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1. Abstract 

 

Noise-induced hearing loss (NIHL) and loss of residual hearing after cochlear 

implantation are particularly associated with cochlear hair cell loss. There are several 

approaches to inhibiting hair cell loss. These include the use of near-infrared radiation 

(NIR). Previous studies have already applied NIR after noise trauma was delivered and 

observed significantly reduced amounts of hearing loss. However, the amount of hearing 

protection could possibly be higher if a single NIR treatment was made before an inner 

ear trauma. This is because the NIR activates the cytochrome C oxidase and thus more 

ATP is produced in advance, hence should be better able to protect and stabilize cellular 

structures. 

The first part of the project examined the effect of a single NIR pre-treatment to prevent 

noise induced hearing loss (NIHL). Cochleae of one group of adult mice were pre-treated 

via the external auditory canal with NIR (808 nm, 120 mW for 5, 10, 20, 30, or 40 minutes). 

These mice were then noise-exposed with broadband noise (5-20 kHz) for 30 minutes at 

115 dB SPL (sound pressure level). Another experimental group was exclusively noise-

exposed with the same noise dose specified above. A further group of mice served as 

untreated control. Frequency-specific auditory brainstem response (ABR) recordings 

were performed before all treatments and two weeks later to determine the threshold shift. 

Furthermore, the amplitude increase of wave IV was determined. Compared to the non-

NIR irradiated controls, hearing thresholds of 5-minute NIR-irradiated animals were 

significantly lower after noise exposure for three frequencies. The entire frequency range 

tested was significantly lower in all other NIR pre-treatment groups compared with the 

non-NIR irradiated controls. For more than 10 minutes pre-treatment, saturation occurred 

in hearing protection. Due to NIR light, the amplitude of wave IV deteriorated significantly 

less after noise exposure than in non-NIR irradiated controls. 

The second part of the project investigated the effectiveness of NIR pre-treatment on 

electrode array insertion into the cochleae of Dunkin-Hartley guinea pigs. Conically 

shaped, cochlear implant electrode arrays were implanted bilaterally into cochleae of 

adult guinea pigs. Only one side, randomly selected, was irradiated with NIR for 15 

minutes. The other side served as an intra-individual control. Shortly before and four 

weeks after implantation, frequency-specific auditory brainstem thresholds were 
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measured as to be able to determine the implantation related hearing loss. Furthermore, 

the cochleaôs hair-cell loss was analyzed. 

Hearing thresholds of NIR-pre-treated ears were significantly lower compared to the 

untreated side. The amount of missing outer hair cells was significantly reduced for the 

single NIR pre-treatment to about one-third compared to the untreated ears. Both sides 

also showed that the cochlea lacked fewer cells in basal regions than apically, potentially 

due to the unavoidable pressure wave produced during insertion of the electrode array. 

In both parts of this project, no loss of inner hair cells was found. 

The present results indicate that a single NIR pre-treatment of approximately 15 minutes 

is effective for the reduction of NIHL, as well as for the protection of hearing in 

otoneurosurgery. 
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2. Zusammenfassung 

 

Lärminduzierter Hörverlust (NIHL) und Restgehörverlust nach Cochlea-Implantation sind 

besonders mit dem Verlust der Cochlea-Haarzellen verbunden. Es gibt mehrere Ansätze, 

um Haarzellverlust zu hemmen wie die Verwendung von Nahinfrarotlicht (NIR). In 

früheren Studien wurde NIR-Licht schon nach einem Lärmtrauma effektiv eingesetzt. 

Trotzdem könnte der Schutz bei einer Einzel-Behandlung vor einem Innenohrtrauma 

eventuell höher ausfallen, da die Bestrahlung die Cytochrom-C-Oxidase aktiviert und 

somit vorab mehr ATP gebildet wird (Stabilisation und Schutz von Zellstrukturen). 

Der erste Projektabschnitt untersucht die Wirkung einer Einzel-NIR-Vorbehandlung zur 

NIHL-Vorbeugung. Cochleae adulter Mäuse wurden über den äußeren Gehörgang mit 

NIR-Licht (808 nm, 120 mW für 5, 10, 20, 30 oder 40 Minuten) vorbehandelt und mit 

Breitband-Rauschen (5-20 kHz) für 30 Minuten bei 115 dB SPL (Schalldruckpegel) 

beschallt. Eine Versuchsgruppe wurde nur beschallt. Eine weitere Gruppe diente als 

unbehandelte Kontrolle. Frequenzspezifische ABR (auditive Hirnstammreaktion)-

Aufzeichnungen wurden vor allen Behandlungen und zwei Wochen nach den NIR- und 

Lärmbehandlungen durchgeführt (Bestimmung der Schwellenverschiebung). Auch der 

Amplitudenanstieg der Welle IV wurde bestimmt. Die Hörschwellen der mit NIR-Licht 

vorbehandelten Tiere waren nach Lärmexposition für drei Frequenzen der 5-minütigen 

Vorbehandlung und für den gesamten, in allen anderen Behandlungsgruppen getesteten 

Frequenzbereich im Vergleich zu den Kontrollen signifikant niedriger. Bei mehr als 10 

Minuten Vorbehandlung trat eine Sättigung auf. Durch das NIR-Licht verringerte sich die 

Amplitude der Welle IV nach der Lärmexposition signifikant als bei der Kontrolle. 

Der zweite Projektabschnitt untersucht die Effektivität der NIR-Vorbehandlung an einer 

Cochlea-Elektrodeninsertion bei Dunkin-Hartley-Meerschweinchen. Konisch geformte 

Cochlea-Implantat-Elektroden-Arrays wurden bilateral in Cochleae adulter 

Meerschweinchen implantiert. Nur eine Seite wurde randomisiert mit NIR-Licht für 15 

Minuten bestrahlt. Die andere Seite diente als intraindividuelle Kontrolle. Kurz vor und 

vier Wochen nach der Implantation wurden die frequenzspezifischen Hörschwellen 

bestimmt (Bestimmung des implantationsbedingten Hörverlusts). Auch der cochleäre 

Haarzellverlust wurde analysiert. 

