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Abstract. Hearing impairment affects ∼460 million people worldwide. Conservative therapies, such as hearing
aids, bone conduction systems, and middle ear implants, do not always sufficiently compensate for this deficit.
The optical stimulation is currently under investigation as an alternative stimulation strategy for the activation of
the hearing system. To assess the biocompatibility margins of this emerging technology, we established
a method applicable in whole-mount preparations of murine tympanic membranes (TM). We irradiated
the TM of anesthetized mice with 532-nm laser pulses at an average power of 50, 89, 99, and 125 mW at two
different locations of the TM and monitored the hearing function with auditory brainstem responses. Laser-
power-dependent negative side effects to the TM were observed at power levels exceeding 89 mW.
Although we did not find any significant negative effects of optical stimulation on the hearing function in these
mice, based on the histology results further studies are necessary for optimization of the used parameters. © The
Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction of this work in whole or in part
requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.24.8.085003]
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1 Introduction
Hearing impairment is a worldwide problem that affects individ-
uals of all ages. There are 460 million people worldwide with
hearing impairment and have problems communicating on a
daily basis.1 To compensate for hearing deficit, conventional
hearing devices use mechanical energy and, for cases with severe
hearing impairment, cochlear implants use electrical energy to
stimulate the auditory system. However, for the hard of hearing
population who are not yet candidates for cochlear implants and
not sufficiently supplied with the currently available auditory
prostheses due to multiple reasons, e.g., recurrent outer ear
canal inflammations or connectivity issues, further stimulation
strategies are needed.2 Light has been considered as an
alternative energy form for the activation of the hearing organ,
having the advantage to be a noninvasive and precise noncontact
activation method.3–5 The optical stimulation of the ear has been
assessed via three different ways, the infrared neural stimulation
(INS),3,6–9 the optoacoustic stimulation,10–12 as well as optoge-
netics, the activation of neural structures that are genetically
modified to express light-sensitive ion channels.4,13,14 The opto-
acoustic stimulation is induced by the use of very short laser
pulses that are absorbed into the irradiated materials and lead
to a short thermal expansion that induces mechanical vibrations.
It was first proposed and studied for the optical stimulation of
the inner ear using a monochrome laser.15 Recently, we were
able to demonstrate that the optoacoustic stimulation has the
advantage to induce precise vibrations within all vibrating

structures from the ear drum up to the inner ear without the need
of direct contact to the vibratory structure.2,16,17 Independent
of the final irradiated structure, the biocompatibility of this
stimulation method has to be defined and characterized. Up to
now, just a few specific biocompatibility studies regarding the
laser application at the ear drum are to be found in literature.
Foth et al. described the power density limits for the laser-
induced thermal effects for laser Doppler vibrometry18 being
7.2 kW∕cm2 for the pig TM. Another set of studies described
the effects of laser irradiation for the low-level laser therapy
(LLLT) of the inner ear19 as well as trans-tympanic photobiomo-
dulation (PBM).20 Both work far below our values using an
830-nm diode laser with power densities of 900 mW∕cm2 in the
case of LLLTand 909 to 1363 mW∕cm2 for PBM. However, due
to the fact that they used another wavelength (830 nm)
and that the laser parameters were not exactly in the range of
our used parameters, these reports could not give us enough
safety margins for a clinical application of the optoacoustic
stimulation either. In addition, the tympanic membrane (TM)
is anatomically very complex. It consists of collagen fibers,
embedded in epithelium with mucosa on the middle-ear side and
epidermis on the outside21,22 as well as blood vessels. It closes
the air-filled tympanic cavity and spans over the bony structure
of the malleus. All these together create a very inhomogeneous
structure with various absorption characteristics at different loca-
tions inducing different laser–tissue interactions. For these rea-
sons, we established a method to assess the biocompatibility
margins for light stimulation of the hearing organ and present
herein our results regarding the effects of the optoacoustic stimu-
lation with 10-ns 532-nm laser pulses at the TM in a mouse
model.
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2 Material and Methods

