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Green laser light activates the inner ear
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1 Introduction

An estimated 278 million people worldwide are living with
disabling hearing impairment (at least moderate hearing loss

Abstract. The hearing performance with conventional hearing aids
and cochlear implants is dramatically reduced in noisy environments
and for sounds more complex than speech (e. g. music), partially due
to the lack of localized sensorineural activation across different fre-
quency regions with these devices. Laser light can be focused in a
controlled manner and may provide more localized activation of the
inner ear, the cochlea. We sought to assess whether visible light with
parameters that could induce an optoacoustic effect (532 nm, 10-ns
pulses) would activate the cochlea. Auditory brainstem responses
(ABRs) were recorded preoperatively in anesthetized guinea pigs to
confirm normal hearing. After opening the bulla, a 50-um core-
diameter optical fiber was positioned in the round window niche and
directed toward the basilar membrane. Optically induced ABRs
(OABRs), similar in shape to those of acoustic stimulation, were elic-
ited with single pulses. The OABR peaks increased with energy level
(0.6 to 23 u)/pulse) and remained consistent even after 30 minutes
of continuous stimulation at 13 uJ, indicating minimal or no
stimulation-induced damage within the cochlea. Our findings demon-
strate that visible light can effectively and reliably activate the cochlea
without any apparent damage. Further studies are in progress to in-
vestigate the frequency-specific nature and mechanism of green light
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in the better hearing ear), and this number is rising, mainly
due to a growing global population and longer life
expectations.” For hearing, sound pressure waves from the
environment enter the outer ear, pass through the middle ear

ossicular chain, and form sound pressure waves within the
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the cochlea, transduces sound pressure waves into electrical
signals that are then passed to the brain via the auditory nerve.
The above-mentioned mechano-electrical transduction takes
place in the sensory cells of the inner ear, the so-called hair
cells. The deflection of their apical stereocilia under the fluid
movements in the inner ear causes the hair cells to depolarize.
The mechanical induced electrical signal is then transmitted to
the dendrites of the spiral ganglion cells, the first neuron of
the auditory pathway. There are two types of hair cells: inner
hair cells and outer hair cells. The outer hair cells serve to
modulate the vibrations within the cochlea,2 and their loss
results in varying degrees of sensorineural hearing loss but
not deafness. The inner hair cells serve as the main afferent
input into the central auditory system. Loss of inner hair cells
results in complete deafness.’

Traditionally, electrical neural stimulation has been used to
bypass the nonfunctional peripheral sensory organ, the co-
chlea, to reasonably restore some auditory function, such as
speech perception.4 Mechanical energy, either through acous-
tic amplification or direct vibration transmitted to the inner
ear, has also been effectively used for hearing aids.’ However,
the aided hearing performance is dramatically reduced in
noisy environments and for more complex sounds of daily life
(e.g., multiple talkers). In part, this limited performance has
been attributed to the lack of localized sensorineural activa-
tion across different frequency regions with these devices.
Therefore, alternative stimulation strategies and technologies
need do be developed to enable more appropriate and specific
activation, especially for varying conditions associated with
sensorineural hearing loss.

Laser light, as a source of energy, can be focused in a
controlled manner and thus may be a promising technology
for frequency specific activation of the cochlea. Light has
been used as a tool for tissue activation for more than
100 years,” and laser light has been used as early as 1971.
The first nonablative laser application into the inner ear, the
cochlea, was reported by Wenzel et al. in 2004.* The authors
showed that laser irradiation of the cochlea with a 600-nm
pulsed dye laser can change collagen organization within the
basilar membrane, a method that may be used to modulate
cochlear mechanics and induce changes in cochlear tuning.
The first report on auditory nerve activation with mid-infrared
light as an alternative to electrical stimulation was reported by
Izzo et al. in 2006.” The authors showed that it is possible to
stimulate the auditory nerve with optical radiation of a Hol-
mium: YAG laser, with a wavelength of 2120 nm, a pulse du-
ration of 250 us, operating at 2 Hz. The stimulation threshold
was measured as 0.018 = 0.003 J/cm? (mean + SE). No neu-
ral damage could be detected even for hours of continual
stimulation.'® In addition, the immunohistochemical staining
for the transcription factor c-FOS, further demonstrated that
optical stimulation can provide spatial selectivity of
stimulation."" Richter et al.'* demonstrated that in chronically
deaf animals, optically evoked cochlear action potential
(CAP) thresholds were correlated with the number of surviv-
ing spiral ganglion cells and the optical parameters that were
used for stimulation. The mechanism responsible for the neu-
ronal activation with mid-infrared laser pulses has been sug-
gested to be photothermal.g’13