Die Hörschwellen der mit NIR vorbehandelten Ohren waren verglichen zur 

unbehandelten Seite signifikant niedriger. Die Anzahl der fehlenden äußeren Haarzellen 
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war nach einer einzelnen NIR-Vorbehandlung gegenüber den unbehandelten Ohren 

signifikant um ca. einem Drittel reduziert. Beide Seiten zeigten auch, dass basal in der 

Cochlea weniger Haarzellen fehlten als apikal resultierend aus einer nicht zu 

unterbindenden Insertionsdruckwelle. Bei beiden Projektabschnitten fehlten keine 

inneren Haarzellen. 

Die vorliegenden Ergebnisse zeigen, dass eine Einzel-NIR-Vorbehandlung von ca. 15 

Minuten zur NIHL-Verringerung und zum Gehörschutz in der Otoneurochirurgie wirksam 

ist. 
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Partial results of the present work were published in: 

- Basta, D., Gröschel, M., Strübing, I., Boyle, P., Fröhlich, F., Ernst, A. and Seidl, R. 2020. 

Near-infrared-light pre-treatment attenuates noise-induced hearing loss in mice. 

PeerJ. 8: e9384. [36] 

- Strübing, I., Gröschel, M., Schwitzer, S., Ernst, A., Fröhlich, F., Jiang, D., Boyle, P. and 

Basta, D. 2020. Neuroprotective effect of near-infrared light in an animal model of CI 

surgery. Audiol Neurootol. 26: 95ï101. [39] 

 

 

3. Introduction 

 

The number of different diseases afflicting human beings has been increasing over many 

decades. After cardiovascular disease, hearing loss is the third most common disease 

reported in the adult population. It is estimated that of approximately all 7.8 billion people 

in the world population, up to 500 million people (6.4%) are at risk or suffer from hearing 

loss from ototoxic drugs, aging and infections, as well as noise-induced hearing loss 

(NIHL). In addition to impairing quality of life, NIHL has now become one of the most 

common health hazards in the workplace. Symptoms of NIHL are especially common 

when working with noisy machines and / or technological processes in industrial 

environments. This correlation has been known from clinical observations of NIHL for 

over 100 years. Thus, NIHL not only leads to sharply rising social costs in workers' 

compensation and pensions, but also leads to considerable economic losses in the form 

of lost productivity. In the private sphere, too, there is a risk of hearing loss due to 

environmental influences such as fireworks, shooting and listening to loud music [1]. 

 

3.1. Background and treatment options of noise induced hearing loss 

Several studies show that NIHL is often associated with a variety of consequences: 

increased hearing thresholds, reduced speech understanding, or the sequelae of tinnitus, 

but also associated with sleep disorders, cardiovascular diseases or cognitive decline. 

Direct damage in the middle and inner ear are particularly serious. The damage caused 

by noise via intensive sound pressure waves affects not only the eardrum and middle ear 

but also the particularly delicate structures that are housed in the cochlea, such as the 

organ of Corti, with its large numbers of sensory cells. The organ of Corti is an interface 
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between acoustic mechanical vibrations and resulting nerve signals. It is located in the 

scala media and is the carrier of the sensor cells in the inner ear for all mammals. The 

scala media is separated from the scala tympani by the basilar membrane and from the 

scala vestibuli by Reissner membrane. The organ of Corti contains three rows of outer 

and one row of inner hair cells (hearing sensor cells). These hair cells contain stereocilia 

that protrude into a gap that is filled with endolymph. An individual cell can have up to one 

hundred stereocilia. The tectorial membrane, a gelatinous mass, is located above the gap 

but within the scala media. The longest stereocilia of the outer hair cells are in contact 

with the tectorial membrane. The deflection of the stereocilia of the inner hair cells triggers 

the stimulus transduction and thus the hearing sensation [2, 3]. Sound pressure waves 

lead to an up and down vibration of the entire organ of Corti. The incoming pressure 

waves vibrate the perilymph of scala vestibuli by moving the oval window by the stapes 

footplate. These vibrations move along the organ of Corti to the apex and travel back 

down the scala tympani where a corresponding movement of the round window occurs. 

Differential movements between the tectorial membrane and basilar membrane deflect 

outer hair cell stereocilia bundles with their typical regular V-shaped arrangement. The 

movement of the fluid in between deflects inner hair cell stereocilia bundles. The 

stereocilia bundles of the outer hair cells are in direct contact with the tectorial membrane 

and are deflected during vibration. This opens K+ channels in the cilia and, due to the 

high endocochlear potential, K+ flows into the outer hair cells and depolarizes them. When 

swinging back, the K+ channels close and the cell repolarizes to generate force and 

amplify the sound pressure wave [2]. Thus, loss of the outer hair cells means loss of the 

cochleaôs amplification mechanism for the acoustic sensing function. Up to a thousand 

times gain of the traveling wave is due to the extremely fast movement of the outer hair 

cells, which move up to twenty thousand times per second (20,000 Hz). This movement 

is initiated by a special motor protein, prestin. Also, the inner hair cells, that act as sensory 

cells in the organ of Corti, can die due to high levels of noise. Such damage impacts 

signal transmission through the spiral ganglion cells in the direction of the brain. In the 

inner hair cells, the acoustic stimulus generally triggers an electrical signal (mechano-

electrical transduction). These signals send a chemical signal to an auditory nerve fiber 

(transformation) through the synaptic transmitter glutamate, whereby each fiber passes 

on the frequency selection of the inner hair cell with which it synapses. The auditory nerve 

fibers respond electrically via action potentials and extend to the cochlear nucleus of the 

brainstem where the spiral ganglion cells medial processes synapse. When exposed to 
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high noise levels, not only the structures of the peripheral auditory pathway just described, 

but also all other structures and connections of the central auditory pathway are 

permanently damaged. These structures include the cochlear nucleus, the olivary 

complex, the lateral lemniscus, the inferior colliculus, the medial genicular body and the 

auditory cortex [4, 5]. 

This damage, in the form of cell loss, is associated with apoptotic and necrotic processes 

via a complex cascade with proteolytic enzymes and caspases from the mitochondria of 

the cells. In most cases it is not reversible [6, 7, 8]. 