2.1 Animal Model

Eight- to 12-week-old female CBA/J mice (Janvier Labs, France)
weighing 18 to 23 g were used in our experiments (44 animals in
total in this study). The studies were performed according to the
guidelines of “The Animal Care andUse Committee of Saarland.”
All animals were initially anesthetized intraperitoneally with
100 mg∕kg ketamine (Ketaset, Zoetis, Berlin; Germany),
10 mg∕kg xylazine (Rompun, Bayer, Leverkusen; Germany),
and a maintenance dose of ¼ to ½ of the initial dose intraperi-
toneally every 30 min. Throughout the experiment, the body tem-
perature of the animal was maintained at 37°C using an electric
heating pad, and the animals were supplied with additional oxy-
gen over a tube positioned at nose level. The hearing function
of all animals was monitored via auditory brainstem response
(ABR) recordings before and within 5 to 10 min after the laser
stimulation.

2.2 Surgical Procedure

After we trimmed the hair around the outer auditory canal, we
made a vertical incision beginning at the incisura intertragica
and expanding it along the cartilaginous outer ear canal. The TM
was exposed by anchoring the edges of the incision with sutures.
To assess possible heat-induced changes by laser irradiation on
the TM, a positive control based on heat treatment was estab-
lished. A 70°C to 80°C preheated metal pin of 0.5 mm diameter
was carefully pressed on the TM for 20 s without mechanically
damaging the membrane. A further control was the contralateral
ear that was left untreated, however that received the same
manipulation for the exposure of the TM to ensure the detection
of preparation-induced necrotic cell conditions.

2.3 Laser Irradiation

This stimulation protocol was established in cell culture experi-
ments and has been used for the optoacoustic stimulation in
the guinea pig in our group as well.2 The laser irradiation was
always performed on the left ear of the mice. We used a 532-nm
pulsed neodynium-doped yttrium orthovanadate (Nd∶YVO4)
laser (Xiton Photonics GmbH, Kaiserslautern, Germany) as the
light source. The pulsed laser light was applied through a glass
fiber with a diameter of 365 μm, which we directed vertically
toward the umbo or the pars tensa of the TM, at ∼300 to 500 μm
using a micromanipulator (Narishige, Tokyo, Japan). The final
adjustments were performed using a continuous wave (cw) pilot
laser with a power of 0.1 mWand duration of maximum of 30 s.
The laser irradiation parameters where chosen to replicate our
self-designed stimulation strategy creating a sinusoid signal at
the targeted frequency, the laser-modulation rate (LMR) (Fig. 1).

We irradiated the selected area for 2 min with an average
power of either 50, 89, 99, or 125 mW at a laser repetition rate
(LPR) of 50 kHz and LMR of 1 kHz as presented in Table 1.

2.4 Electrophysiological Monitoring: Auditory
Brainstem Response

The recording of ABRs was performed in the same way as pre-
viously reported:23–26

The sounds in the form of sine wave stimuli were generated
with a digital signal processing system (Agilent 33500 B Series
True form Waveform Generator, Keysight Technologies GmbH,

Germany) and were delivered through a free field speaker (cus-
tom made from a DT-911, Beyerdynamic GmbH & Co. KG,
Germany26) placed in a 5-cm distance in front of the left ear (the
irradiated ear). We recorded click- and frequency-specific ABRs
using subcutaneous needles: one on the mastoid, one at the
vertex (reference), and one at the base of the tail (ground).
The recorded signals were then amplified through the biosignal
amplifier (g.USBamp, g.tec medical engineering GmbH,
Austria), digitized at 19.2 kHz, and filtered to obtain the
frequencies from 300 to 2500 Hz. The stimulus intensities
ranged from 0 to 80 dB SPL increased in 10 dB steps at 2,
4, 8, 12, 16, 20, 32, and 48 kHz. For click ABRs 500 trials and
for fABRs 128 trials were averaged. The speaker output was
calibrated periodically. The hearing thresholds were determined
visually during the recording as well as offline and were defined
by the lowest intensity where the Jewett’s wave complex was
identifiable (see Sec. 3, Fig. 5). The Jewett complex was first
described by Jewett and Williston in 1971.27 In mice, it typically
consists of five vertical positive waves between 1 and 6 ms.28–30

