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Introduction:

Military personnel are exp osed to hostile combat environments that ¢ ause injury to the vestibula r
system. The resulting deficits includ ing severe dizziness, ataxia, or chronic vertigo can drastically
affect productivity, independence, and quality of life. Currently, re searchers are developing a ran ge
of treatment strategies for these deficits. Although rigor ous vestibular physical therapy is useful for
the rehabilitation of many of thes e patients with mild to moderate signs and symptoms, few opti ons
exist for more severe cases. Electrical stimulation using a vestibular implant has been proposed as a
treatment option for patients who sust ain significant peripheral ves tibular injury that results in chronic
imbalance [1-7]. While the vestibular implant has the potential to rest ore some functional capabilities,
the effectiveness of electrical stim ulation is limited by nonselective activation of surrounding nerv es
referred to as crosstalk or current spread. Arec  ent paradigm shift in neur al stimu lation is b eing
developed by Lockheed-Martin Aculight and collaborating researcher s based on the use of pulsed
infrared light [8-15]. Infrared nerve  stimulation (INS) has t he potential to revolutioniz e the field of
sensory replacement neuropr ostheses. When applied to the vestibular system, IN' S or INS-electric al
hybrid prostheses will substantially reduce the c hannel crosstalk compared to conventional electrical
prostheses. In addition, they can be made minimally invasiv e with the use of tiny optical fibers.
Development of INS-based vestibular prosthesis tech nology will improve the quality of life of military
personnel suffering from chronic vestibular dysfunction. Funding this research will rapidly accelerate
two key emerging technologies that can be combined to create a highly functional neuroprosthesis for
restoration of balance in a large population of military war fighters and veterans.

Our primary objective in this proposed wo rkis to conduct fundamental research that will lay the
foundation for development of an e ffective implantable vestibular pr osthesis based on infrared nerve
stimulation and balance sensor technology.

During this one-year work we proposed to:

AIM 1. Develop and test a minimally invasive surgical approach for infrared light stimulation of the
vestibular periphery in a guinea pig model.

AIM 2. Determine the threshold of infrared light activation to generate an optically-evoked
vestibulo-ocular reflex (0VOR) and/or optical vestibular evoked potential (0VSEP) at the optimal
site identified from AIM 1.

AIM 3. Examine post-experiment histology of vestibular end organs and afferent nerve fibers
stimulated with INS from AIM 2.



Body:

The tasks for the current research as outlined in the statement of work are as follows:
Task 1. Develop and test a minimally invasive surgical approach for infrared light stimulation of the
vestibular periphery in a guinea pig model (Months 1-4).

a.

Hardware for the proposed experiments will  be built by Lockheed Ma  rtin Aculight and
delivered to MEEI for testing (Month 1-2).

Obtain all necessary institutional approval for working with animals (Month 1-2).

Develop and test a minimally invasive surgical approach to the peripheral vestibular system
of the guinea pig us ing infrared neural stimulation (Months 2-4). Anesthetized guinea pigs
will undergo a minimally inv asive surgical appr oach to the inner ear, wherein the lat eral
semicircular canal will be  cannulated with a 200pm optical fiber. Infrared stimulat ion
through this optical fiber will be  performed to elicit an optical |y evoked v estibulo-ocular
reflex and/or vestibular evoked potential.

Task 2. Determine the threshold of infrared light activation to generate an optically evoked vestibulo-
ocular reflex response and/or optical vestibular evoked potential (Months 5-11).

a.

Determine optimal infrared neural stimulation parameters to generate a robust and reliable
optically evoked vestibulo-ocular reflex and/o r optical vestibular evoked pot ential (Months
5-8). Conditions of infrared neur al stimulation, such as pul se duration and frequency, wil |
be systematically adjusted to maximize res ponses resulting in the de termination of optimal
infrared neural stimulation parameters.

Determine threshold infrar ed neural stimulation paramete rs to generate a robust and
reliable optically evok ed vestibulo-ocular reflex and/or optical ve stibular ev oked potential
(Months 8-10). Utilizing the opt imal infrared neural stimulati on p arameters identifie d in
Task 2a, the infrared neural stimulation power will be lowered to determi ne threshold for
optically evoked vestibulo-ocular reflexes and/or vestibular evoked potentials.