Persistent or intense noise may result in a transient threshold shift (TTS) or a persistent 

threshold shift (PTS). This is also reflected in changes in the growth functions of the 

auditory nerveôs output. While TTS is associated with predominantly reversible damage 

to hair cell stereocilia or hair cell synapses, PTS results in permanent damage or loss of 

hair cells and synapses [9, 10, 11]. So far, there is no curative solution for hearing loss 

bordering on deafness. The available treatments are sound or vibration amplifying 

acoustic hearing aids (mild and moderate hearing loss) and cochlear implants (severe 

hearing loss or deafness). 

There are several medical approaches under study to treat or prevent noise-induced 

hearing loss. These include a variety of pharmaceutical substances such as anti-

inflammatory therapies, use of antioxidants as inhibitors of intracellular stress pathways, 

neurotrophic factors, inhibition of programmed cell death pathways, and 

neurotransmission blockers [8, 12]. Especially within anti-inflammatory therapies, 

steroids, such as dexamethasone and dehydroepiandrosterone, have mostly been 

investigated as treatments against noise-induced traumata in guinea pigs and mice [13ï

16]. The antioxidants, with reactive oxygen species inhibitor/scavenger activity, contain a 

large number of substances that are currently being used, or are still in their clinical trial 

phase, such as N-acetyl-L-cystein (NAC), acetyl-L-carnitine, ebselen, coenzyme Q10, 

resveratrol, glutathione, ginseng, D-methionine, and vitamins A, C, E and B12 [8, 17]. A 

single dose of neurotrophin-3 (NT3) and brain-derived neurotrophic factor (BDNF) as 

neurotrophic factors are well known to protect the hair cells and lessen synaptopathy after 

a noise-induced trauma in guinea pigs [18]. The same result is reported after treatment 

with the glutamatergic neurotransmission blocker riluzole and the glutamate receptor 

antagonist caroverine, applied as a hearing preservation measure [19, 20]. The 

programmed cell death pathway (caspase-independent apoptotic pathway) also plays a 

subordinate role in the loss of hair cells, as the apoptosis-inducing factors (AIFs), as well 
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as the endonuclease G (endoG), have been transferred to the nuclei and are involved in 

the death of the hair cells [21]. In addition, several reports indicate other substances with 

protective effects for hair cells like the basicfibroblast growth factor [22]. Most of the 

concepts discussed are still under study, and it is difficult to predict which approach will 

finally enter clinical practice. Table 1 shows the most interesting approaches with their 

positive effects and limitations against NIHL. 

 

 

Table 1: Overview of the currently most important therapeutic approaches against NIHL. 

  effects on noise-induced hearing loss 

  positive effects limitations 

a
p

p
ro

a
c

h
e
s
 

 

basicfibroblast growth 

factor 

[22] 

bFGF protects SGNs 

against glutamate 

neurotoxicity and 

protects hair cells from 

acoustic trauma 

only SGN protection in 

vitro, intramuscularly 

injection needed 

NT3 and BDNF 

[18] 

reduced synaptopathy 

and recovered high-

frequency hearing in 

ears exposed to 95 dB 

SPL noise Ą reduced 

hidden hearing loss 

medication at round 

window needed, no 

threshold changes, only 

reduced amplitude 

growth 

AIF and endoG 

translocation 

[21] 

translocation of endoG 

from mitochondria into 

the nucleus was also 

found in apoptotic outer 

hair cells Ą potential 

medication approach 

only discovery of AIF 

and endoG as factors in 

a noise induced hair 

cell death pathway, no 

clinical implementation 

NAC and HPN-07 

[17] 

reduces temporary and 

permanent threshold 

shifts, reduce aberrant 

NAC and HPN-07 only 

intraperitoneally in 

medical combination 
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activation of neurons in 

the central auditory 

regions 

possible, drug delivery 

as a long-lasting post-

treatment 

glutamatergic 

neurotransmission 

blocker riluzole 

[19] 

clear dose-dependent 

reduction 

(ED50=16.8 ɛM) of 

permanent hearing loss 

and complete 

protection at 100 ɛM 

perfusion into the 

cochlea via an osmotic 

minipump needed, 

intraperitoneal injection 

less efficient than 

intracochlear perfusion 

glutamate receptor 

antagonist caroverine 

[20] 

provide significant dose 

dependent protection 

against noise with local 

administration either 

immediately prior or up 

to 1 h post-exposure 

through blocking 

excitotoxic pathways 

applied onto the round 

window membrane with 

gelfoam Ą complicated 

medication, therapeutic 

window is narrow, and 

application at 24 h 

failed to provide 

functional protection 

steroid dexamethasone 

[13, 15, 16] 

dose-dependent 

reduction in noise-

induced outer hair cell 

loss, attenuation of the 

noise-induced ABR 

threshold shifts 

mini-osmotic pump 

directly into scala 

tympani or intra-

tympanic application 

needed 

neurosteroide 

dehydroepiandrosterone 

sulfate (DHEAS) 

[14] 

improvement in the 

compound action 

potential threshold 

shifts and in amplitude 

reduction of distortion-

product otoacoustic 

emissions 

intravenous 

administration of 

DHEAS 

 

 

a
p

p
ro

a
c

h
e
s
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In the early 1990s, near-infrared (NIR) light therapies were approved by the US Food and 

Drug Administration (FDA). As a result, the first successful applications, including those 

in stroke treatment, have emerged due to near-infrared light being able to penetrate tissue 

to depths greater than light of other wavelengths and also being able to penetrate the 

skull bones [23]. Later, the field for NIR light treatment became larger, including 

applications related to hearing loss. For application in hearing, the light must pass through 

the tympanic membrane to reach the cochlea and affect the organ of Corti. One important 

consideration is that the status of the tympanic membrane must not be affected. Moon et 

al. (2016) examined the eardrum in an animal model using an 830 nm laser at different 

powers. NIR was emitted daily for 30 minutes through the tympanic membrane for 14 

consecutive days. With a laser power of 250 mW, the histological changes in the tympanic 

membrane included: edema, vascular blockages and inflammation. At an output of 200 

mW, however, only a few lymphocytes were observed [24]. Thus, producing additional 

damage to the cochlea beyond any existing hearing loss can be excluded with the use of 

a power level of only 120 mW [25]. As the laser power is low, tissue temperature does 

not rise more than 1 °C, even for relatively long exposure times. 