We focused on the wave I within the ABR-complex, represent-
ing mainly the activity of the first neuron of the auditory
pathway31 and through this being the closest measure for the
function of each ear independently (no crossing neural pathways
yet of the auditory pathway). However, due to the small head
shadow (diameter of a mouse head being in average 1.2 cm)
of mice, one should keep in mind that free field stimulation will
always lead to some deterioration and underestimation of ABR
measures (see Sec. 4). The amplitude values of wave I were
defined by the total value between the first negative peak (In)
to the first positive peak (Ip) whereas the latency was determined
at peak Ip (see Sec. 3, Fig. 4). All animals represented in Table 1
were analyzed (n ¼ 44 in total). In a control experiment, ABR
measurements were again repeated after 3 h of incubation

Fig. 1 Our designed stimulation strategy with the laser modulation
rate of 1 kHz (black dotted line) and the LPR of 50 kHz (light gray
peaks).

Table 1 Used laser parameters.

Average
power
(mW)

Energy
per pulse

(μJ)

Average
radiant

exposure
(J∕cm2)

Average
power
density
(W∕cm2)

Irradiation
at the umbo
(n animals)

Irradiation
at the

pars tensa
(n animals)

50 1 3000 25 7 6

89 1.8 5340 44.5 8 4

99 1.99 5940 49.5 5 5

125 2.5 7500 62.5 4 5
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(n ¼ 4 animals). We measured the amplitude of the wave I peak
to peak and the latency of the positive part of wave I at the hear-
ing threshold as well as 10, 20, and 30 dB above this.

2.4.1 Fluorescence microscopy

We explanted the petrosal bone of each animal and trimmed
down the outer ear canal to its bony part. We then removed the
main part of the bony ear canal, down to the bony ring expand-
ing the eardrum as well as parts of the petrosal bone, to expose
the TM even better. The tympanic cavity was then opened and
trimmed down to the annulus fibrosus of the TM. By separating
the ossicular chain and cutting the tendon of the tensor tympani
muscle, the TM was extracted tightly bounded to its bony ring.
The explanted TM specimen was placed in 37°C preheated
Dulbecco’s modified eagle medium and incubated in a 5% CO2

incubator (Forma Scientific) for 3 h to ensure the maturation of
possible cytotoxic effects due to the laser irradiation. After incu-
bation, the specimen was stained for the detection of apoptotic,
necrotic, and healthy cells (apoptotic/necrotic/healthy cells
detection kit-Promokine; Heidelberg, Germany). This staining
protocol was transferred from the cell culture experiments
results of our group using the same staining dies.32 The speci-
men was washed and subsequently incubated in staining solu-
tion, substituted with fluorescence marked Hoechst 33342,
Annexin V and Ethidium-Homodimer III for 30 min. After
removing the staining solution, the TM specimen was examined

and analyzed under a fluorescence stereomicroscope (Leica
Microsystems; Wetzlar, Germany). The three used fluorescent
dies (Fig. 2) mark different cell conditions: healthy cells nuclei
were stained only in blue, nuclei of necrotic cells appeared in red
and blue, and cells stained with triple colors were dead cells
progressing from the apoptotic cell population. The results of
the staining were used to quantify the resulting areas of necrotic
cells in relation to the whole TM. This was performed with the
help of measuring-tools implemented in the microscope soft-
ware (LASX software, Leica Microsystems, Wetzlar; Germany)
and Microsoft Excel®. The calculations were performed man-
ually using the measured diameter of the elliptically formed
TM and of the necrosis area.