Comparison of infrared neur  al stimulation and electrical stimulation ( Months 9-11).
Electrical stimulation of t he peripheral ve stibular sy stem will be accomplish ed via the
surgical approach dev eloped in Task 1c. Amplitude of nystagmus and ves tibular evoked
potential parameters including latency, amplitude, and wav eform morphology will be
compared in electrical stimulation with infrared neural stimulation.

Task 3. Perform histological examination of temporal bones from guinea pigs exposed to infrared
neural stimulation (Months 6-12).
Task 4. Prepare results for publication in a peer-reviewed journal (Months 11-12).
The results of the study will be compiled and prepared for publication in a peer-reviewed
journal such as the Journal of the Association for Research in Otolaryngology (JARO).

Each of the tasks was managed as follows:

Task 1a required Lockheed Martin Aculight to present MEEI with hardware for the proposed
experiments. Lockheed Martin Aculight’s optical stimulation device is now in use at MEEI for the
proposed optical experiments. The optical device permits the delivery of optical energy (wavelength
range 1.849 — 1.865um) to target tissues via a connected optical fiber.



Task 1b required all institutional approval to be obtained for working with animals prior to the initiation
of experiments. Intramural (MEEI IRB IACUC) and extramural (USAMRMC ACURO) animal care
committee approvals were obtained August 24, 2009 and October 15, 2009, respectively, prior to the
initiation of any animal experimental protocols.

Task 1c outlined the development of a minimally invasive surgical approach to the guinea pig
peripheral vestibular system using infrared neural stimulation. This approach was developed during
the first quarter of research and further refined during the second quarter of work. Minimally invasive
approaches for performing a labyrinthotomy have been successfully applied to the lateral and
superior semicircular canals for the introduction of both a 200 and 400 micrometer optical fiber into
the peripheral vestibular system. Using techniques well known to our lab, electrical stimulation
through the minimally invasive labyrinthotomy used for infrared neural stimulation results in a robust
and reliable electrically evoked vestibulo-ocular reflex confirming the correct anatomic location of
stimulation.

Infrared neural stimulation has been performed by our group through the approaches developed. The
initial phases of experimentation were designed to establish a proof-of-concept of infrared neural
stimulation within the vestibular system. Despite our efforts optically evoked vestibulo-ocular reflexes
were not able to be generated. This finding may represent one of several possibilities, but the two
most likely hypotheses based upon our experiments are: Infrared neural stimulation selectively
activates small groups of neurons which, if stimulated, may be subthreshold for inducing the
vestibulo-ocular reflex and the intrinsic properties of peripheral vestibular neurons do not permit
activation by infrared neural stimulation. An alternative method of determining the feasibility of
infrared neural stimulation of the peripheral vestibular system was designed in the initial experimental
protocol through the measurement of evoked potentials. We were indeed able to generate evoked
potentials after the introduction of infrared neural stimulation through a minimally invasive
labyrinthotomy. Unexpectedly, the measured responses had the characteristics of auditory rather
than vestibular evoked potentials. WWe have been able to eliminate the evoked response with the
addition of broad-band masking noise supporting the concept that the responses are auditory in
nature.

Task 2(a-c) was contingent upon the generation of a vestibulo-ocular reflex and/or evoked potential
utilizing our minimally invasive surgical approach designed in Task 1c. As outlined above, despite
our best efforts, we were not able to generate an optically evoked vestibulo-ocular reflex or a
vestibular evoked potential. We were thus unable to determine optimal infrared neural stimulation
parameters to generate a robust and reliable optically evoked vestibulo-ocular reflex and/or optical
vestibular evoked potential (Task 2a), determine threshold infrared neural stimulation parameters to
generate a robust and reliable optically evoked vestibulo-ocular reflex and/or optical vestibular
evoked potential (Task 2b), or compare infrared neural stimulation and electrical stimulation (Task
2c).