A NIR treatment by infrared (IR) laser or IR LEDs is based on the physical force of 

photobiomodulation triggered by light in the red-to-near-infrared area (630 to 1000 nm) 

[26]. Photobiomodulation has a direct influence on cytochrome C oxidase activity in the 

respiratory chain of the mitochondria. Through the oxidation of cytochrome C and the 

reduction of molecular oxygen to water and the resulting protons, the ATP of the 

respiratory chain is increasingly produced, resulting in a protective mechanism for the 

cells. This increased ATP level activates kinases, leading to the formation of cAMP (cyclic 

adenosine monophosphate) levels and calcium release, also as an increased gene 

expression, resulting in lower rates of inflammation and apoptosis [27]. So far, there are 

only scientific studies on animal models that confirm the positive effect of the NIR 

delivered as a post-trial application. There was a sustained improvement in hearing loss 

reported after daily 12-day post-traumatic NIR treatment [28]. In the present work, the 

effect of using the near-infrared light as a pre-treatment, before a noise trauma, will be 

examined to reduce the cochlea damage. 

The hypothesis of the workôs first goal is that the prophylactically increased ATP 

(produced by the near-infrared pre-treatment) protects the hair cells more effectively 

against cell death than a near-infrared application after a noise trauma. The results from 
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a single pre-conditioning of cochlear hair cells in-vitro [29] are very promising for the 

success of the present in-vivo histological and functional study. 

 

3.2. Preservation of residual hearing in cochlea implantees 

One of the most common treatment methods for severe to profound hearing loss and 

deafness is the implantation of an inner ear prosthesis, such as a cochlea implant [30]. 

Treatment with a cochlea implant (CI) is indicated when the best conventional sound-

amplifying hearing aids can no longer be used to achieve adequate speech 

understanding. The sound signal is picked up by a microphone, is amplified, compressed 

in its dynamic range, and digitized. The core of every CI system is the signal processing 

realized by an externally worn sound processor. The algorithm is intended to mimic the 

time and place coding of how the healthy inner ear normally treats sound and which is 

optimized for the perception of speech for the cochlear implant recipient. The implanted 

part of the system generally consists of a hermetically sealed electronic part, a receiver 

coil, a magnet and an intra-cochlear electrode array. Cochlear implants try to replicate 

the frequency differentiation of sound in the inner ear that takes place along the basilar 

membrane and is called tonotopy. The processed high frequencies are directed to 

electrode contacts at the base of the cochlea, low frequencies to contacts located closer 

to the apex, although typically only part of the cochlea is addressed by the electrode 

array. The auditory nerve, with its remaining intact nerve fibers, is stimulated by up to 22 

individual electrode contacts arranged along the scala tympani, stimulating being 

delivered by means of charge-balanced biphasic electrical pulses. With such multi-

channel electrode systems, it is possible to electrically stimulate relatively narrow regions 

of the cochlea and thereby trigger auditory impressions of different pitches [31]. Within 

the last decade the medical indication for a cochlea implant has been enlarged to include 

patients with a reasonable amount of residual low-frequency hearing. Those patients are 

stimulated by specific electro-acoustic cochlear implant sound processors. Unfortunately, 

the residual hearing is often diminished or disappears completely postoperatively. A lot 

of research has already been conducted to apply the promising techniques described 

earlier for the prevention of NIHL to CI-patients with residual hearing. In addition, 

perioperative interventions such as cooling of the cochlea are currently under study, again 

with the intention of preserving residual hearing following cochlear implantation [32]. 

Intracochlear pressure changes during the electrode insertion are proposed as one 

possible reason for the loss of residual hearing. The pressure wave in the scala tympani 
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can damage remaining hair cells along the organ of Corti in the same manner as sound 

pressure waves generated by noise exposure. It is, therefore, particularly important to 

insert the electrode array slowly in order to produce as little pressure change as possible. 

This slow insertion can only be optimized by various techniques, such as arm rests and 

moistening of the electrode surface [33ï35]. 

After the verification of the hypothesis of a more effective pre-treatment than post-

treatment with NIR to protect hair cells before a noise trauma the second goal of the 

present work is to investigate whether a short pre-treatment with light in the near-infrared 

range is helpful for the protection of the residual hearing during cochlea implantation. 

Important information for a possible effective dosage should be delivered by the first part 

of the present work. 

 

 

4. Methods 

 

4.1. NIR pre-treatment and noise-induced hearing loss [36] 

To assess the influence of a near-infrared light pre-treatment on hearing thresholds 

following noise exposure, the experiment starts with the measurement of auditory 

brainstem response (ABR)-thresholds. ABR recordings were made via subdermal needle 

electrodes for acoustic stimulation of between 5 and 40 kHz. These recordings were 

made two days before a noise exposure in all animals (78 adult female NMRI-mice aged 

10 to 11 weeks, Figure 1A). All ABR measurements were recorded under anesthesia (60 

mg/kg ketamine, 6 mg/kg xylazine). Afterward ABR measurement, the mice were 

randomized into seven experimental groups. One group received only a 30-minute noise 

exposure (broadband noise 5 to 20 kHz at 115 dB SPL binaurally from a loudspeaker 

above the animal's head). Five experimental groups received a single NIR pre-treatment 

of varying durations: 5, 10, 20, 30 or 40 minutes. The pre-treatment always had the same 

NIR characteristics, 808 nm wavelength with a power of 120 mW, after which the same 

noise exposure specified above was given. NIR pre-exposure was produced using an 

adjustable isolated point laser module at the outer ear canal with a total coverage of the 

cochlea with the laser beam of approximately seven mm diameter (Figure 1C). The 

remaining experimental group served as untreated control. Two weeks after the light and 

noise treatment, the ABR derived hearing thresholds in free-field mode were again 
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measured in all animals. The hearing threshold shift calculated from the ABR 

measurements and the differences in the amplitude increases of ABR wave IV, the most 

robust wave, were expected to provide information about the influence of near-infrared 

pre-treatment on the excitability of the lower central auditory pathway. A visual inspection 

of the ABR recording per frequency was used, with descending acoustic stimulation level 

until the wave IV was no longer visible (Figure 1B). It is believed that in ABR 

measurements, the auditory system generally generates the following responses [37, 38]: 

 