2.4.2 Statistical analysis

The statistical analysis was performed with OriginPro® soft-
ware. If the data were normally distributed and had homogeneity
of variance, we conducted two-sided paired t-tests for the analy-
sis of the hearing function. Otherwise, the statistical data analy-
sis was performed by Wilcoxon signed-rank test. In case of
amplitude and latency measurements, we considered the result
of each acoustic stimulation level as an individual value and
compared the results before (pre) and after (post) the irradiation
at each stimulation level (Figs. 6 and 7). Likewise, we consid-
ered each frequency of the fABR analysis as individual values
(Fig. 8) and compared the response at each sound level before

Fig. 2 Fluorescence staining with apoptotic/necrotic/healthy cells detection assay (Promokine,
Germany) after irradiation (a)–(d) at the umbo or (e)–(h) at the pars tensa with average power of
(a), (e) 50 mW; (b), (f) 89 mW; (c), (g) 99 mW; and (d), (h) 125 mW, respectively. (i) The negative control
was not treated; (j) the heat treatment served as a positive control for necrotic cells (red dotted circle). The
irradiated region of all specimens is representatively marked as a green dotted circle in the left column.
(k) The assay is based on three different stainings which mark specifically (l) different cell conditions. The
images demonstrate representative examples of TM. Scale bar represents 500 μm.
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and after irradiation. For the control experiment with three
measurements, we performed a univariate ANOVA with
repeated measures for normally distributed data and otherwise
a Friedman-ANOVA. The reported alpha level was 0.05.

3 Results

3.1 Fluorescence Microscopy

We herein present results of the laser application at the umbo
and at the pars tensa (Figs. 2 and 3). The viability staining per-
formed after laser irradiation gave insight into the distribution of
healthy versus apoptotic or necrotic cells within the irradiated
TM. The data are presented herein in comparison to the control,
nonirradiated ear [Fig. 2(i)] and grouped with respect to the
average laser power applied as presented in Table 1. The fluo-
rescence images demonstrate representative examples of the
irradiated TM groups.

The results of the fluorescence live/dead staining demon-
strated that the laser irradiation with an average power of
50 mW had no effect on the viability of the exposed TM
[Fig. 2(a)]. By applying pulses with an average power of
89 mW, first discrete necrotic cell areas around the irradiated
location were induced [Figs. 2(b) and 2(f)]. This area of necrotic
cells increased in size with increasing laser input (Fig. 3). The
irradiations with 99 mW lead to a circular zone of necrotic cells
right around the umbo [Fig. 2(c)] and to nearly round areas at
the pars tensa [Fig. 2(g)]. The necrotic area increased further at
125 mW [Figs. 2(d) and 2(h)]. For the laser application at the
pars tensa, the thresholds were the same, but the necrotic areas
were smaller compared to the irradiation at the umbo. The neg-
ative control (nonirradiated TM) [Fig. 2(i)] only demonstrated
isolated necrotic or apoptotic cells, which can be attributed to
normal physiologic conditions of permanent cell regeneration
in the TM. The positive control (heated instrument applied onto
the TM) [Fig. 2(j)] leads to an almost round-shaped necrotic cell
area similar to the area that was induced through the laser
treatment.

The quantification of the proportions of areas with necrotic
cells of all irradiated eardrums (see Table 1) confirmed the vis-
ually estimated results within the fluorescence imaging (Fig. 3).

The proportion of areas with necrotic cells after the irradiation at
the umbo with 89 mW was around ∼7% and raised up to ∼20%
after the irradiation with 125 mW [Fig. 3(a)]. In comparison, the
areas with necrotic cells in the pars tensa were clearly smaller
and grew less in size after the irradiation [Fig. 3(b)]. The pro-
portions were ∼1% after the irradiation with 89 mW going to
∼6% after the irradiation with 125 mW. The lower increase in
necrotic cell areas after irradiation at the pars tensa may be due
to the fact of a lower absorption of the laser light on the trans-
parent TM compared to the higher absorption at the umbo
region, caused by the bony malleus.

3.2 Electrophysiological Monitoring: Auditory
Brainstem Response

Figure 4 shows exemplary the filtered ABR signal of one mouse
after the stimulation with click acoustic stimuli from 0 to 80 dB
SPL. As described in Sec. 2, the threshold was determined as
the lowest intensity where the waveform complex I to V was
detectable. Typically, the amplitude value at the threshold was
around 1 μV. We also analyzed the averaged hearing thresholds
to gain an insight into the effect of laser irradiation. This
demonstrated that the mice had an overall hearing threshold
at the beginning of the experiment between 10 and 30 dB SPL.
We compared the results of the mice irradiated at the umbo
[Fig. 5(a)] as well as the ones irradiated at the pars tensa
[Fig. 5(b)] with the results to the negative control mice (not irra-
diated) [Fig. 5(c)].

