditory nerve. In microphonics, such desynchronization unlikely takes
place; microphonics reflect the salient properties of the basilar membrane vibrations and not
the properties of the auditory nerve fibers and the laser response can still be found in the
average. Similarly, click-evoked CMs were difficult to mask with white noise (data not
shown).

In conclusion, the laser beam not only generates a pressure wave in thermal confinement
condition, the cochlea of an animal also responds to this pressure wave by generating a CM
response and a CAP. Optophonic responses must be considered one component of the
response of a hearing cochlea to pulsatile laser stimulation in microsecond range. Under
conditions used for neural stimulation, optoacoustic effects are serious by-products. It is
highly probable that previous reports represented a mixture of a true neural stimulation and
optoacoustic effects. More effort in controlling the animals hearing conditions is required if
the stimulated cochlea is only partially deaf.

E. Future Directions
The laser-induced neural stimulation of cochlear structures is an interesting alternative to
electrical stimulation with cochlear implants. Since laser fibers are small and flexible, an
insertion into the cochlea as with traditional cochlea implant electrodes could be possible. A
previous study on the insertion force of laser fibers revealed similar forces as those produced
with traditional CI electrodes [36]. Thus, research facilities in the auditory field should
explore the potential of optoneural cochlea stimulation to restore hearing loss as an
alternative to electrical stimulation. However, the acoustic component during neural laser
stimulation could also yield a disturbing artifact that has to be overcome in a partially deaf
cochlea. Considering patients with residual hearing only as candidates for optical cochlear
implants, the acoustic by-product might be negligible. More studies in deafened cochleae are
aim of a next study.

Combining the optoacoustic stimulation of cochlear structures (optophonic hearing) with
direct laser stimulation of neural tissues within the cochlea (optoneural hearing) has a
potential for a new generation of optically driven cochlear implants. Further studies need to
analyze different laser wavelengths, pulsewidths, and repetition rates on multiple locations,
in hearing and deafened cochleae, to reveal the optimal parameters for both optophonic and
optoneural stimulation in the mammalian cochlea.
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Fig. 1.
(a) 200 µm laser fiber relative to the recording microphone. Initially, the fiber tip was 2 mm
away from the center of the microphone with its axis parallel to the microphone membrane.
From there, it was removed in 2 mm steps. (b) Biphasic sound signal (asterisks) generated
by a 100-µs laser pulse and 0.05 J/cm2 radiant exposure. The laser fiber is positioned at the
starting point described in (a). Laser onset at 0 ms. Note: The time between the two pressure
peaks is exactly 100 µs (see inset). The baseline returns back to 0 mPa within 5 ms. (c)
Sound pressure levels [peak-to-peak equivalent] of the recorded signal with increasing
distance between laser fiber and microphone (n = 4). The solid line represents mean ±
standard deviation. Gray lines represent single measurements. λ = 1850 nm, 33 Hz, 100 µs
pulsewidth and 0.35 J/cm2. (d) Sound pressure levels [peak-to-peak equivalent] of the
recorded signal with different radiant exposure (n = 4). The laser fiber is positioned at the
starting point described in (a). The solid line representsmean±standard deviation. Gray lines
represent single measurements. λ = 1850 nm, 33 Hz, 100 µs pulsewidth.
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Fig. 2.
(a) Sound field measured in front of the 200 µm diameter laser fiber. The fiber tip position
was at 0 on the abscissa.A1/2-in microphone was retracted along the x-axis. Laser settings:
λ = 1850 nm, 0.17 J/cm2 radiant exposure, 50.5 µs pulsewidth, and a 33 Hz repetition rate.
(b) Latency differences of the laser-induced sound pressure waves depicted in (a). Note that
almost no latency shift could be measured along the center beam pathway (at 0 cm on the
ordinate) with increasing distance up to 8 cm. Perpendicular to the length of the center beam
latency shifts could be noticed (3 cm perpendicular to the center beam at 0 cm distance
latency differences were 0.06 ms).
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Fig. 3.
Recorded sound pressure levels over time in front of a 200 µm diameter fiber positioned in a
sealed tube filled with two different types of gases (nitrogen versus exhaled air). Note that
no sound pressure could be measured in pure nitrogen gas. Laser settings were λ = 1850 nm,
33 Hz repetition rate, 100 µs pulse 0.35 J/cm2 radiant exposure.
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Fig. 4.
Hydrophone signal in mPa after immersing the 200 µm fiber in a large swimming pool. The
tip of the fiber was ~5 mm away from the hydrophone, positioned perpendicular to the
microphone axis (like in Fig. 1a). Laser onset indicated by arrow. Laser settings: λ = 1850
nm, 0.35 J/cm2 radiant exposure, 100 Hz, 100 µs pulsewidth.
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Fig. 5.
(a) LCAP recorded with a 200 µm fiber oriented toward the middle cochlear turn. The
distance between the fiber tip and the cochlea was 1 mm. Laser settings: λ = 1850 nm, 33
Hz, 100 µs pulsewidth 0.35 J/cm2 radiant exposure. Laser onset was at 10 ms (arrow). Note
the two components of the CAP at 0.3 ms (+) and 1.14 ms (*) poststimulus. The amplitudes
were 1.9 and 2.8 mVpp, respectively. (b) LCAP recorded with a 200 µm fiber oriented 2 mm
next to the cochlea inside the bulla. Laser settings as above. Only the second component (*)
at 1.26 ms latency showed up with a smaller amplitude of 1.9 mVpp. Note: Different
ordinate ranges in (a) and (b).
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Fig. 6.
(a) Peak-to-peak amplitudes of LCAP caused by laser stimuli at varying radiant exposures,
fiber diameter 200 µm, λ = 1850 nm, 33 Hz, 100 µs pulsewidth. (b) Category plot of
letencies of LCAPs recordings in respect to radiant exposure for the first and second
component shown in (a).
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Fig. 7.
(a) Masking of laser-evoked LCAPs measured at the round window niche. Radiant exposure
for stimulation of the middle cochlear turn was 0.28 J/cm2, 33 Hz, and 100 µs pulsewidth.
Laser onset was at 1 ms (arrow). Noncoherent white noise was used for masking: 27–97 dB
SPL with increasing levels at 5 dB steps. (b) Masking of LCAPs measured at the round
window niche after orienting the 200 µm fiber next to the rat cochlea (laser setting and
masking as in (a).
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