However, during these experiments we were able to further pursue the interesting finding of
generating auditory evoked potientials when infrared neural stimulation was applied through a
minimally invasive labyrinthotomy. First, we repeated our approach and confirmed that the potentials
generated were consistent with auditory evoked potentials; this was indeed the case. Second, we
reasoned that auditory evoked potentials to infrared neural stimulation is a time-dependant
phenomenon (that is, a brief stimulus is required to generate a well defined waveform) in the
absence of competing sound, that if we applied a broad band masking tone, that the response would
be eradicated. When we did apply broad band noise, the evoked potential was abolished. When the
masking tone was eliminated, the evoked potential would again return. This represents solid



evidence that the evoked potentials we were measuring were auditory in nature. Third, we were
interested about the potential mechanism of action of how infrared neural stimulation, when the probe
was placed within the lateral semicircular canal, would generate auditory evoked potentials. We
considered two hypotheses. It is possible that the transient heat generated by infrared neural
stimulation pulses would generate a pulsed wave that could travel across the vestibule into the
cochlea. Alternatively, it is possible that the laser light traveled through the otic capsule and
stimulated the cochlea and/or cochlear nerve. To investigate the first hypothesis, we directed the
optical fiber in the opposite direction (toward the non-ampullated end of the lateral semicircular canal
and away from the cochlea and cochlear nerve, but still within the labyrinthine fluids) and noted that
the auditory evoked potentials were no longer present. This evidence refutes the first hypothesis.
Also refuting this hypothesis is the fact that we did not see any vestibular evoked potentials or any
eye movements with infrared neural stimulation. If infrared neural stimulation worked through the
generation of a pressure wave, it would likely deflect the cupula of the canal under stimulation and
should result in a detectable response. We believe the infrared neural stimulation is therefore acting
upon either the cochlea or cochlear nerve to generate the measured evoked potentials.

Task 3 required histological processing of the temporal bones to ensure that infrared neural
stimulation is safe. We are currently in the time-consuming process of decalcifying and staining the
temporal bones that were acquired at the end of each individual experiment. We will carefully
examine these slides once they are ready to complete this task.

Task 4 involves preparing our results for publication in a peer-reviewed journal. We are in the
process of reviewing and compiling our physiologic data for submission to a scholarly journal. Prior to
submission, we will await the results from Task 3 to incorporate that information into the manuscript.
Following this addition, we will be submitted our work on transvestibular auditory stimulation with
infrared neural stimulation.



Key Research Accomplishments:

1. We developed a minimally invasive approach to the guinea pig peripheral vestibular system
and successfully placed optical fibers to carry infrared neural stimulation.

2. We discovered striking and exciting findings that infrared neural stimulation through a
minimally invasive labyrinthotomy results in the generation of auditory evoked potentials.

3. We investigated several hypothetical mechanisms through which infrared neural stimulation
through a minimally invasive labyrinthotomy results in the generation of auditory evoked
potentials. We believe, as a result of these experiments, that direct stimulation of the cochlea
and/or cochlear nerve is the most likely mechanism of action.



Reportable Outcomes:

As the histologic analyses of the experimental tissue are not yet complete due to the time required to
allow for tissue processing (a time-consuming technique due to the need for decalcification of the
bony inner ear), we plan to submit an abstract for the 2012 ARO Midwinter Meeting in San Diego,
California, and a manuscript to be submitted to Otology and Neurotology is under preparation.

Conclusions:

Infrared neural stimulation of the peripheral vestibular system does not result in the generation of an
observable vestibulo-ocular reflex or vestibular evoked potential. We hypothesize that either optical
stimulation recruits fewer neurons in the peripheral vestibular system than is required to generate
these responses, or nerves of the peripheral vestibular system are not as responsive to INS as those
neurons in the auditory periphery. However, transvestibular infrared neural stimulation does generate
a reliable and robust auditory evoked potential. It is likely that this occurs through direct stimulation of
the cochlear nerve or cochlea. Our findings may provide the foundation for future minimally invasive
auditory implants based on infrared neural stimulation that would preserve residual hearing in the
partially deafened cochlea.
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