After the irradiation with 50 mW at the umbo, the average
threshold increased with 5 dB and after the irradiation
with 125 mW around 10 dB. Both increases were, however,
statistically not significant. In contrast, no threshold shift
could be detected at the other power levels (89 and 99 mW)
[Fig. 5(a)]. After the irradiation at the pars tensa, the average
hearing threshold increase was around 10 dB at all power levels;
however, being statistically nonsignificant again [Fig. 5(b)].
In addition, we performed a control experiment in which the
animals were anesthetized receiving click ABR and fABR at
the same time intervals as in the laser experiments, however
without laser exposure [Fig. 5(c)]. In these animals, no threshold
shift could be observed. To clarify if there are long-term

Fig. 3 Proportions of areas with necrotic cells of the whole TM after laser irradiation (a) at the umbo
or (b) at the pars tensa with 50, 89, 99, and 125 mW, respectively. Error bars represent the SEM.
The n indicates the amount of preparations that were analyzed that can also be found in Table 1.
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consequences of these nonstatistically significant differences
after laser exposure, further long-term experiments are planned.

In addition to the hearing thresholds, we also analyzed the
wave I amplitude and latency values of wave Ip before and after
the irradiation as a further measure for the functionality of
the auditory pathway (analysis exemplary shown in Fig. 4) at
threshold and at 10, 20, and 30 dB above threshold.

The amplitude values demonstrated in all cases the typical
increase with higher acoustic stimuli (Fig. 6). For the irradiation
at the umbo, the amplitude values started to be nonsignificantly
higher after the irradiation with 99 mW having after the irradi-
ation with 125 mW an even more visible increase [Fig. 6(a)].
After the irradiation at the pars tensa, the amplitude values were
not significantly higher starting from 50 mW [Fig. 6(b)]. At 125-
mW irradiation power, the increase between the amplitude of
wave I before (pre) and after (post) irradiation was the highest,
however lower compared to the irradiation with the same levels
at the umbo and being still statistically not significant. In the
negative control mice group, we could not detect any differences
in amplitude values between before and after the incubation
time.

The latency values of the positive peak of wave I (Ip) before
and after the irradiation as a measure for the functionality of the

auditory pathway as well as for comparison to the nonirradiated
negative control are presented in Fig. 7.

The average latency of wave I varied between 1.6 and 1.8 ms
demonstrating a minimal trend to decrease with increasing
intensity of the acoustic stimuli [Figs. 7(a) and 7(b)]. The irra-
diation with 50 mWat the umbo [Fig. 7(a)] induced a significant
increase of the latencies at þ10 dB over threshold. The irradi-
ation with 99 mW induced a significant increase of the latencies
from þ0 to þ20 dB but being not significant at þ30 dB above
threshold. The latency values demonstrated a trend to be lower
after the irradiation at pars tensa [Fig. 7(b)], especially after the
irradiation with 99 and 125 mW, this difference being however
statistically nonsignificant. One exception could be observed
in the negative control mice that demonstrated a significant
increase at þ30 dB acoustic stimuli. Considering an increased
in latency as a negative neural effect, based on these first experi-
ments, no consistent neural damage after the laser irradiation
could be detected. The only exception observed was after the
irradiation with 99 mW at the umbo that needs to be further
explored in future experiments.

Additionally, we analyzed the fABR thresholds of all irradi-
ated and negative-control mice before and after the irradiation,
respectively (Fig. 8).

Fig. 4 Example of (a) an evoked click ABR signal from 0 to 80 dB SPL and (b) a filtered detail plot of ABR
waves at the threshold (10 dB SPL in this case). At the threshold, the Jewett wave complex consisting of
wave I to V is clearly identifiable for the first time above the noise floor. We analyzed wave I in our study
and thereby determined the amplitude from peak In to Ip and the latency at peak Ip.