Wave I  - spiral ganglion and auditory nerve 

Wave II  - ipsilateral cochlear nucleus 

Wave III  - contralateral superiorolivary complex 

Wave IV  - lateral lemniscus and inferior colliculus 

Wave V  - inferior colliculus 

 

 

 

 

Figure 1: Auditory brainstem recordings. Frequency specific ABR-recordings before and 

after NIR-light treatment (electrode positions: mastoid = active; nose = reference; foot = 

ground; A); ABR-waves II, III and IV at a frequency of 10 kHz and different sound levels 

(65ï80 dB SPL; B); NIR-light beam fully covers the mouse cochlea via the outer ear canal 

with specific angle for a NIR-light pre-treatment (visualized by a NIR-camera; C). 
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After the second ABR measurement, the animals were perfused with 4% 

paraformaldehyde via the left heart ventricle. The fixed cochleae of the mice were 

decalcified with EDTA (ethylenediaminetetraacetic acid) and prepared to obtain 

maximum half-turns of the organs of Corti. These were then stained with Alexa-fluoro-

488-phalloidin (visualization of portions of the cytoskeleton via the high affinity for 

filamentous F-actin) and DAPI (4',6-diamidin-2-phenylindole, for labeling nuclear DNA) 

and visualized and photographed under the microscope. The staining was used to 

visualize hair cells that are strongly enriched in F-actin. The superimposed channels for 

DAPI (340 nm) and phalloidin (480 nm) were used to count the missing inner and outer 

hair cells of the organs of Corti of all experimental animals and these counts were 

statistically evaluated. 

 

4.2. NIR pre-treatment and cochlear implantation [39] 

Based on the results of the mouse experiments, a series of experiments focusing on 

electrode insertion into the cochleae of eight 28 to 30 week old Dunkin Hartley guinea 

pigs was prepared. Guinea pigs have been a well-established model in hearing research 

for many years, having been used for electrode insertion research as a precursor to 

cochlear implantation in humans. In the guinea pigs, as with the mouse test series, the 

thresholds of both ears per animal are determined by means of ABR measurement. 

Unilateral, frequency-specific ABRs were recorded via subdermal needle electrodes for 

acoustic stimulation ranging between 4 and 32 kHz, the recordings being made under 

anesthesia (fentanyl, midazolam and medetomidine) two weeks before cochlear implant 

surgery that implanted electrode arrays into both ears. A cochleostomy was performed 

bilaterally and used to insert a conically shaped cochlea implant electrode array 

specifically designed for the guinea pig cochlea. An insertion speed of one mm/s was 

used, for an insertion depth of six mm into the open bulla. The electrode array was 

designed to fill the scala tympany volume in a comparable manner to the situation in 

human cochlear implant recipients. A randomized left or right ear per animal was pre-

treated with a 15 minute NIR treatment using a point laser module producing a seven mm 

diameter NIR beam with a total coverage of the cochlea (808 nm, 120 mW; Figure 2). 

The pre-treatment was made immediately before electrode array insertion.  
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Figure 2: Animal experimental setup with NIR light irradiation. 

 

 

The non-pre-treated ear served as an intra-individual, contralateral control (sham-

exposed). Four weeks after the electrode array implantation, the ABR thresholds were 

measured again, on both ears separately. The contra-lateral ear was masked by a 

broadband noise (2 to 32 kHz) while the ipsi-lateral ABR was being recorded. As in the 

mouse experiments, the post-experimental ABR measurement was followed by perfusion 

with 4% paraformaldehyde to fixate the animal tissue. The cochleae were decalcified with 

EDTA, as in the previous NIR mouse experiment. A stain was applied to the prepared 

organs of Corti with DAPI and Alexa-fluor-488-phalloidin to enable a visualization of F-

actin compartments in the cytoskeleton. Based on this staining, the missing outer and 

inner hair cells were counted and statistically evaluated (Figure 3). 

Furthermore, as an additional check, the temperature inside the four cochleae of two 

additional guinea pigs, aged 28 to 30 weeks, was determined during the NIR irradiation 

by the insertion of an electrode sized temperature sensor. The temperature during the 

NIR irradiation ranged between 35 and 36 °C (increase of 0.95 ± 0.12 °C). 
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Figure 3: Cochlear hair cell preparation. Sample microphotograph with scale bar of the 

mouse cochlear whole mount immunofluorescence staining (400x magnification). 

 

 

5. Results 

 

5.1. Effect of NIR on hearing threshold shift [36] 

Compared to the noise-only group without NIR pre-treatment, all NIR pre-treated groups 

achieved a lower hearing loss. The hearing loss of the noise-only group ranged on 

average between 35.77 dB and 46.77 dB, which was also the highest hearing loss value 

for any group. All pre-treated groups showed a range of hearing loss between the lowest 

value of 11.88 dB and 35.56 dB on average. The hearing loss across frequency for the 

experimental group with 5 min NIR pre-treatment ranged from 23.38 dB to 35.56 dB, 

whereas the remaining experimental groups showed less hearing loss, ranging from 

11.88 dB and 22.75 dB. Hearing losses for the 5-minute pre-treatment group were 
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significantly less elevated (p < 0.05) compared to the noise-only group for frequencies of 

5, 35, and 40 kHz. The entire tested frequency range tested in all other treatment groups 

(10 to 40 minute NIR pre-treatment) was significantly less elevated (p < 0.05) compare to 

the noise exposure only group. Between the 10, 20, 30 and 40 min pre-treatment groups, 

no statistically significant differences with respect to hearing loss were found. 

The hearing loss of the control group without noise and light pre-treatment are negligible. 

Here, the values range between 0 dB at 10 kHz and 30 kHz up to 7.14 dB at 5 kHz. Table 

2 illustrates the results of all the investigated groups. 

Figure 4 shows the hearing loss and Figure 5 shows the hearing protection of all 

experimental groups. Hearing protection results from the difference between the 

measured hearing loss and the values of the noise-only group. The hearing loss values 

of the control group (without noise and light pre-treatment) ranged between 35.3 dB at 5 

kHz and 42.5 dB at 40 kHz. In summary, a NIR pre-treatment of between 10 and 40 

minutes resulted in a hearing protection between 20.2 dB (at 10 kHz) and 34.1 dB (at 40 

kHz). A 5-minute NIR pre-treatment reduced the noise induced hearing loss to a range of 

5.4 dB (at 25 kHz) to 23.4 dB (at 40 kHz). 
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Table 2: Mean results in dB of the hearing threshold shifts of all experimental groups and 

the controls with associated standard error (SEM). 