The approaches using infrared laser light as a stimulation
method for peripheral nerve activation target patients with
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severe to profound sensorineural hearing loss (i.e., significant
loss of functional hair cells). However, a large proportion of
hearing impaired individuals have residual hearing and func-
tional inner hair cells that can still be activated. Unfortunately,
many do not receive sufficient sound information from con-
ventional hearing aids, which is partially due to the lack of
specific activation of different cochlear regions and/or func-
tional outer hair cells (i.e., the cochlear amplifier responsible
for frequency tuning). In these individuals, an alternative
technology that could enable specific cochlear activation
while preserving and using residual hearing could provide sig-
nificant improvements in overall hearing performance. It has
become increasingly evident that combining residual hearing
with cochlear implant stimulation provides dramatic hearing
improvements,'* arguing for a technology that preserves and
enhances rather than replaces the residual function of the co-
chlea. This may be achieved by inducing controlled vibration
within the cochlea to selectively activate the residual func-
tioning inner hair cells. Encouragingly, it has been recently
shown that basilar membrane vibration is possible through
application of an 813-nm-wavelength laser.”> However, light-
evoked responses appeared vulnerable to repeated exposure in
which there was a decline in cochlear sensitivity and me-
chanical activation over time. These undesirable effects may
have been caused by the excessive thermal effects of repeated
50-us pulse stimulation of cochlear tissue.

Considering that we are interested in stimulating the re-
maining functional sensory cells as physiologically normal as
possible and for an indefinite period of time in hearing
impaired-patients with residual hearing, we sought to deter-
mine if controlled activation of the cochlea without significant
functional damage due to heating could be achieved using
laser light. Depending on the laser wavelength, pulse dura-
tion, and intensity, it is possible to induce a brief and localized
thermal expansion of tissue that results in an acoustic tran-
sient within the so-called stress confinement regime (i.e., the
laser pulse duration is shorter than the time the acoustic wave
needs to cross the irradiated tissue volume) with minimal
heating effects.'®"’

As a proof of principle study, we initially assessed whether
532-nm laser light with a short pulse duration (10 ns) could
be used to effectively and reliably activate the cochlea in a
guinea pig model. We selected this laser wavelength to have
less absorption by water and through this to also minimize
thermal effects on the sensory cells within the organ of Corti.
If this could be achieved, then further investigations as to the
actual mechanism as well as frequency-specific nature of
green laser light activation of the cochlea would be justified.

2 Material and Methods
2.1  Animal Model

Pigmented guinea pigs (Charles River Laboratories, Solingen,
Germany) of either sex (300 to 600 g) were used for our
study according to the guidelines of The Animal Care and Use
Committee of the Medical University of Hannover and Lower
Saxony. They were initially anesthetized with 40 mg/kg of
ketamine (Ketanest, Albrecht, Aulendorf/Wiirttemberg, Ger-
many) and 10 mg/kg xylazine (Rompun, Bayer Health Care,
Leverkusen, Germany) and maintained with 1/4 to 1/2 of the
initial dosage every 30 to 60 minutes to maintain an areflex-
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Fig. 1 Diagram of the experimental setup. (a) Retroauricular incision
in a guinea pig and positioning of the recording electrodes at the
vertex (V), mastoid (M), and ground (G). (b) Magnified view of the left
ear with the optical fiber (F) positioned in the round window (RW)
niche and directed toward the basilar membrane (BM) of the basal
turn (BT), which is anchored medially to the osseous spiral lamina
(OSL). Tympanic membrane (T); outer ear canal (E); and second turn
of the cochlea (ST). (c) Further magnification of a section through the
cochlear duct. Three rows of outer hair cells and one row of inner hair
cells reside on the BM within the organ of Corti. The BM is fixed at the
OSL medially and the spiral ligament laterally. Auditory nerve fibers
connect the hair cells with the central auditory pathways. The path of
the laser beam onto the basilar membrane is shown (white area).

ive state. We also provided 0.05 mg/kg of the anticholinergic
agent Robinul (Riemser Arzneimittel, Greifswald-Insel Ri-
ems, Germany) intramuscularly, 5 mg/kg of the analgesic Ri-
madyl (Pfizer, Karlsruhe, Germany), and 13 ml/kg Ringer
solution subcutaneously. Throughout the experiment, the body
temperature was maintained at 38 °C using a water heating
pad.