Fig. 5 Click-evoked hearing thresholds of mice that were irradiated (a) at the umbo or (b) at the pars
tensa with 50, 89, 99, or 125 mW, respectively. (c) Negative control mice were not irradiated. The error
bars represent the SEM.
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The analysis of the fABR thresholds from 4 to 48 kHz
stimulation demonstrated that in all groups the mice had no sta-
tistically significant threshold shift with increasing average laser
power. The negative control fABRs demonstrated a nonsignifi-
cant partial threshold shift as well [Fig. 8(c)]. Interestingly,
the threshold shift in these mice after the incubation time was
even higher compared to the irradiated mice in the frequencies
from 20 up to 48 kHz.

In another control experiment, we analyzed the effects of
laser-induced cytotoxicity on the TM on the hearing function
within the first 3 h after irradiation on a small collective of
animals (n ¼ 4). The hearing function was measured before
the irradiation with 125 mW at the umbo (pre), directly after
the irradiation (post 1) and 3 h later (post 2), analyzing at
hearing threshold the wave I amplitude, wave Ip latency and the
frequency-specific thresholds (Fig. 9).

Fig. 6 Analysis of the wave I amplitude before and after the irradiation with 50, 89, 99, and 125 mW
average power (a) at the umbo or (b) at the pars tensa. Black squares indicate the amplitude values
before (pre) the irradiation, white circles after (post) the irradiation. In both lines, the negative control
(nonirradiated mice) experiment is plotted as the reference. Error bars represent the SEM.

Fig. 7 Analysis of the positive peaks in wave I latency (Ip) before and after the irradiation with 50, 89, 99,
and 125 mW average power (a) at the umbo or (b) at the pars tensa. Black squares indicate the latencies
before (pre) irradiation, white circles after (post) irradiation. In both lines, the negative control (nonirra-
diated mice) experiment is plotted as the reference. Error bars represent the SEM and significant different
values are marked with a star.
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Interestingly, the control experiment demonstrated that the
average hearing threshold increased with around 10 dB after
3 h of incubation on the irradiated ear being however statistically
insignificant in this small group of animals. The fABR analysis
showed no significant threshold shift. However, as already men-
tioned, the nonirradiated contralateral ear could lead to small

deterioration and underestimation of the monaural ABR mea-
surements in this case as well.

4 Discussion
Wewere able to establish a method for the detection of cytotoxic
effects on the TM in a whole-mount model, herein presented to

Fig. 8 Analysis of fABR measurements for the irradiation (a) at the umbo and (b) the pars tensa with 50,
89, 99, and 125 mW average laser power, respectively. (a) fABR measurements of the irradiated ear
before (pre) and after (post) the irradiation. (b) fABR measurements of the irradiated ear before (pre)
and after (post) the irradiation at the pars tensa. (c) Negative control fABR data of the left and the right
ear of mice that were not irradiated. Error bars represent the SEM.

Fig. 9 Analysis of the hearing function of control mice characterized by click ABR threshold, amplitude
values of wave I, latency of Ip, and fABR threshold which were measured at three different time points:
before the irradiation (pre), directly after (post 1), and 3 h after the irradiation (post 2) n ¼ 4.

Journal of Biomedical Optics 085003-7 August 2019 • Vol. 24(8)

Sorg et al.: First biocompatibility margins for optical stimulation at the eardrum. . .