 

  Frequency (kHz) 

  5 10 15 20 25 30 35 40 

N
IR

 l
ig

h
t 

tr
e
a

tm
e
n

t 
ti

m
e

 (
m

in
) 

5 24.94 24.31 29.63 28.06 35.56 29.63 24.00 23.38 

SEM 2.38 3.24 2.62 2.42 2.88 2.92 3.68 2.70 

10 18.38 14.31 20.88 19.94 20.56 20.56 22.75 17.44 

SEM 3.16 3.37 3.09 3.77 3.52 4.25 3.75 3.83 

20 17.00 15.57 19.00 17.71 17.57 17.00 18.29 12.71 

SEM 4.33 3.88 4.73 5.56 4.06 5.06 4.90 4.27 

30 18.60 15.10 19.60 21.60 19.60 14.10 19.60 18.10 

SEM 4.14 4.28 3.53 6.59 4.74 5.86 6.01 6.16 

40 14.38 11.88 18.75 20.00 20.63 15.00 18.13 17.50 

SEM 4.38 2.30 4.41 3.90 3.33 2.50 3.40 3.27 

noise 

only 
42.43 35.77 42.93 42.10 40.93 40.93 43.93 46.77 

SEM 5.14 5.10 4.58 5.17 4.98 4.89 4.44 4.55 

control 7.14 0.00 2.14 1.43 0.71 0.00 3.57 4.29 

SEM 3.43 3.62 3.60 3.03 3.17 3.09 4.46 4.42 
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Figure 4: Means (±SEM) in dB of noise-induced hearing loss for different NIR-light pre-

treatments of the cochlea. The 5-minute pre-treatment group shows statistically 

significant differences at 5, 35 and 40 kHz. All other pre-treated groups show statistically 

significant differences at all frequencies. The control group without noise and NIR pre-

treatment showed only a negligible hearing loss. Filled asterisks indicate statistically 

significant differences between the pre-treatment groups and the ñnoise onlyò'- 

group (significance level *: p < 0.05). 
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Figure 5: Means (±SEM) in dB of noise-induced hearing protection for different NIR-light 

pre-treatments of the cochlea as the difference between the ñnoise-onlyò-group and all 

other groups. 

 

 

5.2. Effect of NIR on ABR wave IV slope 

The aim of an additional wave IV analysis was to identify to what extent the central 

suprathreshold processing has changed due to noise exposure, with or without NIR pre-

treatment. Wave IV reflects important areas of the auditory brainstem (such as superior 

olivary complex and inferior colliculus). Changes in stimulus-related responses suggest 

modified central auditory processing. The slope of the linear portion within the wave-IV 

amplitude growth function was calculated, then the post noise exposure slope was 

subtracted from the pre-exposure slope. In these evaluations, a larger difference in the 

slope of the amplitude growth function indicates that a lower slope was detected post-

experimentally. In the noise-only group, on average, the slope difference had a value of 

0.053 Ñ 0.005 ɛV / dB and was more than ten times higher than the "10 min NIR" group 

(steepness difference 0.004 ± 0.005 ɛV / dB) across all frequencies tested. This 

experimental group had the lowest slope difference of all five NIR-pre-treated test groups. 
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A smaller difference in slope indicates a higher post-noise exposure slope. Except for the 

ñ5 min NIR" group (0.047 Ñ 0.009 ɛV / dB), all test groups showed significantly smaller 

slope differences than the noise-only group up to a maximum value of 0.025 ɛV / dB 

(Figure 6). 

 

 

 

 

Figure 6: Slope of the amplitude growth function of ABR wave IV (±SEM). Difference of 

the slope of the linear part within the amplitude growth function of ABR wave IV (averaged 

over all tested frequencies) between pre- and post-exposure measurements (post-noise 

exposure values are subtracted from pre-exposure values). A higher slope difference 

indicates a smaller post-treatment slope. Asterisks mark statistically significant 

differences between the NIR-treated groups and the ñnoise onlyò-group (significance level 

***: p < 0.001). 
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5.3. Effect of NIR on cochlea hair cells 

It could be shown from the stained cochlear half turns that, in general, for all experimental 

groups noise expoposure results in a significant decrease of the outer hair cell numbers 

on both ears (Figure 7 and Figure 8). 

 

 

 

 

Figure 7: Outer hair cell counting. Means (±SEM) of absent outer hair cells per mm on 

the pre-treated side following different durations of NIR-light exposure. Asterisks indicate 

statistically significant differences (significance level ***: p < 0.001). The ñcontrolò-group 

was not noise exposed and received no NIR pre-treatment. The ñnoise onlyò-group 

received no NIR pre-treatment. 
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Figure 8: Outer hair cell counting. Means (±SEM) of absent outer hair cells per mm on 

the not pre-treated side following different duration of contra-lateral NIR-light exposure. 

Asterisks indicate statistically significant differences (significance level ***: p < 0.001). 

The ñcontrolò-group was not noise exposed and received no NIR pre-treatment. The 

ñnoise onlyò-group received no NIR pre-treatment. 

 

 

However, comparing these values with the number of outer hair cells of an intact healthy 

cochlea shows that the amount of missing outer hair cells is only about 6.5%, which is 

rather low [40]. No missing inner hair cells were found bilaterally in any of the groups. 

Furthermore, the mean number of missing outer hair cells over the entire length of the 

organ of Corti was determined. Outer hair cell loss decreased from base to apex without 

any specific correlation to the functional analysis (ABR-thresholds). This was found for all 

experimental and control groups (Figure 9). It is of note that the count differences of the 

outer hair cells between the pre-treatment groups and between ipsi- and contralateral 

sides of each experimental group failed to reach statistical significance. 
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Figure 9: Distribution of cochlear outer hair cell loss. Distribution of outer hair cell loss 

along the organ of Corti for all experimental and control groups (A, untreated controls; B, 

noise only; C, 5 min NIR-pretreatment; D, 10 min NIR-pretreatment; E, 20 min NIR-

pretreatment; F, 30 min NIR-pretreatment; G, 40 min NIR-pretreatment). Error bars 

represent standard error (SEM). 