2.2 Surgical Technique

We performed a retroauricular incision to expose and open the
left tympanic bulla to visualize the round window (RW) mem-
brane. After stabilizing the head with a custom-made holder,
we inserted a 50-um core-diameter optical fiber into the bulla
using a micromanipulator (H.Saur, Reutlingen, Germany).
The fiber was positioned near the RW membrane and directed
toward the basilar membrane (BM) and osseous spiral lamina
(OSL) (Fig. 1). In additional experiments, we also opened the
RW membrane and inserted the fiber into the cochlea pointing
towards the BM and OSL.

2.3 Laser Stimulation

For stimulation, we used a 532-nm Nd:YAG laser (Quantel
Brilliant BW, France) that delivers 10-ns pulses with a repeti-
tion rate of 10 Hz. We recorded optically induced auditory
brainstem responses (OABRs) to varying energy levels (radi-
ant exposure 0 to 23 wl/pulse, 500 repetitions/average) and
compared them to acoustically driven auditory brainstem re-
sponses (AABRs) recorded preoperatively [Fig. 2(a)].

2.4 Measurement of ABR

The acoustic stimuli were delivered monaurally through poly-
urethane foam ear tips connected via plastic tubes to cali-
brated transducers (TIP-300 Tubal Insert Phone, Nicolet Bio-
medical, Inc., Fitchburg, Wisconsin). Since the AABRs were
initially used to confirm normal hearing thresholds in our ani-
mals, we stimulated with varying levels from 10 to 90 dB
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Fig. 2 ABRs to varying levels of acoustic and optical stimulation. (a)
Level series of ABRs to acoustic click stimulation, and (b) a similar
trend of activity to optical radiation energy. The arrows point to the
measured wave V magnitude. (c) Input—output functions for laser
stimulation (thin lines: each individual animal, solid line: average of
the animals) and for acoustic stimulation 30 to 120 dB SPL (inset at
the bottom-right of the graph) based on wave V of the ABR curves. For
better visualization of the data, we have normalized each optical
curve by the maximum magnitude value across levels for each
animal.

SPL in 10-dB steps for clicks (100-us duration, alternating
polarity). The contralateral (right) ear was masked with white
noise 30 dB below stimulus level for the left ear. All record-
ings were obtained in an electrically shielded and sound at-
tenuated chamber using the Nicolet Viking IV system (Nicolet
Biomedical, Inc.). Subdermal needle electrodes (Subdermal
EMG Needle Electrodes, 12 mm, Medtronic Xomed, Jack-
sonville, Florida) were placed at the vertex (reference), at the
right and left mastoids (signals), and in the neck muscles
(ground). Each recorded signal was filtered between 300 and
3000 Hz and averaged across 500 trials. Threshold was de-
fined as the lowest stimulus level that generated a visually
detectable waveform. For acoustic stimulation, thresholds
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Fig. 3 ABRs to acoustic (AABR), optical (OABR), and electrical (EABR) stimulation in normal hearing and chronically deafened animals. (a) ABR
and OABR examples showing similar amplitudes between activation at 90 dB SPL and 10 wuJ/pulse, respectively. The two last curves present the
control recordings to 0 uJ of energy and 30 wJ/pulse in the soft tissue underneath the bulla, which demonstrate that the laser needs to irradiate an
absorbing structure that can transmit vibrations to the cochlea in order to activate it. (b) The first and second recordings present responses to
acoustic stimulation of the animal before and after deafening, respectively. The last three curves demonstrate that optical stimulation did not elicit
brainstem responses (OABR), while electrical stimulation did elicit activity (EABR) in the deafened animal, excluding a direct neural activation
mechanism for optical stimulation as well as proving the viability of spiral ganglion cells after deafening. (c) Stimulation of the cochlea with 13 uJ
over 30 min did not cause any electrophysiologically apparent damage, as demonstrated by the constant amplitudes of the responses throughout

the stimulation period.

were considered normal if they were below 40-dB SPL for
click stimuli.

2.5 Deafening Procedure

To assess if OABRs resulted from direct activation of the
cochlea or the auditory nerve, we stimulated deafened guinea
pigs (i.e., those without functional hair cells). For deafening,
we administered a single intraperitoneal injection of
400 mg/kg body weight kanamycin (American Pharmaceuti-
cal Partners, Inc., Schaumburg, Illinois) followed 2 h later by
an intravenous injection of 25 mg/kg body weight ethacrynic
acid (Merck & Co., Inc., Whitehouse Station, New Jersey).
Acoustic thresholds were measured before deafening, one
week after the deafening procedure, and before the animals
were used for the experiment. The lack of an AABR response
at 100-dB sound input was selected as the criterion for a
successful deafening procedure. To ensure a functional audi-
tory nerve in these deafened guinea pigs, we also obtained
ABRs to electrical stimulation. Electrical stimulation was per-
formed with a monopolar ball electrode inserted into the co-
chlea through the round window and a ground electrode
placed into the neck muscle. We presented single biphasic
50-us pulses at a rate of 50 pulses/s. The pulse level varied
from 25 to 160-pA in 5 pA steps.