our knowledge for the first time in the literature. The simulta-
neous staining of necrotic, apoptotic, and healthy cells gave us
insight into the viability of the laser-exposed membrane in toto.
Additionally, we established a negative and a positive control
demonstrating that the staining specifically and repetitively
marked necrotic areas within the whole-mount TM mouse
model. Using this whole-mount viability assay, we examined
the laser-induced effects on the TM after optoacoustic stimula-
tion applied in a sinusoidal form of the pulse sequences. The
irradiation with an LPR of 50 kHz and an LMR of 1 kHz for
2 min duration appeared to be safe up to an average power of
50 mW. In our experiments, the irradiation of the eardrum with
average laser power of 89 mW induced discrete areas of necrotic
cells around the irradiated zone at the umbo as well as at the pars
tensa. These results could be due to a thermal effect and/or the
absorption of green laser light by the surrounding blood vessels
in the TM and/or by bony structures, e.g., the umbo or the sur-
rounding tympanic cavity (bulla tympanica). Green laser light
has been chosen in the originally designed experiments being
considered to have a very good biocompatibility potential as vis-
ible light. However, our current data demonstrate that through
the high absorption of green light by hemoglobin and its clotting
effect within the irrigating blood vessels these laser parameters
induced cell damage starting at higher laser intensities. In this
regard, diminished nutrition and oxygen supply as well as
decreased thermal buffering function of the irrigated area are
the mechanisms to be discussed. In addition, the affected areas
demonstrated to be bigger in the mice irradiated at the umbo
compared to those, which received the irradiation at the pars
tensa. This effect might be caused by at least two factors: (1)
the additional high absorption of green laser light within the
bony structure of the malleus inducing supplementary heat for-
mation; (2) the clotting effect onto more central vessels in the
umbo then at the pars tensa. Both may be induced by the fact
that the underlying mechanism of the optoacoustic stimulation
is a photothermal-laser interaction. In detail, the optoacoustic
stimulation is the result of short photon absorption events within
the irradiated tissues.5,11,16,33,34 The energy introduced by light is
converted into kinetic energy, leading to a local increase of the
temperature. This rise in temperature will result in a thermoelas-
tic expansion leading at constant volume to an increase in pres-
sure. The permanent alteration between increase and decrease of
pressure values during this thermoelastic expansion and relax-
ation inside of the irradiated material leads to the development
of a sound wave that propagates through the irradiated tissue.
To gain an optimal stimulation signal, the principle of stress
confinement35 should be fulfilled meaning that the laser pulses
have to be shorter than the time the acoustic signal needs to
propagate through the tissue. Thereby, no energy dissipation
happens during the generation of the acoustic signal.16

However, since we are irradiating inhomogeneous biological
structures, the rules of physics cannot be transferred in an abso-
lute mean, and the thermal side effects at high energies can be
observed. The safety limits are therefore mandatory to be
defined in order to use the optoacoustic effect for stimulation
purposes. In our case, one possible reason for the formation
of areas with necrotic cells in the TM might be the induction
of heat by the high LPR. The thermal damage in laser–tissue
interactions in general is dependent on the tissue temperature,
the time the tissue remains at the temperature, and the time inter-
vals between the light exposures.36 Computer-based modeling
of laser irradiation of the human and the guinea pig cochlea

demonstrated a heat conduction that reached a quasi-steady-
state after a few seconds. The rise in temperature was thereby
dependent on the laser pulse rate.37 In addition, the photothermal
interaction itself is dependent on the diverse properties of the
irradiated tissue, e.g., the optical properties (absorption and scat-
tering), the thermal and mechanical properties, the chemical
composition as well as the anatomy and the physiology of the
irradiated tissue.36 For the TM, these parameters are not suffi-
ciently characterized, yet. Furthermore, the complex histology
of the TM consisting of different materials such as bone,
collagen fibers, epithelial cells, and blood vessels makes it
difficult to investigate the possible laser–tissue interactions just
through theoretical calculations. In our case, the absorption of
hemoglobin38 and collagen/bone39 appears to play the leading
role. Furthermore, the TM as a dry structure, surrounded by air
and relatively low-perfused by blood may lead to a low temper-
ature dissipation and therefore to the accumulation of heat dur-
ing the irradiation period in the TM. Therefore, there is the clear
need to define the laser safety parameters and the optical proper-
ties of the TM since the laser–tissue interactions are dependent
on both: the applied laser parameters and the characteristics of
the irradiated structure. As a comparison, in another study in
which we chose to use lasers to induce collagen remodeling
in the TM, we had to additionally apply a red pigment onto tar-
geted areas of the TM before irradiation to increase its energy
absorption and induce the proposed structural changes in our
animal model.23