 

 

5.4. Effect of NIR on the residual hearing upon cochlear implant electrode array 

insertion [39] 

Our results demonstrated a lower hearing loss four weeks after cochlear implantation for 

implanted cochleae that received a 15 min NIR treatment preoperatively. The differences 

between the sham- and NIR-exposed ABR-threshold shifts were significant from 8 kHz 

onward (p < 0.05; Figure 10). 

 

 

 

 

Figure 10: Threshold shift of ABR following cochlear implantation in NIR pre-treated ears 

and controls. Error bars represent standard error (SEM). Asterisks indicate significant 

differences between the groups (significance level *: p < 0.05). 
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The hearing loss of the sham-exposed and implanted control group ranged between 

17.14 dB and 47.14 dB, the pre-treated and implanted groups ranged between ī1.43 dB 

and 35.71 dB on average (Table 3). After the electrode array was inserted, the highest 

hearing loss was observed in the low-frequency range and the lowest hearing loss was 

observed in the high-frequency range. The mean hearing losses and standard deviations 

were 32.2 ± 5.0 dB for the control ears and 18.6 ± 6.0 dB for the NIR pre-treated ears. 

The protection of the NIR pre-treatment is shown in Figure 11. The values with a 

significant protection ranged between 10.7 and 21.4 dB, across frequency. 

 

 

Table 3: Mean values in dB for the hearing threshold shifts after 15 minutes NIR light pre-

treatment and without NIR light pre-treatment (contra-lateral side) with associated 

standard error (SEM). 

 

  Frequency (kHz) 

  4 8 12 16 20 24 28 32 

N
IR

 l
ig

h
t 

tr
e
a

tm
e
n

t 

ti
m

e
 (

m
in

) 

15 20.00 32.14 35.71 30.00 15.71 12.14 4.29 ī1.43 

SEM 6.79 7.52 4.80 5.54 4.58 5.77 5.86 6.36 

0 

(control) 
23.57 47.14 46.43 42.14 37.14 25.71 18.57 17.14 

SEM 4.35 4.84 6.02 5.31 4.49 4.92 5.42 4.53 
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Figure 11: Means (±SEM) in dB of hearing protection for a 15 min NIR-light pre-treatment 

before cochlear implantation. 

 

 

The analysis of the cochlear hair cells showed no loss of inner hair cells on either the NIR 

light-treated or untreated sides. In the sham-exposed and implanted ears, the 

contralateral side, an increased number of missing outer hair cells was found on average 

compared to the ipsilateral NIR-exposed and implanted side. This difference was 

statistically significant (p < 0.05). Implanting without a NIR pre-treatment induced an outer 

hair cell loss which ranged from 103 to 164 cells (mean 129.29 ± SEM 7.77) along the 

entire length of the cochlea. The NIR-pre-treated group showed a range of outer hair cell 

loss from 68 cells up to 124 cells (mean 88.75 ± SEM 7.33) cells along the entire length 

of the cochlea. This represents a 39.8% reduction in outer hair cell loss due to the NIR 

light pre-treatment (Figure 12). 
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Figure 12: Total number of missing OHCs following cochlear implantation in pretreated 

(NIR) ears and controls. Asterisks indicate highly significant differences between the 

groups (significance level **: p < 0.01). Error bars represent standard error (SEM). 

 

 

The missing cells were counted per mm along the cochlea and plotted graphically (Figure 

13). An analysis of hair cell loss along the cochlea showed that there was a tendency for 

more cells to be missing at the apex of the cochlea than at the basal level, starting at the 

round window. The comparison of the number of missing basal with apical hair cells was 

not statistically significant. This finding applies to both, the untreated contralateral side 

(basal at 0.5 mm: 4 cells to apical at 15 mm: 25 cells) and the NIR-pre-treated ipsilateral 

side (basal at 0.5 mm: 0 cells to apical at 15 mm: 14 cells), with the linear trend line 

showing an identical slope. However, the trend also indicates that the NIR pre-treatment 

was similarly effective for all cochlear areas. 
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Figure 13: Missing OHC distribution along the basilar membrane (basal to apical) for 

controls (A) and NIR light-pre-treated ears (B) after cochlear implantation. Error bars 

represent SEM. 

 

 

6. Discussion 

 

Data from the present NIR study suggest that a pre-treatment with NIR has a protective 

effect on hearing thresholds after noise exposure, or cochlea implant electrode array 

insertion. The ABR results indicate, that the selected pre-treatment with 10 to 15 minutes 

NIR light leads to a significant reduction of hearing loss over the entire frequency range 

investigated. The efficacy of a single short duration cochlea pre-treatment with NIR light 

was similar compared with multiple prolonged post-treatments at 60 minutes per day for 

12 days [28]. 

 

6.1. Effect of NIR on noise induced hearing loss 

In the first study of this thesis [36], it was shown that hearing loss decreased significantly 

for one NIR exposure period compared to the unirradiated but noise-exposed group. 

Surprisingly, this effect does not improve beyond the 10 minutes treatment time, but leads 

instead to saturation. Cochleae pre-treated with 5 minutes NIR light show statistically 

significant differences from noise exposed only cochleae only at low (5 kHz) and high (35 

and 40 kHz) frequencies. The area in between these frequencies is overlapped by the 

broad-band white noise trauma from 5 to 20 kHz. The resulting damage in cochlear 

regions outside the trauma frequencies seems to be better protected by the short NIR 

light application than within the trauma frequencies due to the lower amount of pressure 

on this area. 

Within the NMRI mice experiment [36], it seems to be contradictory that the NIR pre-

treatment causes no significant changes in the loss of the inner and outer hair cells of 

mice cochleae. This indicates that the cause for the observed effect on hearing thresholds 

has to be located within another structure of the auditory pathway, such as the spiral 

ganglion cells as a connection between the inner hair cells and the auditory brain 

structures, the lateral wall, or the ribbon synapses. In order to investigate this effect in 

more depth, the relationship between the stimulus intensity and the amplitude of a 
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summating potential, generated in the auditory brainstem, is used. This is the distinct 

ABR wave IV in the present case. Our investigations have shown that there is a significant 

difference between the slope of this relationship in animals with and without NIR pre-

treatment. The observed difference, determined from the pre- and post-experimental 

wave IV amplitude growth slopes, is an indication of near-normal sensitivity to increased 

stimulus intensity and, at the same time, almost normal loudness growth due to the NIR 

pre-treatment. 