We used a total of 18 guinea pigs for this study. The first
10 animals were used to develop the irradiation technique and
surgical approach. All presented data are based on the findings
across the remaining 8 animals.
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3 Results
3.1 Laser Stimulation of Hearing Animals

In response to 532-nm pulses applied at round window level,
optical-induced auditory brainstem responses (OABRs) could
be recorded [Fig 2(b)]. All OABRs exhibited the classical
Jewett wave shape similar to the one obtained from acoustic
stimulation except for a shorter latency of about 0.8 ms (Figs
2(a) and 2(b); Figs. 3(a) and 3(c). Although the OABR peak
amplitudes varied slightly across animals, in all cases they
increased with increasing energy levels, generally reaching
saturation around 15 uJ [Fig. 2(c)]. This demonstrates that
cochlear activation can be systematically modulated with dif-
ferent levels of laser intensity, which is essential for an audi-
tory prosthesis. When normalizing the wave V magnitude ver-
sus level curve by the maximum magnitude value across
levels for each animal, the shape of those curves became quite
similar, demonstrating the consistency of 532-nm laser stimu-
lation at the RW across animals [Fig. 2(c)]. The OABRSs also
remained consistent to stimulation over time, including stimu-
lation at 13 wJ/pulse and 10 pulses/s for 30 min [Fig. 3(c)],
indicating minimal or no damage within the cochlea due to
our repeated laser stimulation. These findings are encouraging
as to the feasibility of laser stimulation for a new type of
auditory prosthesis.

The activity was quite similar whether we stimulated
through the intact RW or inserted the fiber through the RW,
demonstrating that the OABRs were not a consequence of
optical-induced vibration of the RW membrane [Fig 3(a)], but
the result of optical-induced activation within the cochlea.
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Since the activity degraded and fluctuated over time after
opening the RW and performing multiple manipulations
within the perilymph, most likely through temperature and
pressure changes within the cochlea, we focused our analyses
on the effects of stimulation through the intact RW.

In performing this study, we hypothesized that laser stimu-
lation would induce optoacoustic waves within the cochlea
that would vibrate the organ of Corti and activate the hair
cells. As a control measurement, we stimulated the muscle
surrounding the bulla, which did not elicit any OABRs [Fig.
3(a)], indicating that the activity is not induced by an electro-
magnetic or acoustic artifact created by the laser pulses irra-
diating any structure in close proximity to the cochlea. We
also could not record any OABR at O wJ/pulse, in which only
the flash lamp of the laser system was active, confirming that
the cochlear activation was not elicited through flash lamp
irradiation and acoustic artifacts [Fig. 3(a)].

3.2 Laser Stimulation of Deafened Animals

To examine the possible mechanism in which the 532-nm
laser elicits brainstem responses, we further performed experi-
ments in deafened guinea pigs that were void of a functional
organ of Corti through the administration of ethacrynic acid
and kanamycin. When we optically stimulated the cochlea, we
could not elicit any OABRs [Fig. 3(b)]. However, when we
stimulated the cochlea with electrical current, thus stimulation
of the nerve fibers, we were able to elicit electrical brainstem
responses (EABR). These findings suggest that green laser
light with our parameters predominantly activates the organ of
Corti rather than direct activation of auditory nerve fibers.

4 Discussions

A new stimulation method for improved frequency-specific
activation of the peripheral auditory system is needed to
achieve better speech perception by hearing impaired indi-
viduals. Classical hearing aids do not ensure controlled me-
chanical activation of specific cochlear regions, while current
cochlear implants exhibit significant spread of electrical acti-
vation throughout the cochlea. In contrast, laser light can be
delivered in a more focused manner and thus may serve as an
alternative energy source for providing precise cochlear acti-
vation. As described in Sec. 1, we investigated whether green
laser light (532 nm) with a short pulse duration (10 ns) could
elicit effective and safe activation of the cochlea.