As briefly mentioned in Sec. 1, very few investigations
regarding laser safety for the application at the TM are available
in literature. These reports of nondestructive laser application
are focusing on the LLLT40,41 or PBM.20,42 PBM is performed
with near-infrared laser light and laser-parameters similar to
ours, thus with 165- to 200-mW average power and radiant
exposures between 1350 and 3272 J∕cm2,19,40,43 using macro-
scopic observation by endoscopy and microscopic observation,
e.g., hair cell counting or scanning electron microscopy for
assessing the biocompatibility. However, for PBM and LLLT,
cw lasers are applied and consequently, the biocompatibility
results are hard to compare to the effects of pulsed nanosecond
lasers. Another noninvasive application analyzed the thermal
thresholds at the TM for laser Doppler vibrometry. This study
from Foth et al. presents the safe use of 633-nm cw laser for
this application. It reveals a large difference between the power
density of 80 W∕cm2 classically used in laser Doppler vibrom-
etry and the experimental damage threshold of 7100 W∕cm2 for
the irradiation of the pig TM analyzed with via hematoxylin &
eosin (H&E).18 In addition, the studies related to INS,3,8,44

e.g., Goyal et al., analyzing the effect of infrared laser light
at the cochlea could not find any significant effect within the
electrophysiological signals generated in the inner ear after con-
tinuous irradiation below 30 μJ∕pulse. Histologically, they did
not observe any structural changes of the tissue while working
with a diode laser at 1869 nm and with 100 μs pulse length
either.8

In our study, no significant effects of the irradiation on the
hearing function could be demonstrated since any significant
increase in hearing thresholds could be detected following the
irradiation. The fact that we did not find any correlation between
bigger areas with necrotic cells and an increase in hearing
threshold after irradiation at the TM is most probably due to the
distance from the TM to the sensory cells within the inner ear
and therefore too far and insulated by surrounding structures to
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be negatively influenced. No significant changes in amplitude
values, after the irradiation at the umbo or at the pars tensa,
could be identified either. This fact conflicted with the finding
of higher latency values in one group, after the irradiation at
the umbo with 99 mW. Since this effect is singular and has
not been confirmed in our experiments in the mice groups
irradiated with higher laser intensity, further analyzes need to
be performed for a closer characterization of this presumed
effect. The results within the negative control mice did demon-
strate significantly higher latency values at þ30 dB acoustic
stimulation, indicating either possible anesthesia-induced effects
or physiological changes during the incubation/ irradiation
time that need to be taken in account to the cumulative results
as well.

The results of the further control experiment analyzing the
effects 3 h after the laser exposure did show a nonsignificant
trend for higher threshold values. One reason for this might
be heat-induced edema formation in the middle ear or the alter-
ation of the vibratory characteristics of the TM. The elasticity of
the TM might be influenced by the laser irradiation because
of the heat-formation, leading to altered vibrations and thus,
changed sound perception to the middle ear and the inner ear.
In addition, one should keep in mind the influence of free field
stimulation on the contralateral ear and the possible underesti-
mation of the ABR-measurements, which could lead to minor,
nonsignificant effects. These possible confounding effects
between the ears cannot be easily ruled out in the current
presented experimental set. We see the best solution for this
in improving our future experimental design regarding this
and planning experiments using an animal model that has an
increased inter-aural difference.

5 Conclusion
We established a new method to analyze the biocompatibility of
light application at the mouse TM. The optoacoustic stimulation
at least up to 50 mW was demonstrated to be safe in our experi-
ments. Above 89 mW, the irradiated areas demonstrating cells
with affected viability increased with increasing average power.
These effects could be due to a thermal effect and/or the absorp-
tion of green laser light by the surrounding blood vessels in
the TM or by bony structures, such as the umbo or the surround-
ing bulla inducing a debilitating blood supply of the affected
tissue. No clear relation between higher laser powers and
increased hearing thresholds could be detected in these experi-
ments. Although we did not find any significant negative effect
of optoacoustic stimulation on the hearing of mice, we need to
improve the used parameters based on the histology results as
well as the experimental setup. Further studies are therefore
forthcoming for the optimization of the applied laser parameters
for a safe optoacoustic stimulation method of the hearing
organ.
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