Even if the target of the NIR is unclear until now, the postulated mechanism for the 

observed hearing protection is the activation of cytochrome C oxidase in the target 

structure. This enhances ATP synthesis and thus increases ATP production in advance. 

The mitochondrially-produced ATP is strongly suspected of overcoming harmful damage 

[41ï43]. 

 

6.2. Effect of NIR on cochlear implant electrode insertion trauma 

The results of the outer hair cell evaluation after cochlear implantation [39] correlate well 

with the observed hearing preservation. When counting the missing outer hair cells, it was 

found that on the pre-treated side the loss of those hair cells was reduced by almost 40%, 

compared to the intra-individual contralateral control. This result of preoperative 

irradiation with the NIR can be seen both in the average and in the absolute values. The 

real effect of the treatment could be possibly much larger, since recent studies have 

shown that the contra-lateral side could also have received some amount of radiation 

[44]. The 808 nm NIR, applied in the present studies, penetrates the much bigger human 

skull with a significant therapeutic effect in stroke patients [45]. Nevertheless, the damage 

to the cochlear hair cells due to implantation turned out to be much less than expected. 

Only approximately 130 outer hair cells (OHCs) were missing out of almost 6,300 in the 

guinea pig cochlea. The same holds true for the protective effect. It is very unlikely that 

the rescue of approximately 40 OHCs can explain protection of 20 dB on average for the 

hearing threshold. As discussed above, for the experiments in noise induced hearing loss, 

other or additional targets appear to be mainly responsible for the hearing protection by 

NIR. The investigation of these targets is of particular interest, since only a minor amount 

of outer hair cells contribute to the residual hearing in cochlea implant patients. 

When looking closely at the outer hair cell loss along the cochlea, in the guinea pig [39] 

it can be seen that as we look along the cochlea that loss increases towards the apex: 

more outer hair cells are missing due to implantation. This result is found in both ipsilateral 
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NIR-pre-treated ears and in the contralateral control cochleae. This corresponds well with 

the higher hearing loss in the low frequency range. According to first considerations, this 

actually contradicts the insertion trauma, because during the electrode insertion, purely 

mechanically, the first basal turn and thus the outer hair cells located there were directly 

affected by the electrode. Therefore, this result suggests that the insertion of the conical 

electrode triggered a pressure wave that was so strong that even in the apical area of the 

cochlea significant hair cell damage could be caused. In this case, it would be of great 

interest for future experiments whether a reduced pressure during the insertion can 

reduce the hair cell loss. 

Another promising approach for the protection of residual hearing during CI-surgery is 

based on the use of a thermal probe for cooling the cochlea before and during electrode 

insertion [32]. A mild to moderate therapeutic hypothermia of 4 to 6 °C when applied to 

the cochlea shows a reduction in residual hearing loss associated with electrode insertion 

trauma. The local hypothermia was delivered to the central turn of the cochlea in the rat 

animal model for a 20 minute period before and after implantation of a cochlea electrode, 

using a probe specially perfused with chilled fluorocarbon. In the group of normothermic 

implants, a significant loss of residual hearing was observed by ABR measurements. 

Residual hearing was significantly preserved in the cochleae receiving therapeutic 

hypothermia. Histology confirmed a significant loss of outer hair cells in normothermic 

cochleae receiving the surgical trauma compared to the hypothermic group. This result 

shows a similar innovative effect as the pre-treatment with NIR of this work, especially for 

the preservation of the residual hearing in the course of a cochlea implantation. However, 

the use of the NIR is technically much easier to implement clinically. 

The present work shows in particular that the use of near-infrared light as a therapeutic 

approach is very innovative and promising. Not only the pecuniary advantages of a one-

time purchase, but also the potential importance in everyday clinical practice, highlight 

the unique advantages of near-infrared light as a pre-treatment method e. g. in cochlear 

implant surgery. 

The surgeon benefits from a simple structure of the near-infrared light apparatus and the 

required duration for the pre-treatment of approximately 15 minutes could be 

implemented in the surgical procedure. 

Further investigations should strongly focus on targets for the observed NIR effects on 

hearing preservation. This could possibly further increase the efficacy of the method. 
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7. List of abbreviations 

 

°C  ï degree Celsius 

%  ï percent 

ABR  ï auditory brainstem response 

AIF  ï apoptosis-inducing factor 

ATP  ï adenosine triphosphate 

BDNF  ï brain-derived neurotrophic factor 

bFGF  ï basicfibroblast growth factor 

cAMP  ï cyclic adenosine monophosphate 

CI  ï cochlea implant 

DAPI  ï 4',6-diamidin-2-phenylindole 

dB  ï decibel 

DHEAS ï dehydroepiandrosterone sulfate 

DNA  ï deoxyribonucleic acid 

ED50  ï effective dose for 50% of the population 

EDTA  ï ethylenediaminetetraacetic acid 

endoG ï endonuclease G 

FDA  ï US Food and Drug Administration 

h  ï hour 

HPN-07 ï 2,4-disulfophenyl-N-tert-butylnitrone, a nitrone-based free radical trap 

Hz  ï hertz 

IR  ï infrared 

K+  ï potassium ion 

kHz  ï kilohertz 

LED  ï light-emitting diode 

min  ï minute 

mm  ï millimeter 

mW  ï milliwatt 

µm  ï micrometer 

µM  ï micromolar 

ɛV  ï microvolt 

NAC  ï N-acetyl-L-cystein 
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NIHL  ï noise-induced hearing loss 

NIR  ï near-infrared light 

nm  ï nanometer 

NMRI  ï Naval Medical Research Institute, NMRI mouse is a general purpose 

   model in different studies 

NT3  ï neurotrophin-3 

OHC  ï outer hair cell 

p  ï significance level 

PTS  ï persistent threshold shift 

SEM  ï standard error 

SGN  ï spiral ganglion neuron 

SPL  ï sound pressure level 

TTS  ï transient threshold shift 

 

 

significance levels: 

 

* ï p < 0.05 

** ï p < 0.01 

*** ï p < 0.001 
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