We demonstrated that the cochlea can be activated with
these irradiation parameters. One encouraging result was that
we obtained consistent OABRSs across animals that increased
with laser pulse energy up to a saturation level around
13 to 15 wJ [Fig. 2(c)]. This demonstrates the reliability of
cochlear activation with green laser light as well as the ability
to systematically control the overall level effects, and thus
likely loudness precepts, by adjusting laser energy along these
input—output functions. Another encouraging result was the
ability to elicit stable response over time. The main issue of a
previous report of mechanical activation of the cochlea was
the decrease in responses during stimulation." In our experi-
ments, stimulation with 13 wJ/pulse and 10 pulses/s for
30 min [Fig. 3(c)] elicited stable ABRs, indicating minimal or
no damage within the cochlea due to our repeated laser
stimuli.
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Laser stimulation at the RW level as well as within the
perilymph activated the cochlea, inducing acoustic-like ABRs.
Figure 3(a) demonstrates that the activation mechanism is not
dependent on the presence or absence of the RW membrane
and appears to be related to laser-induced mechanisms, most
likely optoacoustic-induced vibrations within the cochlea. The
fact that no OABRs could be recorded in chronically deafened
animals demonstrates that the activation mechanism is depen-
dent on an at least partially functional organ of Corti [Fig.
3(b)].

We believe that the mechanism of activation is through
laser-induced vibrations of the OSL, the bony rim to which
the BM is medially anchored. It is possible that a certain
amount of energy may pass through the organ of Corti and
reach the roof of the cochlear duct, where it would induce
further vibrations. However, calculating the energy dissipation
for our fiber with a numerical aperture (NA)=sin 6=0.2,
where 6 is the divergence angle of the laser beam from the
fiber, the estimated laser intensity at a distance of 500 wm
from the fiber in water would only be 0.04 of the original
intensity. Therefore, it is likely that the major vibratory com-
ponent is the OSL, since it is a bony structure. The absorption
spectra of human bone and its two major constituents (col-
lagen and apatite) are 200 to 1200 nm Ref. 18, matching our
532-nm laser. Another possible absorber for green laser light
within the scala media could be the stria vascularis. This
structure forms the lateral wall of the scala media and con-
tains a network of blood vessels as well as melanin. Both are
good absorbers of green light and could result in vibrations of
the fluid within the scala media that would induce the depo-
larization of the hair cells. Also the BM could be a possible
absorber, which has on its side facing the scala tympani single
isolated venules that could absorb some of the laser light.
However, it is unlikely that such absorbtion could be suffi-
cient for activating the residual hair cells. Further studies are
needed to clarify these different absorption possibilities as
well as whether the entire organ of Corti also might be ab-
sorbing part of the laser light.

Although we expect that the 532-nm laser is activating the
cochlea through an optoacoustic effect, other mechanisms
may also be involved that still need to be identified. One
possible mechanism could be photochemical activation of the
inner hair cells through photosensitive ion channels or activa-
tion of photoreceptors if existent on the hair cells.”” Also it
cannot be excluded that part of the activation is due to laser
stimulation of the dendrites of the spiral ganglia (i.e., those
synapsing onto the hair cells) not covered by bone that would
degenerate after the deafening procedure. However, since no
OABRs could be recorded in the chronically deafened ani-
mals [Fig. 3(b)], activation of remaining spiral ganglia cov-
ered by bone does not appear to be a mechanism for cochlear
activation with our laser parameters.

Overall, our data demonstrate that green laser light in the
stress confinement regime can effectively and consistently ac-
tivate the cochlea. Therefore cochlear activation in hearing-
impaired patients with residual hearing using green laser light
stimulation seems plausible. If we can demonstrate that this
cochlear activation is frequency-specific, a new type of audi-
tory prosthesis can be developed that may provide improve-
ments over current hearing aids and cochlear implants. Addi-
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tionally, recent improvements in cochlear implant electrodes
and surgery have made it possible to achieve hearing preser-
vation during implantation of classical cochlear implant
devices." It will be crucial to further develop surgical tech-
nologies and techniques to ensure an atraumatic insertion of
the optical cochlear implant. In a later stage of hearing im-
pairment when the last sensory cells are no longer functional,
it may also be possible to use the same laser fibers to transmit
mid-infrared light and directly stimulate the nerve fibers as
described in previous studies. -13

5 Conclusions

Our study presents a novel stimulation method using green
laser light to effectively activate the cochlea and may serve as
the basis for a new cochlear implant system. Further studies to
determine the optimal laser parameters and fiber placement
locations for localized and tonotopic activation as well as ana-
lyzing the exact mechanism underlying this activation are in
progress.
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